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Preface 

It is with great pleasure that we present the proceedings of the 2nd International Mineral 

Processing Researchers Symposium (IMPRS 2025), held from May 19 to 21, 2025, and 

hosted by the Iran Mineral Processing Research Center (IMPRC). This biennial symposium is 

dedicated to fostering collaboration among scientists, engineers, and professionals from 

around the world who are engaged in advancing the science and practice of mineral 

processing. 

The IMPRS serves as a unique platform for the exchange of knowledge, experiences, and 

innovative ideas in response to the challenges facing the mineral industry. With a focus on 

both fundamental research and industrial application, the symposium emphasizes the 

importance of integrating scientific insight with practical solutions. 

In this event, we received 61 paper submissions, of which 48 were accepted following a 

thorough review process. These include 24 oral presentations and 24 poster presentations, 

alongside a series of keynote speeches and expert panels. The contributions reflect a wide 

range of current research interests and technological developments across various areas of 

mineral processing. 

We are also pleased to announce that the symposium has been officially licensed by the 

Islamic World Science Citation Center (ISC 0450-17097), under the authority of the Institute 

for Scientific Information and Technology Monitoring of the Islamic World, adding further 

credibility and recognition to the event. 

In recognition of the quality of the submitted work, a selection of outstanding papers has been 

approved for publication in reputable scientific journals. Specifically, 12 papers will be 

published in the International Journal of Mining and Geo-Engineering (University of Tehran), 

9 papers in the Journal of Mining and Environment (Shahrood University of Technology, ISI 

indexed), and 9 papers in the Journal of Environment and Sustainable Mining (University of 

Sistan and Baluchestan). 

We extend our sincere appreciation to all participants, including invited speakers, authors, 

reviewers, and attendees, whose efforts and enthusiasm have been instrumental in the success 

of IMPRS 2025. Special thanks are also due to the organizing and scientific committees, as 

well as our sponsors and institutional supporters. 

With the growing interest and engagement in this symposium, we look forward to continuing 

IMPRS as a biennial event and invite all interested professionals and researchers to take part 

in future editions. We hope these proceedings will serve as a valuable reference and 

contribute meaningfully to the continued progress of mineral processing worldwide. 

 

Dr. Bahram Rezai Dr. Ziaeddin Pourkarimi 

Scientific Secretary of Symposium (IMPRS 2025) Executive Committee Chair of Symposium (IMPRS 2025) 
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Abstract:   

With phosphorus demand for fertilizers and pharmaceuticals increasing and high-grade deposits 
diminishing, this study surveys the feasibility of recovering apatite from iron ore beneficiation tailings 
of the Sangan Company in Yazd Province, Iran, as a secondary resource. Optimization of the direct 
flotation process was examined through a full factorial experimental design considering collector 
dosage, pH, starch dosage, and sodium silicate dosage, with data processed by Umetrics MODDE 
software and a multiple linear regression (MLR) model. The direct flotation process was designed to 
separate apatite; however, due to the surface similarities between apatite and carbonate minerals such 
as calcite and dolomite, efficient separation could not be achieved, making an additional reverse 
flotation step necessary to remove carbonate minerals. To this end, the direct flotation concentrate 
underwent acid scrubbing to remove adsorbed collectors and was prepared with a mixture of 
phosphoric and sulfuric acids to depress apatite, followed by reverse flotation with sodium oleate as 
collector at pH 4.5. Reverse flotation yielded a final concentrate exceeding 30% P₂O₅ content and 70% 
recovery. These findings show that these tailings can be processed as an apatite source, offering an 
economic resource while reducing tailings and reusing them for environmental preservation.

 

Keywords: apatite recovery, secondary resource, direct flotation, reverse flotation, iron ore tailings 

 

1. Introduction 

Phosphorus is a critical element for the production of fertilizers, detergents, and pharmaceuticals and 
occurs naturally in the form of phosphates, mainly as apatite (Ca₅(PO₄)₃(F, Cl, OH)), which is a major 
component of the global biogeochemical phosphorus cycle (Lishmund et al., 1982; Filippelli, 2002, 
2008; Cordell et al., 2009; Vaneeckhaute et al., 2016). Apatite is a mineral found extensively as an 
accessory in multiple geological deposits. In specific instances, such as phosphorites and apatite-
magnetite deposits, it emerges as a principal mineral, gaining economic importance (Harlov, 2015). 

Effective beneficiation of phosphate ore can be realized through a multitude of methodologies, 
contingent upon the liberation size of phosphate and gangue minerals, as well as other phosphate ore 
characteristics, such as the type of associated gangue minerals. A variety of techniques, including 
screening, scrubbing, heavy media separation, roasting, calcination, leaching, and flotation, may be 
employed (Gharabaghi et al., 2010). The most common method to beneficiate phosphate ore is 
flotation, generating more than 60% of the world’s marketable phosphate by separating minerals 
according to their surface properties (Abouzeid, 2008). The occurrence of carbonate gangue minerals 
such as calcite and dolomite, which also have similar surface characteristics to phosphate minerals, 
makes their separation through flotation difficult. Anionic fatty acid collectors, employed in direct 
flotation, adsorb on both surfaces, lowering selectivity and efficiency (Kawatra & Carlson, 2013). To 
overcome this challenge, reverse flotation has been employed to remove carbonate gangue by floating 
carbonates while depressing apatite. This is often achieved using fatty acids as collectors for 

1
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carbonates and inorganic acids (such as H₃PO₄ or H₂SO₄) as apatite depressants (Amirech et al., 2018; 
Huang & Zhang, 2024). Also, novel collectors and depressants have improved apatite flotation 
efficiency and selectivity. For instance, 2-chloro-9-octadecanoic acid (2-Cl-9-ODA) effectively separates 
apatite from dolomite and calcite. When combined with sodium pyrophosphate as a depressant, it 
achieves high recovery while reducing gangue flotation (W. Zhang et al., 2025). Carbon dioxide 
supplanted air during the preliminary flotation phase to selectively extricate carbonates. This was 
succeeded by a subsequent phase to float apatite, culminating in a concentrate with an excess of 21% 
P₂O₅. Nevertheless, residual contaminants such as magnetite and carbonates underscored the 
necessity for further process optimization. (Carvalho et al., 2022). A novel collector synthesized from 
waste frying oils was found to exhibit selective adsorption on carbonate minerals like calcite and 
dolomite. This reagent showed excellent performance in separating carbonate gangue minerals from 
apatite, achieving over 80% recovery of calcite and dolomite, while the recovery of apatite in the 
carbonate concentrate remained below 10%, indicating high selectivity (El-bahi et al., 2024). 

Due to an increasing demand for phosphorus fertilizers and depletion of high-grade deposits, 
research and extraction efforts have focused on secondary resources. The circular economy approach 
is another alternative in this context to manage mineral wastes and recover valuable elements 
(Alsafasfeh & Alagha, 2017). Magnetic tailings from iron oxide-apatite deposits have been a potential 
sustainable phosphorus-supplying tool, and previous experiments have confirmed that apatite is 
recoverable from these sources with high grade and recovery obtained via flotation (Valderrama et al., 
2024). Studies on the recovery of apatite from iron ore beneficiation tailings in Iran are neglected, 
particularly with respect to tailings generated by the Sangan Company. Moreover, previous 
investigations have not yielded satisfactory or industrially viable results. 

In this study, the tailings produced during the iron ore beneficiation process at the Sangan Company 
in Yazd Province, Iran were investigated to evaluate the feasibility of apatite recovery from secondary 
resources. The average P₂O₅ grade of this tailings deposit is around 4%. First, in order to determine 
the optimal operation conditions to achieve a proper grade and recovery, the effect of variables, 
which affect direct apatite flotation (collector dosage, pH, depressant dosage) was investigated. Then, 
a reverse flotation stage was tested to separate carbonate minerals from apatite, in order to produce 
an acceptable industrial grade of concentrate (P₂O₅ grade above 30%). 

2. Material and methods 

2.1. Sample Collection and Preparation 

Random sampling was conducted on the iron ore beneficiation tailings from the Sangan Company to 
obtain representative samples. A total of 250 kilograms of dry, mostly agglomerated tailings were 

collected for laboratory studies. Fig. 1 presents the cumulative particle size distribution of a 
representative tailings sample, with a D₈₀ of 460 μm. Approximately 39% of the particles are smaller 
than 37 μm, accounting for 44.85% of the total P₂O₅ content. This fine fraction may increase 
entrainment during flotation and reduce the selectivity of separation. 
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Fig. 1. Cumulative particle size distribution of the representative tailings sample. 

2.2. Mineralogical Studies 

Mineralogical investigations on different fractions from sieve size analysis were performed with the 
preparation of thin sections to analyze both mineral composition and distribution. Thin sections were 
observed under ordinary and polarized light using a polarizing microscope to identify minerals based 
on optical properties. The observation of plastic xenomorphic texture in the samples indicates the 
simultaneous formation of minerals under intense metamorphic conditions and high pressure and 
temperature.  Thin section mineralogy revealed that most constituent minerals of the sample were 
alkali feldspar, amphibole, calcite, dolomite, and quartz. Most alkali feldspar minerals have 
undergone intense alteration processes and have been transformed into secondary minerals such as 
clay minerals, epidote, and chlorite.The investigation results suggest that part of the calcite present in 
the sample was formed due to the alteration of primary minerals, while another part has a primary 
origin. Plagioclase occurred as widely distributed, liberated fine-grained crystals. As shown in Fig. 2, 
apatite grains in the coarse fractions showed internal fractures and most of them were associated with 
iron oxides. Degree of liberation analyses revealed that over 85% of apatite liberates in particle sizes 
below 75 μm. 

 

Fig. 2. Apatite grains associated with magnetite under cross-polarized light (-350 +177 μm). 

2.3. Reagents 

Procoll flo-ys20, sodium oleate, and Linaz-20 were used as collectors in this study. The collectors had 
frothing properties; thus, no additional frothing agent was required. pH was adjusted with sodium 
hydroxide and sulfuric acid. Sodium silicate and starch were used as depressants, where sodium 
silicate depressed silicate and aluminosilicate minerals while dispersing the pulp, and starch 
depressed iron oxides and carbonate minerals. Sulfuric and phosphoric acids were used to depress 
apatite. 

2.4. Direct Flotation Tests 

2.4.1. Experimental Design 

A full factorial experimental design was employed to conduct flotation experiments for investigating 
effects of several variables on the process. Four important parameters were evaluated at two levels for 
each factor: collector dosage (500 and 1500 g/t), pH (9.5 and 11.5), sodium silicate dosage (0 and 500 
g/t), and starch dosage (0 and 400 g/t). The levels of the parameters were determined based on 
preliminary experiments. In total, 16 experiments were conducted along with 3 additional replicate 
tests at the central points of the parameters to ensure statistical reliability. 

3
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2.4.2. Conditions 

Flotation tests were carried out in a Denver flotation machine with a 5-liter cell, and the flotation feed 
particle size was kept below 75 microns so that most of the apatite was liberated. At the start of each 
test, the pulp pH was adjusted according to the experimental design. If required, depressants were 
introduced first, followed by a combination of Procoll flo-ys20 and Linaz-20 collectors, with 70% 
added during the rougher stage and 30% in the scavenger stage. The solids content (25%), impeller 
speed (1000 rpm), aeration rate, and pulp conditioning time were held constant throughout all 
experiments, and the flotation time for each sample was set at 20 minutes. After completing the 
flotation process, the concentrate was collected, filtered, dried, weighed, and analyzed to assess its 
grade. 

2.5. Reverse Flotation Test 

2.5.1. Acid Scrubbing 

Based on the similarity in the surface properties among calcite, dolomite, and apatite, their separation 
through direct flotation is difficult (Kawatra & Carlson, 2013). Accordingly, a reverse flotation stage 
was necessary. First, the direct flotation concentrate underwent acid scrubbing to eliminate adsorbed 
collectors. The concentrate, with a solids content of 50%, was agitated at pH 4.5 (adjusted with sulfuric 
acid) for 15 minutes to desorb the collectors. Subsequently, the pulp was washed and filtered to 
remove the acid and collectors, thereby improving the performance of the reverse flotation. 

2.5.2. Conditions 

Reverse flotation of carbonate minerals was also carried out in a Denver flotation machine with a 5-
liter cell, similar to the direct flotation tests. To depress apatite, the solid recovered from the acid 
scrubbing was conditioned with a mixture of sulfuric and phosphoric acids at pH 4.5 and a solids 
content of 50% for 10 minutes. Following conditioning, the carbonate minerals were floated with 500 
g/t sodium oleate as collector at a solids content of 25%, and other conditions, such as flotation time, 
aeration rate, and impeller speed, were consistent with those of direct flotation. Subsequently, the 
concentrate was collected, weighed, and analyzed for grade determination. 

2.6. Analysis and Evaluation of Results 

The concentrates, from direct flotation and reverse flotation, were analyzed using a UV Specord 200 
spectrophotometer by colorimetry. Apatite initially was dissolved in a nitric acid and water solution 
(1:5), and then phosphorus-specific chemical reagents were added, resulting in the formation of 
phosphate ions in the complex phase and colored solutions. The P₂O₅ grade of the samples was then 
determined by comparing the color intensity of the test samples with those of standard solutions. Data 
from the direct flotation experiments were evaluated using Umetrics MODDE software and the 
multiple linear regression (MLR) method. Model quality was evaluated using key statistical metrics 
(R² close to 1, Q² > 0.5, reproducibility > 0.5, model validity > 0.25, and R²–Q² < 0.3) where compliance 
with these criteria confirms a robust fit to laboratory data, together with a reliable prediction of new 
outcomes. 

4
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3. Results and Discussion 

3.1. Direct Flotation Tests 

3.1.1. Model Fitting 

Table 1 presents the experimental design along with the results of 19 direct flotation tests. The values 
of the MLR model evaluation metrics are provided in Table 2. The R² = 0.80 and Q² = 0.57 obtained for 
the grade response are representative of suitable values, with model validity (0.80) and reproducibility 
(0.80) values that exceed the model validity and reproducibility thresholds (0.25 and 0.5 respectively) 
and the R²–Q² difference (0.23) within the acceptable range. For recovery response, fitted values were 
strong (R² = 0.93; Q² = 0.82) and highly predictive, with model validity (0.58), reproducibility (0.97), 
and R²–Q² difference (0.11), all within acceptable limits. All of these indicators confirm the model 
adequately describes the experimental data and can be employed in optimizing the direct flotation 
process. Relative relationships between the operational parameters and grade and recovery responses 
were analyzed through regression coefficients of the multiple linear regression (MLR) model at a 
confidence level of 95%. The outputs of this analysis are shown as plots of regression coefficients for 
grade and recovery in Fig. 3. 

Table 1. Experimental design and results of direct flotation tests (Continued on the next page). 

Table 1. Experimental design and results of direct flotation tests (Continued). 

Table 2. Summary of 
fit values for the MLR 

model. 

 

 

Exp No 
Factors  Responses 

Collector (g/t) pH Sodium silicate (g/t) Starch (g/t) Grade (%) Recovery (%) 

1 500 9.5 0 0 7.32 47.46 

2 1500 9.5 0 0 8.63 83.47 

3 500 11.5 0 0 4.78 38.79 

4 1500 11.5 0 0 6.46 87.89 

5 500 9.5 500 0 4.99 12.53 

6 1500 9.5 500 0 9.68 76.96 

7 500 11.5 500 0 3.78 34.14 

8 1500 11.5 500 0 5.15 66.97 

9 500 9.5 0 400 3.75 9.09 

10 1500 9.5 0 400 9.18 71.4 

11 500 11.5 0 400 4.35 34.22 

12 1500 11.5 0 400 6.49 81.25 

13 500 9.5 500 400 5.01 14.58 

14 1500 9.5 500 400 9.68 78.97 

15 500 11.5 500 400 4.1 30.8 

16 1500 11.5 500 400 6.2 80.52 

17 1000 10.5 250 200 8.7 68 

18 1000 10.5 250 200 7.8 70 

19 1000 10.5 250 200 6.9 74 

  R2 Q2 Model Validity Reproducibility 

Grade 0.80 0.57 0.80 0.80 

Recovery 0.93 0.82 0.58 0.97 

5
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Fig. 3. Regression coefficient plots for grade (left) and recovery (right) at 95% confidence level. 

Based on the final refined model, the collector dosage is the most significant main effects affecting 
concentrate grade and recovery at 95% confidence level. The factor pH appears to be the second most 
important statistically significant factor influencing the concentrate assay. In addition, the interaction 
between two depressants affect statistically the responses in a different manner. A more detailed 
explanation is given in the following sections.  

3.1.2. Collector Dosage Effect 

As depicted in Fig. 3, collector dosage had a significant (P-value < 0.05) and positive effect on both 
grade and recovery, making it the key parameter with the greatest influence on apatite flotation. The 
influence of collector dosage on flotation performance was evaluated by examining its effect on both 
grade and recovery, as illustrated in Fig. 4, using a main effects plot. The plot on the left-hand side 
illustrates a positive relationship between the grade of the final concentrate and the dosage of 
collector. By increasing collector from 500 g/t to 1500 g/t, concentrate assay increases from 5 to almost 
8% in P2O5. The recovery curve on the right plot reveals that by increasing collector to 1500 g/t, the 
recovery of apatite increases up to 81%. The confidence intervals (dotted lines) for both grade and 
recovery curves suggest a statistically reliable trend. In summary, an increase in grade and recovery 
can both be achieved through a higher collector dosage. However, the recovery rates are more 
significantly improved.  

One of the major reasons why higher collector dosages are imperative is because the feed comprises a 
considerable fraction of fine particles (<37µm). The reagent demand is reasonably high for these fine 
particles due to their greater surface area. The other reason which would demand more quantity of 
collector to improve flotation efficiency is the greater sensitivity of fatty acid collectors to dissolved 
ions (e.g., Mg 2+) present in the pulp. Due to the quality of the process water, along with mineral 
dissolution and the abrasion of grinding media, certain metal ions such as Ca²⁺, Mg²⁺, Al³⁺, and Fe³⁺ 
are inevitably present in the flotation pulp under actual operating conditions (Ruan et al., 2018). Fatty 
acid collectors have the tendency to easily form complexes with these ions, and thus there is greater 
collector consumption required for effective flotation (dos Santos et al., 2010). Also a higher collector 
dosage results in higher hydrophobicity of apatite particles, resulting in better recovery and grade 
(Santana et al., 2010; Testa, 2016). The collector concentration also has a significant effect on the 
flotation kinetics of apatite in alkaline environments. For example, a study found an improvement in 
flotation rate and recovery when collector concentration was increased (Testa, 2016). 
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Fig. 4. Main effects plot of collector dosage on grade (right) and recovery (left) of apatite in direct flotation.  

3.1.3. pH Effect 

Based on Fig. 5, the effect of pH on apatite flotation demonstrates an inverse relationship between 
grade and recovery. As pH increases from 9.5 to 11.5, the P₂O₅ grade of the concentrate drops from 
approximately 7.5% to below 5.5%, while recovery slightly increases from around 52% to nearly 60%. 
However, according to the regression coefficients shown in Fig. 3, the effect of pH on recovery is not 
statistically significant at the 95% confidence level. Nonetheless, the declining trend in grade appears 
more consistent and meaningful. 

This pattern can be partially attributed to the influence of solution chemistry and pH on flotation 
behavior. In fact, although the flotation of quartz cannot be achieved using fatty acid collectors, it may 
be activated using multivalent cations like Mg²⁺, Fe³⁺, and Al³⁺ to enhance its floatability within a pH 
range of 9 to 10. In addition, the addition of Ca²⁺ ions have also been proven to increase the flotation of 
the quartz within the pH range of 9.5 to 11.5 (Ruan et al., 2018). In addition, this effect may be 
explained by the impact of alkaline conditions on the behavior of fatty acid collectors. Specifically, 
high pH values cause the collectors to exhibit an increased frothing ability and reduced average 
bubble size, which enhances gas retention in the flotation cell. Under such conditions, excessive froth 
stability can entrap gangue particles within the froth phase (Atrafi et al., 2012). Together, these factors 
impair the selectivity of separation, thereby reducing concentrate purity despite the presence of a 
marginal increase in recovery levels. Thus, accurate pH adjustment is needed to obtain a trade-off 
between grade and recovery. 

3.1.4. Interaction Effects 

According to Fig. 3, the only significant interaction affecting the process is the effect of the starch and 
sodium silicate interaction on recovery. Fig. 6 shows the interaction plot. At low starch dosages, with 
an increased amount of sodium silicate, recovery decreased sharply from approximately 67% to 50%. 
In contrast, at high starch dosages, recovery increased slightly from about 51.7% to 54%. This implies  
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Fig. 5. Main effects plot of pH on grade (right) and recovery (left) of apatite in direct flotation. 

that at low starch concentrations, sodium silicate causes excessive depression that significantly 
reduces recovery, but at higher starch dosages, this effect is partially mitigated. These results highlight 
the importance of the interaction between these two depressants on the flotation performance. 

 

Fig. 6. Interaction plot of sodium silicate and starch on recovery. 

3.1.5. Process Optimization 

Optimization of the direct flotation process was performed using response surface plots for grade and 
recovery (Fig. 7). The plots that are shown depict the effect of collector dosage and pH levels when 
keeping starch dosage constant at zero because its effect on flotation efficiency is statistically 
insignificant and slightly detrimental. Sodium silicate was maintained at an optimized level of 100 g/t 
to support pulp dispersion. The maximum grade (9-10%) was achieved at a pH range of 9.5-10.1 and 
high collector dosage (1220-1500 g/t), while raising pH to 11.5 and reducing collector dosage to 500 
g/t decreased the grade to its lowest value (∼5%), as shown by the response surface plots. This decline 
in grade at higher pH levels can be attributed to the reduced selectivity of fatty acid collectors. The 
negative effect of increased pH on grade and positive effect of collector dosage on grade and recovery 
are validated from these results. Also, the significant grade drop evident at lower collector doses 
indicates the increased reagent consumption for this sample, suggesting that a high enough collector 
dosage is necessary to maintain good flotation performance. In contrast, a maximum recovery (80-
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90%) was achieved over a wide pH range (9.5 to 11.5) and high collector dosage (1300-1500 g/t), but 
decreased to 45-50% with decreasing pH to 10.5 and collector dosage of 560 g/t.  

Using a sweet spot plot, which ascertains the operational conditions under which multiple response 
criteria are concurrently fulfilled, the direct flotation conditions were optimized. The plot is for 
simultaneous high grade and recovery (≥9% and ≥80%, respectively) with sodium silicate (100 g/t) 
and starch (0 g/t) set constant. The upper limits for grade and recovery are as per the experimental 
design outcome that showed the maximum ranges of responses. The results (Fig. 8) revealed that the 
desirable region (green) is located at pH 9.5-9.7 and collector dosage 1373-1500 g/t. At higher pH and 
lower collector dosage, only one criterion (blue) or neither (white) is met. This plot shows the 
appropriate pH range between 9.5 and 9.7 and collector dosage of 1373 to 1500 g/t to achieve optimal 
grade and recovery for direct flotation, with sodium silicate dosage of 100 g/t and no starch addition. 
Using the optimizer tool in MODDE software, the precise optimal conditions were determined to be a 
pH of 9.5, a collector dosage of 1500 g/t, and a sodium silicate dosage of 100 g/t. In these conditions, a 
concentrate of approximately 9.8% grade and 82% recovery can be obtained. Similar results in tests 
conducted under these optimal conditions also validate the authenticity of such data. 

 

Fig. 7. Response surface plots of grade (left) and recovery (right). 

 

Fig. 8. Sweet spot plot for optimal grade and recovery conditions. 

3.2. Reverse Flotation Test 

As described in Section 2.5, the reverse flotation test was performed to separate carbonate minerals 
from the direct flotation concentrate, though due to surface similarities between carbonate minerals 
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like calcite and dolomite and apatite, their separation via direct flotation was not feasible, 
necessitating a reverse flotation step to float carbonate minerals. The findings demonstrated the 
successful removal of carbonate minerals by reverse flotation, resulting in a final product with above 
30% P₂O₅ content and above 70% recovery. The final process flowsheet is presented in Fig. 9. The acid 
scrubbing step (Section 2.5.1) enhanced the selectivity of carbonate flotation by desorbing collectors 
from the concentrate. It has been established that phosphoric acid and sulfuric acid are effective 
depressants for reverse flotation of phosphate ores under acidic conditions (Huang & Zhang, 2024). 
Previous studies have confirmed that using a mixture of sulfuric and phosphoric acids is more 
effective for apatite depression than using either acid alone. This is why a mixed acid system was used 
in the present work. The mixed acid system does decrease the contact angle of apatite to the lowest 
state, which is effective depression (Lai et al., 2023). The mechanism for the depression of apatite by 
phosphoric acid and sulfuric acid at pH 4.5 employs further chemical adsorption of H₃PO₄ onto 
apatite surfaces, leading to the formation of hydrophilic species including CaHPO₄, Ca(H₂PO₄)₂, 
CaH₂PO₄⁺, which restricts collector adsorption on apatite surfaces. Among these, CaHPO₄ is 
considered the primary species responsible for effective apatite depression ( Liu, Ruan, et al., 2017; 
Huang & Zhang, 2024). In addition, sulfuric acid contributed further to the overall effect by forming a 
poorly soluble CaSO₄ layer on apatite surfaces preventing collector access to the calcium sites (Liu, 
Luo, et al., 2017; H. Zhang et al., 2025). These results indicated that reverse flotation is a suitable 
complementary method to direct flotation, improving the quality of the apatite concentrate for 
industrial use. These grade and recovery can be further optimized by adjusting collector consumption 
in this stage or by fine-tuning pH during the acid scrubbing or preparation with sulfuric and 
phosphoric acids  for apatite depression. These findings show that these tailings can be processed as 
an apatite source, offering an economic resource while reducing tailings and reusing them for 
environmental preservation. 

 

Fig. 9. Final flowsheet for the recovery of apatite from iron ore beneficiation tailings. 

4. Conclusions 

The feasibility of apatite recovery from secondary resources was studied using the tailings from iron 
ore beneficiation at the Sangan company in Yazd Province, Iran. Mineralogical investigations 
demonstrated that the dominant gangue minerals in the tailings, in turn, are alkali feldspar, quartz, 
calcite and dolomite. A full factorial experimental design was employed to optimize the direct 
flotation process, and the results were processed using Umetrics MODDE software and the MLR 
model. High grade and recovery (≥9% and ≥80%, respectively) in the direct flotation were achieved 
under optimized conditions at a pH range of 9.5-9.7 and collector dosage of 1373-1500 g/t, with 
sodium silicate dosage of 100 g/t and no starch addition. Microscopic examinations revealed that 
more than 85% of the apatite in the sample is fully liberated in the size fraction below 75 µm, 
indicating that selectivity, rather than liberation, is the primary challenge in this flotation process. The 
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subsequent reverse flotation test successfully removed the carbonate minerals and improved the 
concentrate quality, resulting in a final grade above 30% P₂O₅ and a final recovery above 70% for the 
entire process. In reverse flotation, both phosphoric and sulfuric acids were used to depress apatite, 
leading to an increase in selectivity. These results demonstrate that the integration of direct and 
reverse flotation is indeed a potential route for producing high-quality apatite concentrates, with 
strong potential for industrial scale-up and further process enhancement. 
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Abstract: 

The present study investigated the potential for iron recovery from magnetite-bearing iron ore tailings 
at the Sangan Company’s old dumps, aiming to reduce environmental challenges through wet 
magnetic separation as a pre-beneficiation stage. This method selectively removed coarse gangue 
while maximizing magnetite recovery. A full factorial experimental design evaluated the effects of 
magnetic field intensity (1200, 2700, 3400 Gauss), drum speed (1, 1.4 m/s), and pulp solids content 
(25%, 35%). Concentrate analysis was performed using titration and Satmagan methods. Partial Least 
Squares (PLS) modeling revealed that higher magnetic field intensities significantly improved 
magnetite recovery, enabling a feed mass reduction of 18–22% with negligible magnetite loss (~2–3%). 
Magnetite recovery from tailings represents a novel approach, achieving up to 97.21% recovery under 
optimal conditions. Davis Tube tests confirmed that lost magnetite, with iron grades below 13.63%, is 
unsuitable for the final concentrate, enhancing overall concentrate quality by its removal. This pre-
upgrading process improves concentrate quality, reduces operating costs, and supports sustainable 
tailings management.

 

Keywords: Low-grade Iron ore, Magnetic separation, Upgrading, Pre-processing, Design of experiments. 
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1. Introduction 

Steel is the foundation of industrial development. It is widely used in various fields, such as 
construction, the automotive industry, industrial equipment, transportation, and energy (Comtois & 
Slack, 2016). Iron ores are crucial for providing raw materials to the steel industry. Notable iron 
minerals encompass hematite (Fe₂O₃), magnetite (Fe₃O₄), goethite (FeO(OH)), and siderite (FeCO3). 
Iron ores, such as hematite and magnetite, have been effectively processed for a long time. However, 
significant iron reserves remain unexploited due to technical and economic challenges, accumulating 
as tailings in mines (Carmignano et al., 2021; Lu, 2015). With increasing global demand and limited 
primary resources, recovering iron from mine tailings has become critical for preserve resources and 
minimizing environmental degradation (Arol & Aydogan, 2004; Jyolsna et al., 2016). 

Iron ore beneficiation occurs in processing plants to produce materials suited for iron smelters. These 
methods include flotation (Ghasemi et al., 2019), combined gravity and magnetic techniques (Zare et 
al., 2023), magnetic roasting (Li et al., 2010), and magnetic separation (Herrera-Pérez et al., 2024; 
Luttrell et al., 2004). Importantly, particularly in the recovery of valuable materials from iron ore 
tailings, many of these technologies are also widely used (Roy & Das, 2008). Conventional processing 
methods are often cost-prohibitive or inefficient for low-grade tailings due to their complex 
mineralogy and high gangue content. Magnetic separation, an effective mineral processing technique, 
relies on differences in the magnetic properties of iron minerals (Chen & Xiong, 2015). This method is 
highly efficient for extracting magnetite from iron ore tailings (Sahin, 2020). Recent studies on 
magnetite processing highlight diverse approaches to enhancing the efficiency of magnetic separation. 
One study utilized a hydrocyclone prior to high-intensity wet magnetic separation, achieving a 
recovery of 89.2% (Jyolsna et al., 2016). Similarly, another investigation combining hydrocyclone and 
magnetic separation produced a concentrate with a grade of 63% and a recovery of 70.7% (Jena et al., 
2015). Additionally, a different study employing low-intensity magnetic separation yielded a 
concentrate with a grade of 47.5% and a recovery of 68.56% (Behnamfard & Khaphaje, 2019). Another 
research suggested increasing the size of ultra-fine magnetite particles as a method to reduce losses 
during magnetic separation (Arol & Aydogan, 2004). Among magnetic separation techniques, the wet 
method is considered an efficient and cost-effective option for tailings containing magnetite due to its 
superior particle attraction, energy efficiency, and suitability for the mineralogical properties of the 
tailings. These findings underscore the importance of optimizing processing conditions and selecting 
appropriate methods to achieve higher efficiency in magnetic separation processes. 

As a pioneer in the iron ore mining and processing industry in Iran, Sangan Company has deposited a 
large amount of low-grade material and mischievous ore in storage sites over the years. Despite their 
low initial grade, these deposits offer significant potential for recovery and reuse in production due to 
their high magnetite content. pre-processing these tailings, particularly using magnetic separation, can 
be considered an economic and environmental solution. However, optimizing this process faces 
challenges, including the oxidation of magnetite to hematite, high operating costs, and varied 
mineralogical properties.  

The main objective of this study is to selectively remove a significant portion of the coarse-grained 
gangue in the pre-processing stage. For this purpose, the magnetic separation method was used, 
which is considered to be an efficient, and cost-effective method in mineral processing. This study also 
seeks to substantially reduce the feed rate of material entering downstream processing stages by 
optimizing pre-processing. To this end, experiments were designed using a full factorial experimental 
design, investigating key parameters of magnetic separation, including magnetic field intensity, 
separator speed, and pulp solids content. The results were analyzed using the Partial Least Squares 
(PLS) method  to optimize the efficiency of magnetic separation. 
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2. Material and Methods 

2.1. Material 

The initial representative sample, weighing 900 kg, was prepared after grinding to a maximum 
particle size of 6 mm. Particle size analysis (see Fig. 1) indicated that 80% of the particles were smaller 
than 2700 µm. This particle sizes are well suited for wet magnetic separation of magnetite, particularly 
with medium-to-high magnetic field intensities. 

 

Fig. 1. Feed size analysis for initial representative sample. 

In this study, experiments were conducted using a drum magnetic separator in the mineral processing 
laboratory of Sahand University of Technology, Tabriz. This apparatus, capable of adjusting the drum 
speed via electric current control, allowed experiments across a range of drum speed. The separator 
was equipped with an adjustable mechanical feeder and agitator to control the feed rate and mixing 
speed. This allowed for uniform feeding, ensured a constant flow rate, and ensured optimal pulp 
homogeneity. 

2.2. Experimental Design 

The efficiency of the magnetic separation process depends on key operating parameters. Accurate 
identification of these factors and the extent to which each influences the process is of particular 
importance. The experimental design of this study involved the use of a full factorial design, which 
was implemented after conducting preliminary experiments and identifying salient factors. The 
experimental design was used to conduct a comprehensive investigation of the effects of three 
variables: magnetic field intensity, separator speed, and pulp solids content. These variables were 
found to have a significant effect on two primary indicators: grade and recovery of iron and iron 
oxides. The range of these parameters was determined based on preliminary studies and is presented 
in Table 1. 

Table 1. Range of variation of operating parameters 

Parameters Intensity (G) Speed (m/s) Solid (%) 

Levels 
1200 1 25 

2700 1.4 35 
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2.3. Results Analysis Method 

Mineralogical studies of the sample were performed through the preparation of thin and polished 
sections. The sections were analyzed using a polarizing microscope equipped with a digital image 
processing system. Chemical analysis of the concentrates obtained from the experiments was carried 
out using two methods: titration and Satmagan magnetic analyzer. 

Experiments data were analyzed using the Partial Least Squares (PLS) regression in MODDE 
software. PLS was chosen for its ability to simultaneously examine the relationships between 
independent and dependent variables while handling multiple response variables. Unlike 
multivariate linear regression (MLR), which ignores the covariance between responses, PLS enables 
robust analysis of variable relationships by taking into account their covariance and variance. Given 
the presence of several related and non-independent responses in this study, the PLS method was 
selected as a more robustness approach than MLR. This approach made it possible to extract more 
accurate information from the data structure and identify complex relationships between process 
parameters (Eriksson et al., 2000). 

2.4. Mineralogical Studies 

Mineralogical analyses of the sample using optical microscope revealed that the main transparent 
minerals predominantly consist of, in turn, alkali feldspars and quartz and plagioclase. Amphiboles 
and micas were also identified in thin sections, with investigations indicating that amphiboles and 
biotite transformed into epidote and chlorite assemblages in early alteration stages and into actinolite 
and serpentine in more advanced stages. Furthermore, the saussuritization process in plagioclases and 
alkali feldspars was observed, resulting in the formation of secondary iron-bearing minerals, such as 
epidote and zoisite. Magnetite, the primary iron ore, constitutes over 40% of the sample’s composition. 
Microscopic examinations showed that magnetite by 5-10 micron in size presents within the silicate 
gangue. Silicate gangue with 5-10 micron in size is observed within the magnetite particles. In some 
cases, martitization—the alteration of magnetite to hematite—was noted, particularly at crystal edges 
and along fracture surfaces.  

       

Fig. 2. Magnetite and martitization phenomenon in fractures and edges (left), magnetite within silicate gangue 
(right),  (-60 microns). 
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2.5. Initial Experiments  

In this section, the effects of magnetic field intensity and speed of the separator, on the separation 
performance is investigated. Initially, initial experiments were designed with a constant pulp solids 
content of 35%, magnetic field intensity at three levels of 1200, 2700, and 3400 Gauss, and separator 
linear speed at two levels of 1 and 1.4 m/s. It is noteworthy that the inlet pulp flow rate and the 
washing water flow rate were kept constant at 3 liters per minute (L/min) and 2 L/min, respectively, 
throughout all experiments. 

2.6. Supplemental Experiments  

Preliminary tests have demonstrated that a high-intensity magnetic field is essential to prevent further 
magnetite loss and enhance process efficiency. These tests were conducted with the magnetic field 
intensity adjusted to 2700 and 3400 Gauss, the separator linear speed set at 1 and 1.4 m/s, and the 
pulp solids content configured at 25% and 35%. Notably, other parameters, such as inlet pulp and 
washing water flow rates,kept constant throughout the experiments. 

2.7. Assessing the Quality of Lost Magnetite 

According to the results of the initial beneficiation stage, the optimal FeO Satmagan recovery, 
representing magnetite recovery, reached 97.39%, indicating approximately 2.61% magnetite loss. To 
evaluate the quality of the lost magnetite, a series of experiments was conducted using a Davis tube. 
Tailings from the initial beneficiation were crushed to a final grind size below 63 μm, and reference 
samples were prepared. Magnetic separation tests were performed at field intensities of 1000, 2000, 
3500, and 5000 Gauss. 

3. Results and Discussion 

3.1. Initial Experiment Results 

The experimental conditions, the results obtained, and the metallurgical calculations are presented in 
Table 2. Based on the data presented in Table 2, the total iron grade in the sample under study varied 
between 48.11 to 50.21 percent depending on the operating conditions and the weight recovery of the 
concentrate ranged from 77.90 to 81.98 percent. Also, the total iron recovery ranged from 93.62 to 96.08 
percent and the recovery of FeO based on the Satmagan analysis ranged from 97.05 to 98.83 percent. 
Since the Satmagan analysis fairly reflects the amount of magnetite present in the concentrate, it can 
be concluded that the recovery of magnetite in the pre-upgrading process was very satisfactory and 
more than 97 percent of magnetite could be recovered. A comparative analysis of iron oxide content 
obtained through titration and Satmagan methods revealed that titration consistently yielded higher 
values. This is attributed to the presence of divalent iron in non-magnetite iron-bearing minerals, such 
as silicates or secondary oxides, which are not detected by the Satmagan method. 

The analysis of the results highlights the critical influence of operational parameters on separation 
performance. Specifically, increasing the magnetic field intensity of the separator was found to 
enhance both magnetite and total iron recovery, likely due to the stronger attraction of fine magnetite 
particles to the magnetic field. Conversely, an increase in the linear speed of the magnetic separator 
led to a relative decrease in concentrate grade, possibly because higher speeds reduce the residence 
time of particles on rotating drum , allowing some non-magnetic gangue minerals to be entrained in 

the concentrate. These findings are consistent with the mineralogical characteristics of the sample. 

From an industrial perspective, the high magnetite recovery (>97%) achieved in this study 
underscores the efficiency of high-intensity wet magnetic separation for processing magnetite-rich 
ores. This approach not only minimizes losses but also aligns with energy-efficient and cost-effective 
beneficiation strategies, as discussed previously. However, the slight reduction in concentrate grade at 
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higher separator speeds suggests a trade-off between recovery and quality, which warrants careful 
optimization in large-scale operations. These findings contribute to the optimization of magnetic 
separation processes and provide a foundation for further research into enhancing concentrate quality 
and minimizing losses in magnetite ore processing 

 

Table 2. Initial test conditions and results. 

Test 
ID 

Parameters Concentrate Recovery Head (Cal) 

Intensity 
(G) 

Speed 
(m/s) 

C/F 
(%) 

Fe 
(%) 

FeO 
(%) 

FeOsat 
(%) 

RFe 
(%) 

RFeO 
(%) 

RFeOsat 
(%) 

Fe 
(%) 

FeO 
(%) 

FeOsat 
(%) 

R1 3400 1.4 81.52 48.11 13.19 12.40 95.79 93.72 98.83 40.95 11.47 10.23 

R2 3400 1 81.98 48.27 13.80 13.33 96.08 94.50 98.77 41.18 11.97 11.06 

R5 2700 1.4 79.58 48.11 13.80 12.71 94.73 93.73 97.73 40.42 11.72 10.35 

R12 2700 1 79.71 49.51 14.40 14.01 94.65 93.09 98.62 41.70 12.33 11.32 

R16 1200 1.4 77.90 50.21 14.85 12.96 93.62 92.90 97.05 41.78 12.45 10.40 

R17 1200 1 80.66 49.20 14.05 13.48 95.20 93.98 98.53 41.69 12.06 11.04 

3.2. Supplemental Experiment Results 

The experimental conditions, results, and metallurgical calculations for the magnetic separation 
process are summarized in Table 3. The data presented in Table 3 illustrate the significant influence of 
operating parameters—namely magnetic field intensity, separator linear speed, and pulp solids 
content—on the performance and quality of magnetic separation during the pre-beneficiation stage. 
The total iron grade of the concentrate ranged from 50.82% to 52.55%, reflecting the combined effects 
of these parameters. The weight recovery of the concentrate varied between 76.70% and 80.11%, 
indicating a direct correlation with operating conditions. Specifically, lower pulp solids content and 
optimized field intensities contributed to higher weight recoveries by improving the selectivity of 
magnetic separation. Total iron recovery ranged from 92.27% to 94.97%, with higher recoveries 
observed at elevated magnetic field intensities, consistent with the enhanced attraction of magnetite 
particles under stronger fields. The recovery of iron oxide (FeO), as determined by Satmagan analysis, 
ranged from 96.68% to 98.47%, underscoring the exceptional efficiency of the pre-beneficiation process 
for magnetite recovery. Additionally, the FeO content in the concentrate, measured by Satmagan, 
varied between 12.40% and 14.47%, influenced primarily by magnetic field intensity and pulp solids 
content. These results align with earlier mineralogical findings, where magnetite was identified as 
micron-sized grains dispersed within a silicate gangue matrix, necessitating high-intensity separation 
to achieve optimal recovery. 

From an industrial perspective, the high FeO recovery (up to 98.47%) achieved in this study 
demonstrates the efficacy of high-intensity wet magnetic separation for processing magnetite-rich 
ores. This approach not only maximizes resource utilization but also aligns with energy-efficient and 
cost-effective beneficiation strategies, as noted in earlier sections. However, the observed trade-off 
between concentrate grade and drum speed underscores the need for careful process optimization to 
balance recovery and quality in large-scale operations. For instance, operating at moderate speeds 
(e.g., 1 m/s) with high field intensities could strike an optimal balance, as evidenced by the upper 
range of iron grades and recoveries reported. 

Table 3. Conditions of supplementary tests and their results. 

Test Parameters Concentrate Recovery Head(Cal) 
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ID Intensity 
(G) 

Speed 
(m/s) 

Solid 
(%) 

C/F 
(%) 

Fe 
(%) 

FeO 
(%) 

FeOsat 
(%) 

RFe 
(%) 

RFeO 
(%) 

RFeOsat 
(%) 

Fe 
(%) 

FeO 
(%) 

FeOsat 
(%) 

N1 3400 1.4 25 76.70 52.55 15.20 13.33 92.27 91.58 98.47 43.68 12.73 10.38 

N2 3400 1.4 35 79.08 51.20 14.80 13.83 93.83 92.62 97.72 42.61 12.48 11.05 

N3 3400 1 25 77.38 50.82 14.25 12.71 93.62 92.42 97.58 42.00 11.93 10.08 

N4 3400 1 35 80.11 52.55 15.00 14.47 94.97 93.79 97.21 44.33 12.81 11.92 

N6 2700 1.4 25 77.83 52.10 14.90 13.86 94.29 92.73 97.69 43.01 12.51 11.04 

N7 2700 1.4 35 78.67 51.16 14.60 13.73 93.99 92.92 96.68 42.82 12.36 11.17 

N8 2700 1 25 79.12 51.80 14.85 12.40 94.69 93.21 97.51 43.28 12.60 10.06 

N9 2700 1 35 79.28 52.03 15.00 13.79 94.70 93.33 97.92 43.56 12.74 11.17 

In conclusion, the findings from supplementary experiments demonstrate that increasing magnetic 
field intensity, combined with precise control of separator speed and pulp solids content, significantly 
enhances iron recovery and minimizes magnetite loss. Specifically, optimal conditions of 3400 Gauss, 
1 m/s separator speed, and 35% pulp solids content achieved a magnetite recovery of 97.21%, as 
determined by Satmagan analysis. A final flowsheet illustrating this optimized process is presented in 
Figure 3. These results confirm the high efficiency of wet magnetic separation in the pre-beneficiation 
process for magnetite recovery. The iron grades and recoveries obtained, supported by the optimal 
performance under these conditions, are highly satisfactory and efficient in ore processing.  

 

Fig. 3. Final flowsheet. Feed finer than 6 mm is separated by a wet magnetic separator. 

3.2.1. PLS modeling 

Following the implementation of the PLS model, the model fit criteria were utilized to assess the 
model's performance. In this diagram, it is imperative to examine R2 and the discrepancy between R2 
and Q2. The R2 parameter, designated as the "goodness factor," quantifies the extent to which the raw 
data aligns with the regression model. Its value ranges from zero to one. A higher R2 value indicates 
the better fit between the raw data and the regression model. However, it is imperative to note that the 
R2 parameter is subject to limitations. Specifically, if there are many terms in the model, it may 
artificially produce a large value. Another appropriate index that shows the usefulness of the 
regression model is the Q2 index, known as the model's goodness of prediction. This parameter 
estimates the predictive power of the model. For a very good model, the R2 and Q2 parameters should 
have high values and their difference should not exceed 0.3. The next index in the summary fit plot is 
the repeatability and reproducibility index, whose high values indicate a lower repeatability error 
compared to the overall design variability, a value less than 0.5 for this index indicates a large net 
error and poor control of the experimental steps (Eriksson et al., 2000).  

The model fit diagram is shown in Figure 2. By examining the values of the aforementioned indices on 
the multiple responses in the model, it is observed that the fitted model is appropriate and acceptable.  

Feed < 6 mm

C ons

 Tail

MS
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Fig. 4. Summary of the fit for the PLS model. 

3.2.2. Variable importance 

The Variable Importance Plot (VIP) of the final model to examine the parameters that affect all the 
responses is shown in Figure 3. As can be seen from the VIP diagram, the quadratic expressions of 
solid percentage, magnetic intensity, and separator speed have the greatest impact on the responses, 
with a VIP value of 1.257. After the quadratic terms, the solid percentage parameter has the largest 
impact, followed by the speed by solid percentage interaction (spe*sol), the speed parameter, the 
magnetic intensity by speed interaction (int*spe), and the magnetic intensity by solid percentage 
interaction (int*sol). Finally, the magnetic intensity with a VIP value of 0.63 has little effect on the 
responses. The insignificant effect of magnetic intensity may be due to the ferromagnetic property of 
magnetite and the proximity of the factor surface to each other, this property causes the recovery of 
magnetite even at low magnetic intensities.  

 

Fig. 5. Variable importance plot of the final model. 
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3.2.3. Interaction Effects 

The interaction between magnetic intensity and separator linear speed is one of the interaction effects 
in the process shown in Figure 4 for the responses of grade and recovery of iron oxide from iron ore. 
However, there are some other interaction effects that have a lesser effect on the responses and are not 
shown here. From Figure 4, it can be seen that in the response of the iron oxide grade from the iron ore 
at low speed, the grade increases slightly with increasing magnetic intensity, but after an intensity of 
3050 Gauss, the grade increases with a steep slope. This is in the case that at high speed, with 
increasing intensity, the grade initially decreases, but after an intensity of 3050 Gauss, the grade 
increases slightly. It appears that with increasing speed of the magnetic separator, due to the 
ferromagnetic nature of magnetite, the iron grade recovered from the iron ore at both separator speeds 
has an almost increasing trend, with the rate of increase being greater at lower speeds.  

The interaction between magnetic intensity and separator speed on the response related to the 
recovery of iron oxide obtained from the iron ore shows that at low speeds, with increasing magnetic 
intensity, the recovery initially increases, but after a magnetic intensity of 3050 Gauss, the recovery 
decreases. At high speeds, with increasing magnetic intensity up to 3050 Gauss, the recovery increases 
with a steep slope, but after a magnetic intensity of 3050 Gauss, the recovery increases gently.  

 

Fig. 6. Interaction of parameters on the responses of grade and recovery of iron oxide from satmagan. 
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3.2.4. Contour Plots 

After studying the effects of the parameters on the process, equipotential surfaces were created to 
better understand the model. The purpose of constructing equipotential surfaces is to find the 
appropriate range of parameters for the experiments. Figure 5 shows the changes in the responses of 
the grade and recovery of iron oxide from the slag in terms of magnetic intensity and separator speed, 
and the intermediate limit of the solid percentage parameter is considered. The results obtained show 
that high grades can be obtained by setting the separator speed to the maximum and the magnetic 
intensity to the lowest limit. In addition, the speed and magnetic intensity simultaneously shift the 
recovery of iron oxide from the slag so that the highest recovery is obtained at the maximum speed 
and magnetic intensity. According to the explanations, it is clear that the effect of both speed and 
intensity parameters on the above responses is large. 

 

 

Fig. 7. Contour plots related to the grade response and recovery of iron oxide from the satmagan. 

3.3. Lost Magnetite Quality Assessment Results 

The results of the quality assessment of lost magnetite, derived from Davis Tube tests, are presented in 
Table 4. These experiments were conducted to evaluate the characteristics of magnetite lost during the 
pre-beneficiation stage. According to the data in Table 4, the weight recovery of magnetic materials 
from the tailings was consistently low, ranging from 0.30% to 0.84% across magnetic field intensities of 
1000, 2000, 3500, and 5000 Gauss, corroborating the high efficiency of the pre-upgrading process 
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reported previously. As magnetic field intensity increased, the iron and FeO content in the 
concentrates, as determined by titration analysis, decreased progressively. Specifically, the iron 
content ranged from 63.13% at 1000 Gauss to 57.22% at 5000 Gauss, while FeO content varied from 
21.30% to 17.0% over the same range.  

These results indicate that the magnetite recovered from the tailings via the Davis Tube has low 
quality. This low quality is likely attributable to the presence of fine-grained, disseminated magnetite 
inclusions entrapped within the silicate gangue matrix, as observed in earlier mineralogical analyses. 
The small particle size (<63 μm, as prepared for these tests) and the association with non-magnetic 
gangue minerals further explain the poor quality of the recovered magnetite. Consequently, it can be 
inferred that the magnetite lost during the pre-beneficiation stage is not suitable for inclusion in the 
final concentrate, as its incorporation would likely reduce the overall concentrate grade. 

Table 4. The conditions of the davis test and the results together with the metallurgical calculations. 

Test 
ID 

Parameters Concentrate Recovery Head(Cal) 

Intensity 
(G) 

C/F 
(%) 

Fe 
(%) 

FeO 
(%) 

RFe 
(%) 

RFeO 
(%) 

Fe 
(%) 

FeO 
(%) 

H1 1000 0.30 63.13 21.30 2.10 1.80 8.86 3.50 

H2 2000 0.49 61.26 21.50 3.40 3.02 8.86 3.50 

H3 3500 0.67 59.40 19.80 4.50 3.80 8.86 3.50 

H4 5000 0.84 57.22 17.30 5.41 4.14 8.86 3.50 

The low quality of the lost magnetite supports the strategic advantage of allowing minor magnetite 
losses in the pre-beneficiation stage to enhance the quality of the final concentrate.The Davis Tube 
results suggested that the small fraction of magnetite lost (approximately 2–3%, as noted earlier) 
consists primarily of low-grade material, which, if recovered, could compromise the high-grade 
concentrate achieved. Thus, the trade-off of sacrificing a minor portion of low-quality magnetite is 
justified to maintain the superior quality of the final product. 

4. Conclusion 

In conclusion, the results underscore the efficacy of high-intensity wet magnetic separation for 
valorizing magnetite-bearing tailings at the Sangan Company. The optimal conditions (3400 Gauss, 1 
m/s, 35% solids) achieved a magnetite recovery of 97.21% and an FeO content of 14.47%, 
demonstrating the process’s ability to produce high-quality concentrates while reducing tailings mass 
by 18–22%. The low quality of lost magnetite, as confirmed by Davis Tube tests, justifies the strategic 
acceptance of minor losses to enhance final concentrate quality. PLS modeling further elucidated the 
critical influence of quadratic parameter interactions, providing a robust framework for process 
optimization. These findings contribute to sustainable tailings management by enabling efficient 
magnetite recovery and reducing waste volume. From an industrial perspective, the process aligns 
with cost-effective and resource-efficient beneficiation strategies, offering significant potential for 
large-scale implementation. Conducting pilot-scale  trials with industrial wet magnetic separators 
under optimal conditions (3400 Gauss, 1 m/s, 35% solids) to assess scalability, throughput, and 
economic viability is proposed. 
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Abstract: 

Manganese carbonate mines in Iran are one of the significant potentials of this applied element in Iran. 
This research investigates the enrichment of manganese from rhodochrosite mineral found in a mine 
in eastern Iran. Chemical analysis and mineralogical studies showed that the manganese content of 
the sample was 9.1% (MnO2 14.4%) and rhodochrosite was present as the main manganese mineral 
along with manganite with a relatively low degree of freedom. Calcination experiments were 
performed in feed size of -3 mm at 700-900°C for 2 hours with the aim of converting carbonate 
minerals into oxidant minerals. The optimized calcined product has undergone a magnetic separation 
process in different size fractions to enrich the manganese present in it. Magnetic separation at a 
magnetic field strength of 12000 Gauss at a grain size of less than 0.5 mm from the calcination product 
resulted in the production of MnO2 concentrate with a grade of 34.9% and a recovery of 76.3%. Also, 
the MnO2 content of the resulting tail has been reduced to 2.5%. 

 

Keywords: Manganese, Carbonate ore, Calcination, Magnetic separation 

1. Introduction 

Manganese (Mn) is the 12th most abundant element in the earth’s crust, with ~1,000 ppm (~0.1%) 
concentration and the fourth most-used metal after iron, aluminum, and copper (Dunne et al. 2019).  

Manganese can take on a variety of valence states, primarily from 2+ to 7+. Because of this speciation, 
many manganese minerals can form. Water-stable manganese oxide minerals include pyrolusite 
(MnO2, 4+ valence), bixbyite (Mn2O3, 3+ valence), hausmannite (Mn3O4, two 3+ and one 2+ valence), 
and pyrochroite (Mn(OH)2, 2+ valence). Other important manganese minerals include rhodochrosite 
(MnCO3, 2+ valence), braunite (Mn7SiO12, six 3+ and one 2+ valence), cryptomelane ((K,Ba) Mn8O16· 
xH2O or K2Mn8O16, seven 4+ and one 3+ valence), and manganite (MnOOH, 3+ valence). 
Rhodochrosite is the primary manganese mineral in about 33% of manganese deposits (Hudson 
Institute of Mineralogy, 2015). 

Manganese has several uses. The largest use is in the steel industry, which typically consumes about 
90% of the manganese produced each year. Other important uses include batteries and electronics, 
aluminum and copper alloys, fertilizers and micronutrients, water treatment, and as a colorant in 
materials, including glass, textiles, and plastic (Matos and Corathers, 2005). 

Manganese ore deposits may be of four different types: hydrothermal manganese deposits, 
sedimentary manganese deposits, residual manganese deposits, and metamorphic manganese 
deposits (Sivrikaya, 2017). The increasing demand for the metal encouraged the mining industry to 
exploit all manganese-bearing resources recently. Even, the seabed may become a viable source of 
minerals in the future since manganese nodules have been known since the beginning of the 
nineteenth century (Mukherjee et al., 2004; Wills and Napier-Munn, 2006). 
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Over 80% of the known world, manganese resources are found in South Africa and Ukraine. Other 
important manganese deposits are in China, Australia, Brazil, Gabon, India, and Mexico (Baba et al. 
2014). There are a lot of manganese deposits and numerous mineral occurrences in Iran. The major 
tectonic/structural zones of Iran that host manganese deposits are: (1) Urumieh-Dokhtar magmatic 
assemblage (UDMA), (2) the Central Iran (CI), (3) the Sabzevar zone (SZ), (4) the Alborz magmatic belt 
(AMB), and (5) the Cretaceous ophiolites (Maghfouri et al. 2019). 

In this paper, the beneficiation of manganese carbonate using calcination and magnetic separation was 
comprehensively investigated. 

2. Material and methods 

Calcination of rhodochrosite to manganese oxide as the main type of pyrometallurgical pretreatments 
is used in the combined pyro-physical separation treatments of manganese carbonate ores. In the 
calcination of rhodochrosite, the ore is heated to drive off the CO2 gas, typically at temperatures of 
800°C or greater (You et al. 2015). At these temperatures in an air atmosphere, the MnO formed 
oxidizes to MnO2, which is then cooled and subject to subsequent process. 

At present, the process of manganese carbonate resources mainly includes ore washing, gravity 
separation, magnetic separation, flotation, leaching, and combined process. The magnetic separation 
process by high intensity magnetic separator (HIMS) requires more advanced equipment, so the 
investment cost is high, but it has the advantages of simple operation, environmental friendliness, and 
low subsequent operating costs. The concentration of manganese carbonate obtained by magnetic 
separation is higher than that of heavy concentrate, which is an important means of separating 
modern industrial manganese ore resources (Wu, 2015; Zou, 2021). 

2.1. Material 

A manganese carbonate ore containing 9.1% Mn from a deposit in Razavi Khorasan province, Iran, 
was used for all the experiments. The mineralogical properties of the ore sample were characterized 
based on optical mineralogy methods using the polished and thin sections by ZEISS polarizing 
microscope images and XRD analysis. XRD analysis showed that the ore contains calcite, dolomite, 
quartz, rhodochrosite, and manganite are present in the ore. For major elemental analysis, inductively 
coupled plasma (ICP), and X-ray fluorescence (XRF) were used (Tables 1 and 2).  

Table 1. ICP analysis result 

Ca (%) Mn (%) Fe (%) Mg (%) Al (%) K (%) S (%) Na (%) 

10.7 9.1 5.7 1.6 1.2 0.6 0.2 0.1 

Zn (ppm) Pb (ppm) Sr (ppm) Ba (ppm) Cu (ppm) As (ppm) Cr (ppm) Ni (ppm) 

620.2 349.7 272.0 155.1 153.6 27.8 22.2 15.6 

Table 2. XRF analysis result 

SiO2 
(%) 

Al2O3 
(%) 

CaO 
(%) 

MgO 
(%) 

MnO 
(%) 

SO3 
(%) 

Fe2O3 
(%) 

K2O 
(%) 

L.O.I 
(%) 

12.3 2.9 27.5 3.5 12.0 0.6 10.1 0.8 31.7 

According to Table 3, the liberation degree of Mn mineral was studied in different-size fractions. 
Mineral liberation degree is the ratio of the number of unlocked particles of mineral to the sum of the 
number of locked and unlocked particles of mineral. The calculation formula is as follows: 

𝑑𝑓 =
𝑛1

𝑛1+𝑛2
× 100  (1) 
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where df is the mineral liberation degree, n1 is the unlocked content of the mineral, and n2 is the 
content of locked particles. 

The degree of liberation of Mn mineral has a value of 80% for size fraction (-150+106) m, slightly 

increasing to the value of 90% for particles below 38 m. As shown in Figure 1, gangue minerals are 
closely related to Mn minerals in coarse sections. With the decrease in the size of the grains, most of 
the minerals correlation has occurred in binary status, which includes types of correlation between Mn 
mineral and waste minerals such as manganite-hematite, and manganite-quartz. 

Table 3. Degree of liberation of Mn mineral 

size fractions (micron) Mn mineral degree of liberation (%) 

+1180 17 

-1180, +600 36 

-600, +420 48 

-420, +300 68 

-300, +212 74 

-212, +150 77 

-150, +106 81 

-106, +75 83 

-75, +38 87 

-38 90 

 

Fig. 1. Mn mineral liberation in different size fractions. (a) manganite-carbonate mineral correlation in (-1180,+600 
mic.) fraction (by plane polarized light), (b) carbonate mineral -quartz correlation in +1180 mic.) fraction (by cross 
polarized light), (c) manganite-hematite and manganite-pyrolusite correlations in (-150, +106 mic.) fraction (by 
plane polarized light), (d) manganite, pyrolusite and braunite in (-212, +150 mic.) fraction (by plane polarized 
light). 
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2.2. Method 

Calcination is a thermal treatment process applied to ores and other solid materials in order to bring 
about thermal decomposition, phase transition, or the removal of a volatile fraction. When it comes to 
the calcination of manganese carbonate minerals like rhodochrosite (MnCO3), the process typically 
involves heating the mineral in the absence or limited supply of air (oxygen) to decompose the 
carbonate into manganese oxide (MnO) and carbon dioxide (CO2). 

Here's a general reaction that describes the calcination of rhodochrosite: 

𝑀𝑛𝐶𝑂3 → 𝑀𝑛𝑂 + 𝐶𝑂2 ↑ (2) 

This reaction usually occurs at temperatures between 450°C and 900°C, depending on the specific 
conditions and the desired end product. The carbon dioxide is released as a gas, leaving behind 
manganese(II) oxide. It's important to control the calcination conditions carefully, as excessive 
temperatures or improper atmosphere control can lead to the formation of unwanted phases or the 
loss of material through sublimation or volatilization. 

After calcination, the resulting manganese oxide can be further processed to produce manganese 
concentrate using magnetic separation due to turning a diamagnetic mineral (manganese carbonate) 
into a magnetic mineral (manganese oxide). 

2.2.1. Calcination studies 

Experimental studies were carried out by using a muffle furnace, which has 30 cm height and 20 cm 
inner diameter. The temperature could be adjusted to the desired level and kept constant by automatic 
control. A series of calcination experiments were carried out at the size of -3 mm with various 
temperatures at 700°C, 800°C, and 900°C (a temperature higher than 900°C is not suitable for the 
calcination process of manganese carbonate because, according to the experiments conducted, it 
causes the sample to sinter), and 2 hours as the retention time. After the calcination process, the 
products were cooled in the furnace atmosphere, and weighted and representative samples were 
taken for chemical and XRD analyses. 

Figure 2 shows the results of manganese oxide analysis in calcined products as well as their weight 
loss at different temperatures. The results show that as the calcination temperature increases, the 
weight loss of the calcined product increases, and subsequently the manganese content also increases. 
At 900°C, 30.8% of the sample weight was lost and the manganese content improved from 9.1% to 
11.9%. 

The XRD analysis result of calcination experiments is given in Figure 3. As shown in Figure 3, the 
peaks of carbonate minerals are clearly visible in the products obtained from calcination at 700 and 
800 °C, but the product of calcination at 900 °C is completely oxidized compounds. 
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Fig. 2. Calcination result in different temperatures 

 

 

Fig. 3. The XRD analysis in different temperatures 

Based on the calcination results, it can be claimed that due to the predominant presence of oxidized compounds 
(such as bixbyite, and groutelite), as well as the weight loss and significant increase in grade in the calcined 
product, 900°C is the appropriate calcination temperature. 

2.2.2. Optimization of magnetic separation 

The calcined product at 800°C undergoes a magnetic separation process in the next purification step. 
High intensity magnetic separation has been performed on both uncrushed (-3 mm) and crushed (to 
less than 0.5 mm) calcination products. In high-intensity magnetic separation for particles with a grain 
size of -3 mm, a belt separator with a dry separation mechanism is used. However, a matrix magnetic 
separator with a wet separation mechanism is used for particles with a grain size of 0-0.5 mm. Figure 4 
shows magnetic separator devices and their operation. Magnetic separation has been done on 
desliming particles with a grain size of 0.075-0.5 mm and the resulting fine particles (<0.075 mm) 
separately. 

The results of magnetic separation experiments aimed at investigating different grain sizes at a 
magnetic field intensity of 12,000 Gauss are given in Table 4.  

Although the use of a dry belt separator for the calcined product with a grain size of -3 mm and a 
magnetic field intensity of 12,000 Gauss had a high grade recovery and was able to absorb about 95% 
of manganese, the manganese grade experienced a relatively small increase from 10.7% to 14%. The 
very high magnetic absorption indicates a proper calcination process and acceptable conversion of 
carbonate minerals to oxidized minerals. 

Particles smaller than -75 microns do not have good magnetic field absorption and therefore the size 
of 75-500 microns has the highest manganese recovery in the concentrate. Also, the size of 0-500 
microns leads to a manganese grade of 22% with a recovery of 76.3%, and the manganese grade in the 
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tailings is reduced to about 4%. Therefore, it can be claimed that the calcination process and 
subsequent magnetic separation at the size of -500 microns leads to achieving the optimal amount of 
grade and manganese recovery. 

Table 4. Results of magnetic separation experiments at various grain sizes (magnetic field intensity of 12,000 
Gauss) 

Particle 
size 

(mm) 

Feed Concentrate Tail 

Weight 
percent 

(%) 

Mn 
grade 

(%) 

Weight 
percent 

(%) 

Mn 
grade 

(%) 

Mn 
recovery 

(%) 

Weight 
percent 

(%) 

Mn 
grade 

(%) 

Mn 
recovery 

(%) 

-3 100 10.7 72.0 14.1 94.9 28.0 2.0 5.1 

-500 100 10.7 37.1 22.0 76.3 62.9 4.0 23.7 

75-500 100 10.2 51.8 18.0 91.4 48.2 1.8 8.5 

-75 100 10.9 27.4 22.5 56.6 72.6 6.5 43.3 

 

 

Fig. 4. Schematic diagrams and devices of (a) dry high-intensity magnetic belt separator and (b) wet high-
intensity magnetic matrix separator 

According to the results obtained from determining the appropriate grain size for magnetic 
separation, by grinding calcined products at temperatures of 700, 800, and 900°C up to grain size of 
less than 0.5 mm, magnetic field strengths of 8,000 Gauss and 12,000 Gauss have been used for 
manganese enrichment. The purpose of these experiments is to investigate the enrichment ability of 
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calcined manganese at different magnetic field intensities. The result of magnetic separation 
experiments aimed at investigating different magnetic field intensities is shown in Table 5.  

Table 5. results of magnetic separation experiments at various magnetic field intensities (grain size of -3 mm) 

Temperature 
of 

calcination 
(oC) 

magnetic 
field 

intensity 
(G) 

Feed Concentrate Tail 

Weight 
percent 

(%) 

Mn 
grade 

(%) 

Weight 
percent 

(%) 

Mn 
grade 

(%) 

Mn 
recovery 

(%) 

Weight 
percent 

(%) 

Mn 
grade 

(%) 

Mn 
recovery 

(%) 

700 8000 100 8.6 23.2 20.1 54.2 76.8 5.1 45.8 

12000 100 8.6 32.0 19.4 72.2 68.0 3.5 27.8 

800 8000 100 10.7 32.6 23.0 70.4 67.4 4.7 29.6 

12000 100 10.7 37.1 22.0 76.3 62.9 4.0 23.7 

900 8000 100 11.9 54.0 18.2 82.6 46.0 4.5 17.4 

12000 100 11.9 70.0 15.2 89.4 30.0 4.2 10.6 

In accordance with Table 5, the calcined product at higher temperatures resulted in better recovery at 
magnetic field strengths of 8000 and 12000 Gauss, but the maximum manganese grade was only 
achieved in the calcined product at 800°C. Magnetic separation of the calcined product at 800oC with 
field strengths of 8,000 and 12,000 Gauss has resulted in the production of manganese concentrate 
with grades of 23% and 22%, as well as recoveries of 70.4% and 76.3%, respectively. By applying a 
coefficient of 1.58 to the values of manganese content in the concentrate, it is possible to estimate 
manganese dioxide (MnO2) contents of more than 34% for the concentrates of both magnetic field 
intensities of the calcined product at 800oC. 

3. Conclusions 

The study investigated the beneficiation of manganese carbonate ore from a deposit in eastern Iran 
using calcination and magnetic separation. Although the optimum calcination temperature was 900°C, 
which increased the manganese content from 9.1% to 11.9% by converting carbonate minerals to 
oxides, better magnetic separation occurred in the product calcined at 800°C. Magnetic separation at 
12,000 Gauss on calcined products with a grain size of less than 0.5 mm yielded a manganese 
concentrate with a grade of 34.9% MnO₂ and a recovery of 76.3%. The results demonstrated that the 
combined process of calcination and magnetic separation is effective for enriching manganese from 
low-grade carbonate ores, with the potential for industrial application. The study concluded that 
controlling calcination temperature and optimizing magnetic separation parameters are crucial for 
achieving high-grade manganese concentrates. 
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Abstract: 

This study optimized water-based leaching parameters for recovering Na and K salts from Electric Arc 
Furnace (EAF) dust, while enhancing iron content in the residue. Characterization revealed the dust 
contained 14% Na₂O, 10.7% K₂O, and 45.3% Fe₂O₃, with particles <15 µm. Response Surface 
Methodology (RSM) identified temperature (60-70°C) as the most critical factor, achieving 83% Na and 
68% K recovery at 25% solid content over 60 minutes. The process enriched the iron grade in the residue 
by 25% (from 32% to 40% Fe), as validated through large-scale experiments. The method offers dual 
environmental and economic benefits by minimizing waste and recovering valuable salts.

 

Keywords: Electric Arc Furnace (EAF) Dust , Sodium and Potassium, Water-Based Leaching, Environmental 
Sustainability , Waste Minimization 

1. Introduction 

During the melting and steelmaking process in an electric arc furnace (EAF), a significant amount of 
dust is generated when charging iron-bearing materials and steel scrap into the furnace. On average, 10 
to 20 kg of dust is produced per ton of steel. The large volume of dust creates major challenges. First, 
transportation and storage require extensive space and high costs. Additionally, the current method of 
storing the produced dust is not a sustainable solution, as it continuously demands more space and 
poses environmental risks. 

Since the introduction of dust collection systems, the steel industry has been dealing with similar 
materials such as dust or sludge. Environmental concerns, rising transportation costs, and collection 
expenses have become critical challenges in this industry. Therefore, from the early days, the reuse of 
dust and sludge in steel production was considered. However, significant progress was only made 
when the economic benefits of dust recycling became evident. The first successful attempts involved 
reusing dust in processes such as sintering, blast furnaces, converters, and EAFs . 

The primary sources of elements entering EAF dust are raw materials such as scrap and additives. 
According to previous studies, EAF dust can be categorized based on its chemical composition: 

a) Dust from plants that use galvanized scrap, which contains high levels of zinc and lead. These 
elements contribute to environmental pollution, making their extraction economically valuable. Various 
products can be obtained, such as crude zinc oxide for further metallurgical refining, iron-rich materials 
for furnace charging, or useful slag and sponge iron for steelmaking. 

b) Dust from alloy and stainless steel production plants. This type of dust contains significant amounts 
of nickel and chromium. Several recycling methods for EAF dust have been developed, including raw 
pelletization , PTC , briquetting, Calx briquetting , and direct injection into the furnace [16]. These 
methods involve mixing dust with other byproducts such as mill scale and slag, with or without binders 
and reductants (e.g., coke or ferrosilicon), forming pellets or briquettes, and reintroducing them into the 
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furnace. Such methods are particularly suitable for alloy steel plants, where the dust contains valuable 
materials like nickel and chromium, which can be effectively recovered in the furnace . 

c) Dust from plants that use charge materials with low zinc and lead content but significant amounts of 
sodium, potassium, and iron. A common method for recycling EAF dust is returning it to the furnace 
to recover Fe and C. However, this approach reintroduces other elements like potassium, sodium, zinc, 
and lead into the furnace, which can negatively affect its operation. Recovering sodium and potassium 
salts is economically beneficial. 

EAF dust recycling methods often have limitations, such as requiring high capacity for economic 
feasibility and significant capital investment. Currently, the combination of hydrometallurgical and 
pyrometallurgical methods for recovering zinc, lead, potassium, sodium, copper, nickel, and other 
valuable elements on a smaller scale has gained importance. Research on EAF dust recovery in the steel 
industry has been ongoing for years, with numerous process proposals involving hydrometallurgical, 
pyrometallurgical, or hybrid approaches. Some solutions suggest integrating EAF dust with other 
materials at ambient or high temperatures. However, only pyrometallurgical processes (high-
temperature metal recovery, HTMR) have achieved significant commercial success, primarily based on 
modifications of the Waelz process. 

Since most steel plants generate dust with high zinc and lead content, most research has focused on 
processing EAF dust based on its iron and zinc content. In many cases, zinc recovery is the primary 
driver, as its recovery rate directly affects process economics. Over the past 22 years, many EAF dust 
recovery projects in the United States have failed, leading to the abandonment of older technical 
approaches such as the Waelz process. Economic challenges, lack of technical refinement, and 
insufficient prior studies have contributed to these failures. Consequently, EAF dust processing remains 
complex, with several influencing factors, including: 

Particle size and bulk density: Most particles are smaller than 10 microns, and the bulk density of EAF 
dust ranges from 1.1 to 2.5 g/cm³ [17,21]. Due to the fine particle size, agglomeration (pelletization or 
briquetting) is often required before pyrometallurgical recovery to prevent pneumatic dispersion . 

Zinc content: The presence of zinc is the main reason for EAF dust recovery. Its concentration 
significantly impacts process economics. 

Zinc mineralogy: Zinc in EAF dust typically appears as franklinite (Fe2ZnO) and zincite (ZnO). This 
distinction is crucial in hydrometallurgical processing, as zincite dissolves easily in leaching solutions, 
whereas franklinite is a stable oxide that requires harsh hydrodynamic conditions for dissolution. 

Halide compounds: Most halides exist as potassium and sodium chlorides. Depending on the 
composition and process, halides can have varying degrees of negative effects. 

Other metals: EAF dust contains lead, cadmium, chromium, nickel, and copper in varying amounts. In 
hydrometallurgical processes, these metals often need to be separated before zinc recovery due to 
technical constraints. 

Copper contamination: Copper can contaminate the recovered iron from EAF dust, particularly in 
pyrometallurgical processes where iron recovery occurs alongside zinc extraction. 

At Mobarakeh Steel Company, large amounts of Electric Arc Furnace (EAF) dust are produced, 
requiring collection and recovery to avoid environmental pollution. About 80% of the charge materials 
are sponge iron, leading to a higher iron content in the dust compared to plants using only scrap. The 
dust also contains significant levels of zinc, sodium, and potassium, which pose environmental risks. 
The proposed recovery process involves extracting iron concentrate, recovering sodium and potassium 
salts, and safely disposing of the remaining waste, reducing iron loss and mitigating environmental 

concerns.. 
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2. Material and methods 

The dust sample was prepared by Mobarakeh Steel Company (Isfahan) from the stockpile of collected 

dust from the electric arc furnaces in the plant and provided to the researchers. The particle size 
distribution of the sample was determined using a laser particle size analyzer.  

For precise determination of the total iron content in the sample, wet chemistry methods and titration 
were employed. To identify the chemical composition of the sample, two representative samples were 
analyzed using Inductively Coupled Plasma (ICP) and X-ray Fluorescence (XRF) spectroscopy. 

For mineralogical studies, X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used. 

leaching experiments were conducted using a water-based system to investigate the influence of critical 
variables—temperature, solid content, and leaching time—on the recovery of sodium   and potassium. 
The primary objective was to optimize the dissolution of sodium and potassium salts while maximizing 
the iron content in the residual filter cake. The experimental design was based on Response Surface 
Methodology (RSM), using the DX7 software to explore the interaction between these variables and 
determine their optimal levels for efficient leaching.  Each test was carried out with 300 grams of the 
sample, using ordinary water in a glass vessel placed on a hot plate, accompanied by mechanical stirring 
to ensure uniform mixing. The factors chosen—temperature, solid content, and time—were selected 
based on their known influence on the solubility and leaching kinetics of the target elements. 

The pregnant leach solution (PLS) was analyzed by ICP while the leach residues were characterized 

using both titration and ICP techniques . 

3. Results and Discussion 

3.1. Particle Size Distribution of the Sample 

The particle size distribution of the sample, and the distribution chart is presented in Figure 1. Based on 
the analysis, the d80 of the sample is 4 microns, and 100% of the material is finer than 15 microns.  

 

Figure 1 .Particle size distribution of the sample. 

3.2.  Chemical Characterization of the Sample 

The total iron content in the sample was found to be approximately 32%. The results of other analyses 
are presented in Table 1 and Table. 2. 
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Table 1. XRF analysis results of the feed sample 

2SiO 

(%) 
3O2Al 

(%) 

CaO 

(%) 

MgO 

(%) 
3O2Fe 

(%) 

MnO 

(%) 
3SO 

(%) 
5O2P 

(%) 

O2Na 

(%) 

O2K 

(%) 

ZnO 

(%) 

Cl 

(%) 

O2Rb 

(%) 

SUM 

(%) 

L.O.I 

(%) 

3.62 0.35 5.10 2.54 45.29 0.52 0.56 0.39 14.12 10.74 2.14 0.21 0.12 85.7 14.07 

Based on the XRF analysis, the sample contains approximately 14% Na₂O, 7.1% K₂O, and 32% iron as 
key valuable components. The sample also contains 2% zinc oxide, 5% calcium oxide, and 2.5% 
magnesium oxide. 

Table. 2. ICP analysis results of the feed sample 

Al 
(%) 

As 
(ppm) 

Ca 
(%) 

Cr 
(ppm) 

Cu 
(ppm) 

Fe 
(%) 

K 
(%) 

La 
(ppm) 

Mg 
(%) 

0.41 18.5 4.1 63 72 15 5.01 15 2.21 

Mn 
(ppm) 

Na 
(%) 

Ni 
(ppm) 

P 
(%) 

Pb 
(ppm) 

Sr 
(ppm) 

Ti 
(%) 

V 
(ppm) 

Zn 
(ppm) 

1557 8.88 14.5 0.24 616 16.00 0.04 554.00 6917.50 

The ICP results indicate that the sample contains 5% potassium and 8.88% sodium, with the zinc content 
being below 0.7%. 

3.3. Mineralogical Characterization of the Sample 

3.3.1.  X-ray Diffraction (XRD) Studies 

X-ray diffraction (XRD) analysis revealed that the sample primarily consists of iron oxide phases such 
as magnetite and wüstite, along with phosphosiderite (iron phosphate), sodium carbonate, and 
diopside. The XRD pattern for the sample is shown in  Figure 2. 

 

Figure 2 .X-ray diffraction pattern of the dust sample. 
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3.3.2.  Scanning Electron Microscopy (SEM) Studies 

Electron microscopy studies were conducted on a polished thin section of the sample. Significant 
amounts of iron oxides (mainly magnetite, with traces of hematite and goethite) were observed as fine 
and coarse particles dispersed throughout the sample. In some regions, calcium and potassium were 
also identified in association with iron oxides. Some iron carbonate, specifically siderite, was identified 
within the sample. Other minerals and phases identified include a significant amount of pyroxene, some 
calcite, and minor amounts of silicate minerals such as diaspore and biotite. The Energy Dispersive X-
ray Spectroscopy (EDS) analysis results obtained from the SEM are provided in the appendix. Most of 
the oxides are spherical in shape, and dendritic iron solidification particles, fine and coarse oxide 
particles, siderite, calcite, biotite, pyroxene, as well as calcium- and potassium-containing iron oxides 
were observed throughout the sample. In  Figure 3, one of the EDS analyses obtained by the SEM is 

shown . 

 

Figure 3 .One of the EDS analyses obtained by the SEM 

3.4. Leaching 

The experimental parameters and their respective ranges are summarized in Table 3.  

Table 3. Experimental Variables for Salt Leaching 

Variable Name Unit Lower Limit Upper Limit 

A: Temperature °C 25 60 

B: Solid content % 15 25 

C: Time min 30 60 

After conducting the leaching experiments, the samples were filtered, with the filter cake undergoing 
one or two washing steps before being sent for chemical analysis. It is important to note that the fine 
particle size of the sample posed challenges during filtration, which was a slow process due to the high 
specific surface area of the particles. The results from these experiments, focusing on the recovery of 
sodium and potassium as well as the iron concentration in the filter cake relative to its initial content, 
are presented in  Table 4. 
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Table 4. Results of the water-based salt leaching experiments with agitation 

Experimental conditions  Products Solid grade  Solution grade   Results and recovery 

run 
Temp   

( Cͦ)) 

SR 

(%) 

Time 

(min) 

V 

(cc) 

W 

(gr) 

Fe 

(%) 

Na 

(%) 

K 

(%) 

Na 

(ppm) 

K 

ppm) 

Na 

(%) 

K 

(%) 

*Ratio 

Fe  

1 25 25 60 1010 244.3 37 3.38 6.75 13886 17005 68.7 26.7 1.17 

2 40 20 45 1200 233.2 39 2.92 5.55 14988 18840 74.2 42.5 1.22 

3 70 20 45 1240 207 42 1.8 3.1 16758 21075 88.8 74.6 1.31 

4 40 10 45 1630 235.5 39 2.82 5.13 12264 15280 74.8 46.3 1.23 

5 40 20 45 1240 238.8 39 3.03 5.8 15444 19490 72.6 38.4 1.21 

6 40 20 45 1190 237.7 39 2.88 5.24 16074 20480 74.1 44.6 1.22 

7 25 15 30 1800 224.2 40 2.9 5.56 11430 14025 75.4 44.6 1.25 

8 40 30 45 700 209.4 39 2.94 6.12 24150 30160 76.7 43.0 1.23 

9 40 20 45 1230 234 40 2.6 4.62 16302 20285 77.0 52.0 1.25 

10 13 20 45 1330 238.8 38 3.24 6.5 14130 17025 70.7 31.0 1.19 

11 60 25 60 960 216.2 41 2.03 3.25 22254 27600 83.4 68.8 1.28 

12 40 20 70 1240 229.2 39 2.64 4.66 16566 20790 77.1 52.5 1.23 

13 25 25 30 1050 213.2 39 2.72 5.42 18198 22005 78.0 48.6 1.22 

14 60 15 30 1720 208.7 42 2.1 3.57 12804 15860 83.4 66.9 1.30 

15 60 15 60 1650 209.7 42 1.86 3.1 13434 16780 85.2 71.1 1.30 

16 40 20 20 1230 222.2 40 2.58 4.68 16434 20180 78.3 53.8 1.25 

17 40 20 45 1210 218.7 40 2.36 4.72 17034 20444 80.4 54.1 1.24 

18 40 20 45 1160 221.2 40 2.58 4.81 17466 21295 78.4 52.7 1.25 

19 60 25 30 890 219.2 42 2.63 4.24 22602 28510 78.2 58.7 1.31 

20 25 15 60 1850 238.2 38 2.8 5.45 11154 13485 74.736 42.3 1.19 

*The iron grade increase ratio is equal to the ratio of the iron grade in the product to the iron grade in the feed 

3.5. Investigation of Potassium Dissolution 

3.5.1. ANOVA Analysis 

Based on p-values less than 0.05, the factors influencing potassium dissolution were determined. 
According to  Table 5  , only the temperature variable individually affects potassium dissolution. 
Additionally, there is a minor interaction between temperature and dissolution time. Solid percentage 
and time alone did not have a significant impact on dissolution within the selected range, but the 
combined effect of temperature and time is worth investigating. 

Table 5 .ANOVA for Potassium Dissolution 

Source Sum of Squares df Mean Squares F value p-value (Prob > F) 

Model 2022.91 2 1011.46 34.25 < 0.0001 

A-temp 1870.04 1 1870.04 63.33 < 0.0001 

AC 152.87 1 152.87 5.18 0.0361 

Residual 501.97 17 29.53 - - 
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Source Sum of Squares df Mean Squares F value p-value (Prob > F) 

Lack of Fit 332.13 12 27.68 0.81 0.6451 

Pure Error 169.84 5 33.97 - - 

Cor Total 2524.88 19 - - - 

Statistics      

Std. Dev. 5.43  R-Squared 0.8012  

Mean 46.81  Adj R-Squared 0.7778  

C.V. % 11.61  Pred R-Squared 0.7256  

PRESS 692.81  Adeq Precision 18.702  

Model: The proposed model is significant (p-value < 0.0001) and explains 80.12% of the data variability 
(R-Squared = 0.8012). 

Temperature (A): Temperature has a highly significant effect on potassium dissolution (p-value < 
0.0001). 

Interaction of Temperature and Time (AC): The interaction between temperature and time also has a 
significant effect (p-value = 0.0361). 

Lack of Fit: The model fits the data well (p-value = 0.6451). 

Effect of Temperature and Time on Potassium Dissolution 

Effect of Temperature: Increasing temperature significantly enhances potassium recovery and 
dissolution (Figure 5). 

Effect of Time: At low temperatures (ambient temperature), increasing time reduces dissolution, 
whereas at high temperatures, increasing time improves recovery (Figure 6). 

3.5.2. Mathematical Model 

Based on the obtained model, the relationship for potassium recovery as a function of temperature and 
time is defined as follows: 

Potassium Recovery (K)=50.66+12.92×A+4.82×A×C )                                              Equation 1( 

Where: 

A: Coded temperature (based on software coding)  - C: Coded time (based on software coding) 
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Figure 4  .BOX-COX plots, normal residuals, and actual vs. predicted values for the experimental design of potassium recovery 

 

Figure 5 .Graph of potassium dissolution recovery as a function of temperature. 
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Figure 6 .Interaction plot of time and temperature for potassium dissolution recovery. 

3.6. Investigation of Sodium Dissolution 

3.6.1. ANOVA Analysis 

Based on p-values less than 0.05, the factors influencing sodium dissolution were determined. 
According to Table 3–4, only the temperature variable individually affects sodium dissolution. 
Additionally, there is a minor interaction between temperature and dissolution time. Solid percentage 
and time alone did not have a significant impact on dissolution within the selected range, but the 
combined effect of temperature and time is worth investigating. 

Table 6   . ANOVA for Sodium Dissolution 

Source Sum of Squares df Mean Squares F value p-value (Prob > F) 

Model 1.840E-005 2 9.201E-006 22.54 < 0.0001 

A-temp 1.623E-005 1 1.623E-005 39.77 < 0.0001 

AC 2.169E-006 1 2.169E-006 5.32 0.0340 

Residual 6.938E-006 17 4.081E-007 - - 

Lack of Fit 4.231E-006 12 3.526E-007 0.65 0.7489 

Pure Error 2.707E-006 5 5.413E-007 - - 

Cor Total 2.534E-005 19 - - - 

Statistics      

Std. Dev. 6.39E-04  R-Squared 0.7262  

Mean 0.021  Adj R-Squared 0.694  

C.V. % 3.06  Pred R-Squared 0.6106  

PRESS 9.87E-06  Adeq Precision 14.821  

Model: The proposed model is significant (p-value < 0.0001) and explains 72.62% of the data variability 
(R-Squared = 0.7262). 

Temperature (A): Temperature has a highly significant effect on sodium dissolution (p-value < 0.0001). 
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Interaction of Temperature and Time (AC): The interaction between temperature and time also has a 
significant effect (p-value = 0.0340). 

Lack of Fit: The model fits the data well (p-value = 0.7489). 

Effect of Temperature: Increasing temperature significantly enhances sodium recovery and dissolution 
(Figure 3–5). 

Effect of Time: At low temperatures (ambient temperature), increasing time reduces dissolution, 
whereas at high temperatures, increasing time improves recovery (Figure 3–6). 

3.6.2.  Mathematical Model 

Based on the obtained model, the relationship for sodium recovery as a function of temperature and 
time is defined as follows: 

Sodium Recovery (Na)−0.89=0.021−1.090×10−3×A−5.207×10−4×A×C                                   (Equation 2) 

Where: 

A: Coded temperature (based on software coding) 

C: Coded time (based on software coding) 

 

Figure 7. BOX-COX plots, normal residuals, and actual vs. predicted values for the experimental design of sodium 

recovery. 
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Figure 8. Graph of sodium dissolution recovery as a function of temperature. 

 

Figure 9. Interaction plot of time and temperature for sodium dissolution recovery. 

3.7. Optimization 

Based on the obtained results, optimization was performed using software to maximize the recovery of 
potassium and sodium, as well as to achieve the highest iron ratio in the product relative to the feed, 
with a desirability of 85%. The optimal conditions were determined to be: 

Time: 60 minutes , Temperature: 60–70°C , Solid content: 25% 

Under these conditions, the following results were achieved: 

Potassium recovery: 68% , Sodium recovery: 83% , Iron grade increase ratio: 1.25 

To validate the proposed model, a verification experiment was conducted under conditions similar to 
Experiment No. 11 in Table 3–2. The results were consistent, with potassium recovery at approximately 
68.8%, sodium recovery at 83%, and an iron grade increase ratio of 1.28. 
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3.8. Large-Scale Leaching Experiment 

A large-scale leaching experiment was conducted using 20 kg of the sample under the optimized 
laboratory conditions. The sample was washed with 60 liters of water at a temperature above 60°C for 
1 hour. The chemical analysis of the solid residue is presented in Table 7, and the analysis of the resulting 
solution is provided in Table 8. 

Table 7. ICP Analysis of the Washed Solid Residue 

Al 
(%) 

Bi 
(ppm) 

Ca 
(%) 

Ce 
(ppm) 

Cr 
(ppm) 

Cu 
(ppm) 

K 
(%) 

La 
(ppm) 

Mg 
(%) 

Mn 
(ppm) 

0.53 256 5.28 162 70 398 1.75 37 2.67 3300 

Na 
(%) 

Ni 
(ppm) 

P 
(%) 

Pb 
(ppm) 

S 
(%) 

Fe 
(%) 

Sr 
(ppm) 

Ti 
(%) 

V 
(ppm) 

Zn 
(ppm) 

1.94 37 0.36 739 0.35 41 49 0.87 622 14233 

Table 8. ICP Analysis of the Leach Solution 

Al 
(ppm) 

As 
(ppm) 

Ba 
(ppm) 

Ca 
(ppm) 

Cr 
(ppm) 

Fe 
(ppm) 

K 
(ppm) 

27.53 11 0.01 3.09 29.02 0.85 19100 

Mg 
(ppm) 

Mo 
(ppm) 

Na 
(ppm) 

P 
(ppm) 

Sb 
(ppm) 

Si 
(ppm) 

V 
(ppm) 

0.73 0.98 21500 87.26 0.18 70.64 120.8 

 

Large-scale experiments demonstrated the feasibility of scaling up the process, with significant recovery 
of sodium and potassium and enrichment of iron in the solid residue. 

4. Conclusions 

This study investigated the recovery of sodium and potassium salts from Electric Arc Furnace (EAF) 
dust generated during steelmaking processes at Mobarakeh Steel Company. The research focused on 
optimizing the leaching process to maximize the dissolution of sodium and potassium while increasing 
the iron grade in the residue solid. Analysis of the EAF dust revealed that the sample contained 
significant amounts of sodium (14% Na₂O), potassium (10.7% K₂O), and iron (45.3% Fe₂O₃), with a 
particle size distribution showing 100% of particles finer than 15 microns (d80 = 4 microns). Water-
based leaching experiments, optimized using Response Surface Methodology (RSM), demonstrated that 
temperature is the most influential factor in sodium and potassium recovery. Higher temperatures (60–
70°C) with a solid content of 25% over 60 minutes achieved recovery rates of 83% for sodium and 68% 
for potassium. The process increased the iron grade in the residue by a factor of 1.25, making it suitable 
for further processing. The optimized conditions (60 minutes, 60–70°C, 25% solid content) were 
validated through large-scale experiments, confirming the model's reliability. The results demonstrated 
the feasibility of scaling up the process for industrial applications. The proposed method reduces 
environmental risks by minimizing waste and offers economic benefits through the recovery of valuable 
salts and enhanced iron grade. 
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Abstract: 

Because roller screens are connected to the pelletizing discs on one side and the green iron ore 
induration furnaces on the other side in pelletizing plants, they play a crucial role in the plant's 
productivity and steel production process. Consequently, an optimal performance and structural 
design are essential in this context. A significant issue with roller screens during the classification of 
green pellets is the deformation of the rolls caused by the force exerted by the pellets during 
operation. This deformation disrupts the uniformity of the gap between the rolls, thereby reducing the 
efficiency of the screen, and the overall performance of the circuit, as well. Despite the importance of 
this issue, no studies have been conducted to investigate the force exerted by the pellets during 
classification on the screen or the subsequent mechanical behavior of the rolls. Therefore, this study 
employs the discrete element method–finite element method (DEM-FEM) coupling simulation 
technique to examine, for the first time, the mechanical behavior of rolls and to optimize their 
structural design. The results indicated that decreasing the roll diameter from 80 mm to 30 mm led to 
1088 times increase in the average total deformation of the rolls. Furthermore, increasing the thickness 
of the polyurethane liner from 3 mm to 14 mm caused the average total deformation to rise by 54 
times.

 

Keywords: Roller screen, DEM, FEM, Coupling, Total deformation  

1. Introduction 

The roller screen utilized for the classification of green iron ore pellets has become increasingly 
prevalent owing to its numerous advantages, which play a crucial role in enhancing the efficiency and 
productivity of the pelletizing circuits. Its benefits include high efficiency and capacity in classifying 
green pellets, low noise generation, minimal space requirements, ability to handle highly sticky 
materials with elevated moisture content, and reduced damage to green pellets. These features have 
made this equipment essential for preparing a suitable feed for induration kilns. The roller screen 
serves as a vital link between the pelletizing and balling equipment, such as pelletizing discs or drums 
and induration furnaces, which effectively connect these machines and create a closed circuit. Thus, 
ensuring the optimal design, construction, and operational efficiency of the roller screen is critical, as 
it significantly contributes to increasing the productivity of the pelletizing plant (Carvalho et al., 2023). 
Green pellets produced from pelletizing disks or drums are transferred to a roller screen for size 
classification and typically range from 6 to 22 mm in diameter. As illustrated in Fig. 1, the roller screen 
utilized in both laboratory and industrial settings consists of several rolls with a specific diameter, 
inclined at a particular angle, and rotating at a designated speed. This design facilitated the movement 
of pellets along the roller screen. During this process, the gaps between the rolls allow for the 
separation of green pellets based on their dimensions. According to Fig. 1, there is an area referred to 
as the initial three-quarters of the screen length that features a gap opening of 9.5 mm. This 
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configuration enables fine-grained pellets measuring 6–9.5 mm to pass through. In the remaining 
quarter of the screen, the gap opening increases to 15.5 mm, allowing for the separation of on-size 
pellets ranging from 9.5 to 16 mm which are subsequently directed to the induration furnace as the 
feed (Asghari et al., 2024c). The appropriate gap opening size assigned to each segment of the roller 
screen area depends on the pelletizing plant strategy and downstream flow requirements 
(Andrade  Steve; Athayde, Maycon, 2022). 

 

Fig. 1. Different constituent parts of the roller screen. 

As shown in Fig. 2(a), during the sizing process of green pellets, the continuous collisions of the 
pellets with the surface of the rolls generate an impact, resulting in a sustained force exerted by the 
pellets onto the rolls. Based on Fig. 2(b), FT represents the total force exerted by the pellets on the rolls. 
Therefore, the rolls remain consistently under load throughout the roller screen operation. 

In this context, the application of FT to the rolls, along with the reaction forces exerted by the supports 
that connect and stabilize the rolls on the body of the roller screen, essentially functioning as bearings, 
can be analyzed. As illustrated in Fig. 3(a), these factors establish the boundary conditions for the rolls 

  

b): applied total force of FT to the surface of the roll a): classification of green iron ore pellets by roller screen 

Fig. 2. Applied forces to the surface of the roll due to the collision of each pellet and consequently the total force of FT. 
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of the roller screen during the green pellet classification process. As shown in Fig. 3(b), the applied 
force of FT on the surface of the roll consistently induces a bending stress along its length. As 
illustrated in Fig. 3(a), the bending stress results in elastic deflection. Ultimately, when the stress 
exceeds the yield strength, permanent plastic deformation occurs, particularly in the central region of 
the roll (Beer et al., 2020). 

According to Fig. 3(b), the elastic or plastic deformation of the roll, essentially roll bending, results in a 
loss of straightness. Under the influence of bending, the uniformity of the gap opening deviates 
significantly from the ideal state. As a result, transferring on-size pellets to the fine-grained area and 
fine grain pellets to the product area leads to both a quantitative and qualitative decrease in the 
efficiency of the roller screen (Andrade  Steve; Athayde, Maycon, 2022). Maintaining appropriate gaps 
between rolls is essential for effectively separating fine-grained materials from product materials and 
improving the performance of the roller screen. A review of the literature indicates that there is 
limited research on the comprehensive performance of roller screens during the pelletizing process. 
Consequently, the impact of key parameters on the proficiency of the roller screen remains unclear. 
Therefore, there is a lack of established knowledge regarding the screening process that utilizes roller 
screens. Furthermore, the suboptimal performance of the roller screen contributes to losses in 
pelletizing plants. Thus, it would be essential to conduct theoretical and practical research to evaluate 
and optimize its design, construction, and performance. This research is crucial for enhancing the 
efficiency and productivity of the entire plant, and is both justified and necessary (de Carvalho et al., 
2021). Understanding the rolling screening process, particularly the interactions between the pellets 
and the roll surface, necessitates particle-scale studies. However, conducting experimental research in 
full-scale industrial plants poses significant challenges. However, online analysis is often hindered by 
spatial constraints. Even when space is available, investment costs associated with such installations 
are frequently deemed unjustifiable. While experimental tests yield valuable and reliable information, 
the inherent heterogeneity, discreteness, and anisotropy of particulate solids complicate the dynamic 
behavior of bulk materials owing to the interactions between particles and between particles and 
geometry. Moreover, the complexity and high costs associated with manufacturing laboratory 
equipment, along with the time and difficulty involved in conducting experimental studies, render it 
impractical to perform comprehensive investigations and parametric studies of particle systems 
(Aikins et al., 2023). 
Simulations have become a widely utilized tool in the design and optimization of industrial processes. 
Owing to the highly discrete nature of granular materials, it is anticipated that particulate media will 
require a discrete simulation method. Mechanical modeling and numerical simulation using the 
discrete element method (DEM) can be employed, in order to investigate the classification behavior of 
green pellets on a roller screen. when properly calibrated and validated, this approach can effectively 
predict the dynamic and bulk behavior of pellets on rolls by considering both pellet-pellet and pellet-

 

 

b): applied bending stress to the roll along its length. a): applied forces to the roll. FT and reaction forces are applied 
to the roll by collision of pellet and supports (bearings), 

respectively. 

Fig. 3. Applied forces and resultant bending stress to the roll while classification of pellet. 
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roll interactions. DEM is a widely utilized research and development tool that predicts the 
macroscopic behavior of particles through a microscopic approach (Yang et al., 2024). By employing 
DEM, it is possible to simulate the interactions between pellets, including pellet-pellet and pellet-roll 
interactions. This results in the calculation of the force (FT) exerted when a pellet collides with the roll 
surface (Brandt et al., 2024). After simulating the DEM and calculating the forces resulting from the 
pellet's impact on the roll surface, it is essential to evaluate the mechanical behavior of the roll, 
including the total deformation and equivalent stress. Finite Element Method (FEM) is the most 
effective method for simulating and calculating these behaviors. FEM is considered a robust and 
mature approach for addressing complex engineering problems involving materials with varying 
properties, intricate geometries, diverse loading conditions, and multiple boundary constraints (Xu et 
al., 2024). Considering the advantages of FEM for investigating the reactions and behavior of roller 
screen rolls under the impact loads generated by green pellets, it is essential to transfer the forces 
calculated through DEM simulations to the FEM platform. The process of connecting and transferring 
data obtained from the discontinuous DEM simulation to the continuous FEM simulation is referred 
to as the coupled DEM-FEM method. This approach facilitates an accurate simulation of the 
interaction between the forces exerted by the impact of the pellets and the resulting deformation of the 
rolls caused by this impact (Cheng et al., 2023). The coupled DEM-FEM numerical simulation method 
effectively integrates the strengths of the DEM in characterizing granular particle behavior with the 
FEM which excels in addressing bending problems in rolls (Shen et al., 2019). In this research work, 
the performance of roller screen rolls was modeled using FEM based on the principles of continuum 
mechanics, whereas the pellets were represented as distinct and independent particles through DEM 
to account for discontinuities. 
Unlike vibrating screens, which have been extensively studied to simulate their operational and 
mechanical behaviors using DEM, FEM, and DEM-FEM coupling methods, comprehensive research 
on the functional simulation of roller screens using the DEM-FEM coupling method and FEM remains 
limited. Current simulation studies of roller screens are primarily restricted to the use of DEM alone. 
Cherepakha et al. employed DEM simulations to examine the effects of the diameter, length, and 
rotational speed of the rolls, as well as the inclination angle of the roller screen's surface and the 
number of rolls (length of the roller screen) on the efficiency and performance of the roller screen 
(Cherepakha et al., 2019). Javaheri et al. simulated and investigated various regimes of roll rotation 
speed and inclination angle of the roller screen's surface on the performance criteria of the roller 
screen using DEM simulations (Javaheri et al., 2022). Jafari et al. also employed DEM to examine the 
effects of various performance parameters, including the inclination angle, diameter, and rotation 
speed of the rolls on the efficiency of the roller screen (Jafari et al., 2022). Silva et al. utilized DEM to 
examine the effects of rotation speed and diameter of the rolls, fine grain area gap, inclination angle of 
the roller screen surface, and feeding rate on the efficiency of single- and double-deck roller screens (e 
Silva et al., 2017). In another study, Silva et al. employed a DEM to investigate the effects of the 
moisture content and granulation distribution of the input feed on the performance of a single-deck 
roller screen. They also analyzed the impact of gap opening in a fine grain area (e Silva et al., 2018). 
Carvalho et al. conducted a DEM simulation study on a double-deck roller screen to investigate its 
performance concerning various factors, including load capacity, the number of constituent rolls, the 
length of the first deck, the inclination angle, and the gap opening between the rolls of the second deck 
(Carvalho et al., 2023). 
In summary, previous studies on DEM simulation of roller screens have primarily focused on 
evaluating the performance of these screens in relation to structural and process parameters. 
However, the physical and dynamic behavior of particles, particularly the forces generated during 
collisions with the geometry of the roller screen, especially the rolls, has not been simulated or 
analyzed. Therefore, a comprehensive study addressing the interaction between continuous geometry 
and discrete particles for the design and optimization of roller screens, both structurally and 
functionally, is lacking. Several studies have been conducted on various types of vibrating screens 
(linear, circular, or flip-flow) using the DEM method. These studies not only simulated particle 
movement but also investigated the dynamics and interactions between the particles and the screen 
plates and meshes. Consequently, the inertia and forces exerted on the screen plates by the particles 
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were simulated effectively (Moncada & Rodríguez, 2018). Thus, the positive outcomes of these studies 
highlight the potential benefits and effectiveness of employing DEM in roller screens. It is important 
to note that all of the aforementioned DEM studies of roller screen utilized a spherical pellet shape 
and the Hertz-Mindlin elastic contact model. Previous research  (Asghari et al., 2024b), along with 
results from experimental tests conducted on a laboratory roller screen and the calibration of contact 
parameters, indicates that employing the actual shape of the pellet and a hysteretic spring contact 
model, owing to its elastoplastic properties, produces DEM simulation results that are more consistent 
with realistic experimental outcomes. So, these results are considered more reliable and repeatable. In 
this study, a roller screen is investigated for the first time using DEM and FEM techniques to develop 
a coupled DEM-FEM model. Following the establishment of this coupling as a novel design tool for 
the roller screen, the mechanical behavior of the rolls, including the total deformation and equivalent 
stress experienced, are assessed in response to the impact load of the pellets during the classification 
process. The coupled DEM-FEM method used in this study represents an innovative approach that 
enables parametric design analysis of roller screen. To address issues such as bending which can 
reduce the efficiency of the screening process during the classification of green pellets, a thorough 
parametric design analysis is conducted. Consequently, optimal construction conditions are proposed, 
along with design recommendations concerning the roll diameter and thickness of the polyurethane 
(PU) liner for the rolls. These recommendations aim to minimize the adverse effects of the 
deformation and bending of the rolls, thereby addressing the significant technical and financial 
challenges encountered by pelletizing plants. 

2. Material and methods 

2.1. Laboratory roller screen tests 

At the outset, experimental tests of the roller screen were conducted using the laboratory roller screen 
illustrated in Fig. 4, with the structural and functional characteristics detailed in Table 1 and Fig. 5. 
These experimental studies on the roller screening process of green pellets provide the foundation for 
the coupled DEM-FEM simulations discussed in this study. They are comprehensively detailed in 
reference (Asghari et al., 2024c). 

 

Fig. 4. Performing laboratory roller screen tests for classifying green iron ore pellets. 
 

Table 1. Specifications and operating parameters of the laboratory roller screen. 

Specification Value 

Construction parameters Roll diameter (mm) 40 
 Roll length (mm) 480 
 Material type of roll liner Polyurethane (PU) 
 Material type of roll shaft Structural steel 
 Roll number 25 
Operational parameters Feeding rate (t/h) 

Feeding conveyor belt speed (m/s) 
1-1.5 
0.35 

 Roll rotation speed (rpm) 10-500 

 Inclination angle (degrees) Adjustable to 20 
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Fig. 5. Specification of the roll of laboratory roller screen. 

2.2. Pellet shape modeling 

Modeling the actual shape of magnetite green pellets which contain 8% moisture and 1% bentonite, 
was conducted based on the analysis of images obtained from experimental tests. The results of these 
tests are shown in Fig. 6. EDEM software version 2021.2 (Edinburgh DEM Solutions) was utilized to 
perform both pellet shape modeling tests and DEM roller screen tests (Altair EDEM Software, EDEM 
2021.2 Documentation, 2022; Asghari et al., 2024a). Additionally, Digimizer software was utilized to 
analyze the pellet images (Asghari et al., 2024a). Details of pellet shape modeling, along with 
experimental tests measuring contact parameters and their calibration, are presented in reference 
(Asghari et al., 2024a).  

 

  

a): real shape of pellet b): simulated shape of pellet. 

Fig. 6. Modeling the shape of magnetite pellet with 8% moisture and 1% 
bentonite in EDEM (Asghari et al., 2024a). 

2.3. Determination of contact parameters 

In this study, for the first time, experimental tests regarding the green pellet were conducted to 
determine the contact parameters of the magnetic pellet, including drop, inclined plane, sliding, angle 
of repose (AOR), and tumbling drum tests. Additionally, physical tests, such as specific gravity and 
dimensional distribution, as well as mechanical tests, including Young’s modulus and yield strength 
tests, were performed. Calibration tests for pellet-pellet and pellet-roll interactions were conducted 
using DEM simulations as a novelty, the results are presented in Table 2 (Asghari et al., 2024a).  

Table 2. Properties and interaction parameters utilized in EDEM simulation of the roller 
screen test for magnetite pellets with actual shape (Asghari et al., 2024a). 

Parameters Unit Values 

Pellet properties 

Pellet type - Magnetite 
Pellet moisture content % 8 
Pellet bentonite dosage % 1 
Pellet density (ρ) kg/m3 4893 
Geometry density (ρ) kg/m3 1215 
Poisson’s ratio (ν)-(Pellet; Geometry) - 0.25; 0.41 
Shear modulus (G)-(Pellet; Geometry) Pa 2.015e+06; 1.02e+08 
Pellet yield strength Pa 0.0554e+06 
Pellet shape model - Overlapping spheres 
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1CORP-P and CORP-G = coefficient of restitution for pellet-pellet and pellet-roll interactions, respectively 
2μsP-P and μsP-G = static friction coefficient for pellet-pellet and pellet-roll interactions, respectively 
3μrP-P and μrP-G = rolling friction coefficient for pellet-pellet and pellet-roll interactions, respectively 

 

The dimensional distribution of the pellet feed used for the simulation is illustrated in Fig. 7 (Asghari 
et al., 2024a). 

 

Fig. 7. Different particle sizes of pellet for DEM simulation of roller screen (Asghari et al., 
2024a). 

A DEM simulation test of the roller screen was conducted based on the contact parameters listed in 
Table 2. The specifications of the roller screen used to conduct the DEM tests are shown in Fig. 8. The 
DEM simulation test is illustrated in Fig. 9. In this test, the operational parameters were as follows: 
feed rate=1.5 t/h, deck angle=13°, roll speed=225 rpm, roll diameter=40 mm, roll length=480 mm, 
undersize gap=9.5 mm, on-size gap=15.5 mm, and particle shape=real shape. 

 

Fig. 8. Specification of applied roller screen for DEM simulation tests. 

 

Pellet size distribution mm 6–22 
Test method - Bulk pellet 
Pellet mass kg 26, 30, 40, 50 and 70 
Feed rate kg/s 0.417 
Time step s 2.93e-05 
Time step % 20 
Simulation time s 85 

Contact parameters 

Physics for interaction  Pellet-pellet - Hertz-Mindlin with 
JKR 

Pellet-geometry - Hysteretic spring 
Surface energy for the interaction of 
pellets 6–9.5 mm to pellets 9.5–22 mm 

J/m2 1.9 

Damping factor - -0.0077 
Stiffness factor - 0.125 
1CORP-P; CORP-G - 0.104; 0.09 
2μsP-P; μsP-G - 0.23; 0.6 
3μrP-P; μrP-G - 0.31; 0.2 
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b) a) 

Fig. 9. EDEM simulation of roller screen to classify green pellets. 

2.4. Modeling roll geometry 

To conduct FEM simulation tests on the roller screen, analysis of the mechanical behavior of the rolls, 
including the total deformation and equivalent stress are aimed in response to the forces exerted by 
the pellets during dimensional separation. According to Fig. 10(a), the geometry of the roller screen, 
particularly its rolls, was modeled using Autodesk Inventor software and Design Modeler in ANSYS 
version 2022 R2, in accordance with the specifications provided for the laboratory roller screen (Table 
1). The boundary conditions for the roll shown in Fig. 5, utilized in the FEM simulations, are 
illustrated in Fig. 10(b). 

 

 

b): applied boundary conditions for FEM simulation of roll 
a): a three-dimensional geometry of the roller screen prepared by 

Autodesk Inventor software and imported to the ANSYS software. 

Fig. 10. Modeling geometry of roller screen rolls and applied boundary conditions for FEM simulations 

2.5. Investigation of affecting parameters on the mechanical behavior of roll 

After conducting a simulation of the DEM-FEM coupling method for the roller screen, investigation of 
the mechanical behavior of the first roll of the roller screen which is the most critical component 
during the roller screening process, aimed to establish a comprehensive study methodology. In this 
section, additional simulation tests for performing parametric study of roller screen roll were 
examined for the first time which includes some of the most significant parameters that influence the 
structural design of the roll. 
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2.5.1. Diameter of roll 

Because the diameter of the roll is a critical geometric parameter that influences its mechanical 
behavior, various FEM simulations of the first roll were conducted to examine the effect of the roll 
diameter. The conditions for the FEM simulation were as follows: roll diameters of 30 mm, 40 mm, 50 
mm, 60 mm, 70 mm, and 80 mm, a PU thickness of 10 mm, and PU shear modulus of 102 MPa. 

2.5.2. Thickness of PU 

Because PU is used as a liner for roller screen rolls owing to its high wear resistance, various FEM 
simulation tests of the first roll were conducted under different PU thickness conditions. The 
parameters for the FEM simulation were as follows: roll diameter=40 mm, PU thickness=3 mm, 6 mm, 
8 mm, 10 mm, 12 mm, and 14 mm, and PU shear modulus of 102 MPa. 

2.5.3. Shear modulus of PU 

In addition to the thickness and geometric characteristics of PU, its mechanical properties, such as the 
shear modulus, are crucial for analyzing the mechanical behavior of rolls during the roller screening 
process. As PU is a polymer and a chemical substance, altering its molecular structure, particularly its 
molecular weight, changes its mechanical properties. To optimize the mechanical behavior of the roll 
in response to impact forces, it is essential to consider the effects of these changes on the characteristics 
of PU. Accordingly, various FEM simulation tests were conducted under different PU shear modulus 
conditions. In these tests, the parameters for FEM simulations were as follows: roll diameter=40 mm, 
PU thickness=10 mm, PU shear modulus=5 MPa, 10 MPa, 20 MPa, 50 MPa, 102 MPa, 150 MPa, and 
200 MPa. 

3. Results and discussion 

3.1. Applied force resulting from the impact load of pellets 

The total force (FT) applied to each roll during the pellet classification process, along with the average 
total force exerted on the rolls, is shown in Fig. 11. The highest force is exerted on the first roll where 
the pellets collide during their transfer from the chute to the roller screen. This force measures 6.67 N, 
which is 3.05 times greater than the average force applied to the rolls of the roller screen. 

 

Fig. 11. Analysis results of applied total force by collision of green pellets on the rolls.  
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3.2. Analysis results of mechanical behaviors of roll 

The results of the analysis of the mechanical behaviors of the first roller screen roll, along with their 
distribution, are presented in Fig. 12. 

 

 

 

a): total deformation (mm) along roll length and across its cross-section 

 

 

 

b): equivalent stress (MPa) along roll length and across its cross-section 

 

 

c): equivalent stress in surface path (MPa) 

 

 

d): equivalent stress in axial path (MPa) 

Fig. 12. Distribution contours of mechanical behaviors of roll 1 along its length and across its cross-section, 
accompanied by a legend to illustrate the corresponding values. 

Based on Figs. 12(a), it is evident that total deformation reaches its maximum value in the central 
region of the roll, encompassing its entire cross-section, including the surface area near the point of 
force application and the roll axis. A concentration of deformation was primarily observed in these 
areas. Conversely, the minimum value of the total deformation occurs at the edges of the roll, 
specifically at the base where the support and bearing are connected. According to Fig. 12(b), the 
equivalent stress applied to the surface and axis of the roll which demonstrates a uniform distribution, 
was minimal. However, at the connection points between the structural steel shaft and PU liner in the 
upper and lower sections of the roll shaft axis, there is a concentration of stress. As the stress 
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concentration approaches to the axis of the roll, its magnitude diminishes, ultimately reaching a 
minimum value. According to Fig. 12(c), the stress applied to the surface path of the roll was 
maximized in the central region. As one moves toward the edges of the roll, values decrease, 
ultimately reaching their minimum at the edges. Furthermore, Fig. 12(d) indicates that the stress along 
the roll axis path is at its minimum in the central region, with values rising toward the edges and 
ultimately reaching a maximum value. 

3.3. Analysis of the effects of structural variables on the mechanical behavior of rolls 

3.3.1. Diameter of roll 

As illustrated in Fig. 13, for a roll with a diameter of 30 mm, the average values of total deformation 
and equivalent stress applied were 1088 and 51 times greater than those for a roll with a diameter of 
80 mm, respectively. This indicates that the diameter of the roll has an inverse relationship with the 
average values of its mechanical behavior in response to the forces generated by the pellet impact. In 
this scenario, with the force exerted on the roller screen roll held constant, the general relationship of 
the stress suggests that as the diameter of the roll increases, the surface area also increases, leading to 
a decrease in the stress experienced by the roll. Under a consistent load, increase in roll diameter 
enhances the resistance to deformation within the roll, which consequently results in reduced strain 
values. Therefore, the deformation resulting from the collision and impact of the pellet on the roll 
surface is also reduced. To mitigate the deformation and stress and to minimize the negative effects on 
the alignment and spacing between the rolls, it is recommended that the diameter of the primary roll, 
designated as the impact roll, be larger than that of the other rolls. 

 

 

a): effect of roll diameter variation on the total deformation b): effect of roll diameter variation on the equivalent stress 

Fig. 13. Variation of the mechanical behaviors of roll 1 with different diameters. 

3.3.2. Thickness of PU 

In this section, the impact of variations in the thickness of the PU liner on the mechanical behavior of 
the first roll of the screen was examined. As illustrated in Fig. 14, the roll with a PU liner thickness of 
14 mm exhibited average values of total deformation and equivalent stress that were 54 and 8 times 
greater, respectively, than those of the roll with a PU liner thickness of 3 mm. This indicates a direct 
relationship between the thickness of the PU liner and the average mechanical performance of the roll 
in response to the forces generated by the pellet impacts. The underlying reason for this phenomenon 
is the lower shear modulus of the PU compared to that of the structural steel shaft; the shear modulus 
of the roll shaft is 754 times greater than that of the PU liner. This disparity is resulted in increased 
deformation and stress on the roll. To mitigate deformation and stress and ultimately reduce bending 
effects on the rolls, thereby preserving their straightness and maintaining the gap between them, it is 
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recommended to minimize the thickness of the PU liner on the first roll as much as possible while still 
considering its anti-wear function. This should be balanced with the maximum thickness of the 
structural steel shaft. 

 

 

a): effect of PU thickness variation on the total deformation b): effect of PU thickness variation on the equivalent stress 

Fig. 14. Variation of the mechanical behaviors of roll 1 with different PU thickness. 

3.3.3. Shear modulus of PU 

This section examines the impact of variations in the shear modulus of the PU liner on the mechanical 
behavior of the first roll of the roller screen. As shown in Fig. 15, for the roll with a PU liner modulus 
of 5 MPa, the average values of total deformation and equivalent stress are 1.07 and 1.02 times greater, 
respectively, compared to those for the roll with a PU liner modulus of 200 MPa. This finding 
indicates an inverse relationship between the modulus of the PU liner and the average values of its 
mechanical behavior. To minimize deformation and stress, as well as the bending caused by the 
collision of pellets with the roll, which adversely affects the efficiency of the roller screen, it is 
recommended that the modulus of the PU liner for the first roll be maximized. 

 

 

a): effect of PU shear modulus variation on the total deformation b): effect of PU shear modulus variation on the equivalent stress 

Fig. 15. Variation of the mechanical behavior of roll 1 with different PU shear modulus. 

The results of the examination of the mechanical behavior of the roller screen’s initial roll related to 
structural design factors were analyzed using statistical methods and the Pearson correlation 
coefficient with a 95% confidence interval using SPSS software. These findings are presented in Fig. 
16. 
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Based on Fig. 16(a), it is evident that the total deformation of the first roll exhibits an inverse 
relationship with the PU shear modulus and a direct relationship with the PU thickness whereas Fig. 
16(b) indicates that the equivalent stress is inversely related to the shear modulus of PU. Therefore, the 
following relationships can be derived to describe the mechanical behavior of the roll in relation to its 
structural parameters: 

(1) 
𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 ∝

𝑇𝑃𝑈

𝐺𝑃𝑈

 

(2) 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑠𝑡𝑟𝑒𝑠𝑠 ∝
1

𝐺𝑃𝑈

 

where: 
TPU = thickness of PU (mm) 
GPU = shear modulus of PU (MPa) 

By identifying the stress concentration points during the operation of the screen used for classifying 
the green pellets, it is possible to extend the lifespan of the rolls, which are the most critical 
components of the screen. This can be achieved by modifying the geometric characteristics, such as the 
roll diameter and mechanical properties, including the shear modulus and thickness of the PU liner. 
Consequently, utilizing the obtained results allows for the design of an optimal structure, thereby 
enhancing the performance of the screen. This improvement ultimately increases both the quantitative 
and qualitative efficiencies of the screen, as well as those of the induration furnace and pelletizing 
circuit. The frequency and duration of screen downtime were significantly reduced, which, in turn, 
enhanced plant productivity. A larger volume of material can be processed using a roller screen. The 
results obtained can be applied to the study of other processing equipment such as ball mill lifters.  

3.4. Validation of obtained results 

Considering the low values of the forces exerted by the pellets during the laboratory tests, as well as 
the industrial studies conducted, it is evident that the stresses applied to the rolls occur over extended 
periods of screen operation. This prolonged exposure leads to deformation of the rolls and, 
consequently, a decrease in their efficiency. To validate the findings of the laboratory tests and 
coupled DEM-FEM simulations regarding the effects of roll diameter, particularly for the first roll, 
which serves as an impact roll and endures the highest levels of force, deformation, and stress, as well 
as the mechanical strength and thickness of its liner in industrial screens, the diameter of the roll 
should be increased. Additionally, a polyurethane liner with a higher shear modulus and reduced 

 

 

a) b) 
Fig. 16. Analysis results of Pearson correlation coefficient of mechanical behavior of initial roll related to structural design factors. 
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thickness should be used. After a specified period, the results should be examined and compared with 
the state prior to the changes, which will be the focus of future research. 

4. Conclusions 

According to studies and simulation tests conducted in the fields of DEM and FEM, and more 
importantly, the coupled method employed in this study, the following results were obtained: 

 The actual shape of the green pellet, determined through image analysis and employing the 
elastic-plastic hysteretic spring contact model, was utilized in the DEM studies of the green pellet 
classification process. 

 It was evident that the DEM simulation facilitated the calculation of the average force exerted on 
the roller screen rolls owing to the impact load from the pellets during the screening operation. 
Furthermore, this method allows for the identification of both the maximum values and specific 
locations where these forces are concentrated. 

 According to the DEM studies on the rolls of the roller screen, the average force resulting from 
the impact of the green pellet on the first roll is 3.05 times greater than the average force applied 
to all rolls, respectively. 

 The highest levels of total deformation occurred in the central section of the roll. This 
deformation results in a loss of straightness, which subsequently affects the uniformity of the gap 
opening between the rolls and ultimately diminishes the efficiency of the roller screen. 

 As the diameter of the roll decreased from 80 mm to 30 mm, the average values of the total 
deformation and equivalent stress applied to the roll increased by 1088 and 51 times, respectively. 
Therefore, the diameter of the roll, particularly the first roll, can be increased to mitigate the 
negative effects of deformation on the roll and resulting gap. 

 By increasing the thickness of the PU liner of the rolls from 3 mm to 14 mm, while maintaining a 
constant roll diameter, the values of the total deformation and equivalent stress applied to the roll 
increased by 54 and 8 times, respectively. In this context, it is advisable to reduce the thickness of 
the PU liner while maintaining its anti-wear properties, considering the relationship between the 
liner thickness and the deformation and stress experienced by the roll. 

 By decreasing the shear modulus of the PU liner of the rolls from 200 MPa to 5 MPa, the values of 
the total deformation and equivalent stress applied to the roll increased by 1.07 and 1.02 times, 
respectively. Therefore, maximizing the shear modulus of the PU liner is advisable to minimize 
the deformation of the roller screen rolls. 

 Finally, it was concluded that the coupled DEM-FEM numerical simulation method is a suitable 
and effective approach for improving the design, structure, and efficiency of roller screens. 
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Abstract: 

The major challenge in zinc oxide ores flotation is primarily the excessive production of fines during 
comminution, which leads to increased reagent consumption and the loss of zinc minerals. One of the 
most effective methods to enhancing recovery is the using nano-micro bubbles in the flotation. In this 
study, the effect of using nano-micro bubbles in the flotation of an zinc oxide ore sample with a Zn 
content of 15.67% provided from Zanjan province, Iran, was studied with the aim of eliminating the 
desliming stage. By generating nano-micro bubbles using a vortex pump under specific conditions, 
nano-micro bubbles with an average size of 300 nm were produced and utilized in the experiment. A 
software based statistical design of experiments, DOE, using a demo version of DX11 software was 
applied to design and statistically analysis of the results. The parameters were labeled as: using nano-
micro bubbles water (A), sodium sulfide concentration as a sulfidant (B), Armac C concentration as a 
collector (C) and particle size (D). The zinc concentrate recovery was evaluated as response in the 
design. Analysis of the results showed that the influence of parameters and their interactions on 
response followed the order: B>D>C>BD>BC>CD>A>BCD. The maximum recovery was achieved in 
the presence of nano-micro bubbles, sodium sulfide concentration 4000 g/t, Armac C concentration 

1000 g/t, and the d80 of the feed particles 92 m. Under these conditions, a concentrate with Zn grade 
of 25.89% and 88.81% recovery was obtained and in the absence of both nano-micro bubbles an PAX 
as a promoter, the concentrate grade and recovery were 27.31% and 81.74%, respectively. The results 
showed that using PAX (200 g/t) led to a lower recovery increase (~1%) compared to using nano-
micro bubbles (~7%).

 

Keywords: Nano-micro bubbles, Zinc oxide flotation, DOE 

1. Introduction 

Various methods exist to overcome the limitations of flotation caused by the presence of fine particles 
in the flotation feed. These methods are primarily based on increasing particle size through selective 
aggregation (including selective agglomeration and flocculation), reducing bubble size (using nano-
micro bubbles), or employing specialized flotation cells. The low flotation rate of fine particles is 
mainly due to the low probability of collision between these particles and air bubbles. previous 
studies showed that reducing the size of air bubbles can enhance the flotation of fine particles. 
However, using only small bubbles in the absence of larger bubbles can increase flotation time due to 
the lower rising velocity and carrying capacity of small bubbles, necessitating the use of taller flotation 
cells. Therefore, the improvement in flotation is largely attributed to the synergy between normal-
sized bubbles and fine bubbles (Farrokhpay et al., 2021). In addition, the use of small bubbles increases 
the entrainment of particles, which occurs due to the higher recovery of water. Consequently, it can be 
concluded that the grade of the product decreases as a result of the entrainment of gangue particles 
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into the concentrate (Trahar and Warren, 1976). Nanobubbles are extremely small gas cavities in an 

aqueous solution, with sizes smaller than 1 m, and they have a lifespan ranging from several days to 
weeks. Since the work of adhesion between a solid particle and water is always less than the work of 
adhesion of water, nano-micro bubbles selectively accumulate on the surface of hydrophobic particles. 
Additionally, the work of adhesion decreases with increasing hydrophobicity of the solid particle 
surface (Maoming et al., 2010). Nano-micro bubbles create a capillary bridge between the surfaces of 
hydrophobic solid particles, causing these particles to adhere to each other (Hampton and Nguyen, 
2010). It has also been established that the flotation rate is strongly influenced by bubble diameter, 

such that when the bubble diameter decreases from 665 m to 75 m, the flotation rate increases by up 
to 100 times. Thus, it is clear that reducing bubble diameter can lead to enhanced flotation of fine 
particles (Tao, 2005). Nazari et al. concluded that the presence of nano-micro bubbles increased the 
lithium-ion batteries-graphite (LIBG) flotation recovery and its kinetic rate by 15% and 33%, 
respectively (Nazari at al., 2022). In addition, one of the influential parameters on the quality of the 
concentrate and the achievable recovery in the flotation process is froth stability. Due to the presence 
of an electrical repulsion between the surfaces of nanobubbles, which prevents their coalescence and 
growth, the presence of nanobubbles significantly impacts froth stability (Sobhy and Tao, 2019). In a 
study on copper sulfide flotation, the presence of nano-micro bubbles was found to reduce collector 
and frother consumption by 50% and 66.6%, respectively (Nikouei Mahanni et al., 2024). Numerous 
factors influence the size of nano-micro bubbles produced, including the method of nano-micro 
bubble generation, the type of frother, frother concentration, gas solubility, solution temperature, gas 
type, solution pH, and the hydrophobicity of particles (Pourkarimi et al., 2017; Holl, 1970; Meegoda et 
al., 2018). If the generated nanobubbles possess high surface charge density or zeta potential, they will 
remain stable (Meegoda et al., 2018). 

One of the major challenges in zinc oxide ores processing is the generation of fines during 
comminution, which are often separated by hydrocyclones, leading to the loss of valuable material. 
One of the methods employed in the flotation of fines is the use of nano-micro bubbles alongside 
conventional bubbles, which is an effective approach for increasing particle recovery. These bubbles 
enhance the hydrophobicity of particles (in fact, nano-micro bubbles are referred to as promoter) to 
increase the probability of particle-bubble attachment, thereby improving the efficiency of particle 
collisions. It has also been demonstrated that nano-micro bubbles can expand the size range of 
particles in flotation. Consequently, this study aims to compare the performance of flotation in the 
presence and absence of nano-micro bubbles, without desliming stage, to evaluate the impact of these 
bubbles on the zinc oxide ore flotation. 

2. Sample characterization 

The sample studied in this research was provided from the Iran Lead and Zinc Plant located in the 
industrial town of Zanjan Province, Iran. Qualitative and quantitative analysis methods was carried 
out for characterization of sample. X-ray diffraction (XRD) was used for minerals identification, and 
X-ray fluorescence (XRF) was used to determine the content of various elements or chemical 
compounds. Additionally, thin and polished section were used for microscopic mineralogical studies 
and determination of degree of liberation of valuable minerals in the sample. 

2.1. Mineralogy 

According to the XRD analysis results presented in Table 1, the minerals present in the sample, in 
order of abundance, include: calcite, smithsonite, quartz, hemimorphite, dolomite, clinochlore, and 
phlogopite. Therefore, the studied sample is of zinc oxide ore type, where smithsonite and 
hemimorphite are the valuable and economically significant zinc minerals, while the other minerals 
are considered gangue. 
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Table 1. Minerals identified in the studied sample using XRD analysis. 

Phase Formula 
Semi-quantitative 

percentage 

Calcite CaCO3 36.2 

Smithsonite ZnCO3 20.7 

Quartz SiO2 15.9 

Hemimorphite Zn4Si2O7(OH)2.H2O 9.1 

Dolomite CaMg(CO3)2 9.1 

Clinochlore (Mg,Al,Fe)6(Si,Al)4O10(OH)8 4.5 

Phlogopite KMg3AlSi3O10(OH)2 4.5 

Amorphous - - 

2.2. Chemical composition 

XRF analysis (Table 2), showed that the sample zinc grade was 15.67%. with 0.42 % lead which was 
negligible. 

Table 2.  Sample quantitative XRF analysis. 

Element/Compound SiO2 BaO CaO Fe2O3 K2O MgO MnO SO3 TiO2 Pb Zn LOI 

Percentage 19.40 0.24 15.65 3.86 0.57 1.36 0.14 0.41 0.20 0.42 15.67 24.67 

2.3. Microscopic mineralogical studies 

Microscopic studies were conducted on size-by-size polished sections with fraction range of 1400 µm 
to 75 µm. According to the results presented in Table 3, a degree of liberation exceeding 80% for both 

smithsonite and hemimorphite occurs at sizes below 106 m, as illustrated in Figure 1. 

Table 3. Microscopic Degree of liberation study (calculation is based on the ratio of liberated particles to the sum 
of liberated and locked particles). 

Fraction (µm) 1400 600 212 150 106 75 

Degree of liberation of smithsonite (%) 65-70 70-75 75-80 85-90 90-95 95 

Degree of liberation of hemimorphite (%) 50-60 60-65 70-75 75-80 85-90 95 

 

a b 
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Fig. 1. Microscopic images of the 106 m fraction. liberated particles of a) hemimorphite b) lsmithsonite 

3. Materials and methods 

The samples were initially crushed to below 3.36 mm in a closed circuit using primary and secondary 
jaw crushers with a control screen. Finally, the material remaining on the screen was fed into a roll 
crusher in a closed circuit with a control screen to obtain the final product with a size below 3.36 mm. 
The resulting product was homogenized using a riffle splitter, and ultimately, it was divided into 1-
kilogram representative samples for further analysis and experiments. 

To determine the optimal grinding time for the wet rod mill to achieve the desired degree of liberation 
(above 80%), the grinding of the mill feed with a weight of 1000 gr, 50% solids, and a grinding load of 
3539 gr was conducted at times of 4, 5:30, 7, 8:30, and 10 minutes, with the results presented in Table 4. 
Based on the degree of liberation results, grinding times of 7 and 8:30 minutes were selected. The 
desliming test (using a 25-micrometer sieve and wet method) of the ground product at 7 and 8:30 
minutes showed that 23.65% and 40.3% of the zinc metal, respectively, reported to the slimes. 

Table 4. Grinding time and d80 of the ground product. 

Grinding time (min) 4 5:30 7 8:30 10 

d80 (m) 150 110 92 75 69 

Weight of -25 m (gr) 196 224 285 331 412 

 

The chemicals used in the flotation experiments are listed in Table 5 (Ejtemaei et al., 2011). In all 
experiments, the following parameters were kept constant: pulp pH of 11, sodium silicate (500 g/t), 
sodium hexametaphosphate (250 g/t), pine oil (120 g/t), pulp solid percentage (14.8%), rotor speed 
(1000 rpm), feed weight, and cell volume. scraping was conducted for 10 minutes in all tests, with 
intervals of 15 seconds. It is worth mentioning that the flotation experiments in this study were 
conducted without prior desliming of the feed. 

Table 5. The chemicals used in flotation experiments. 

Surfactant 
Concentration 

(%) 
Role Conditioning time (min) 

Sodium silicate 97 Depressant/Dispersant 5 

Sodium hexametaphosphate 96 Depressant 5 

Sodium sulfide 75 Sulfidant 10 

Sodium hydroxide - pH regulator 
Simultaneously with sodium 

sulfide 

Acetate of coco amine 

(Armac C) 
99 Collector 10 

Pine oil 99 Frother 2 
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In this study, a two-phase vortex pump was used to generate nano-micro bubbles, and its various 
parameters are presented in Table 6. Dynamic light scattering (DLS) method were utilized to 
characterize nano-micro bubbles. According to Figure 2, the nano-micro bubbles produced by this 
pump have size distribution ranges between 100 and 500 nm, with the mean diameter of 300 nm and 
zeta potential of approximately -10 mV, which were utilized in the flotation experiments. 

Table 6. Conditions of generating nano-micro bubbles. 

Frother 
concentration 
in the pump 

tank (g/t) 

Frother 
addition 

time 
(min) 

Circulation 
time of the 
solution in 
the pump 

(min) 

Input air 
flow rate of 
the pump 
(L/min) 

Input 
pressure 

difference of 
the pump 
(mmHg) 

Output 
pressure 

difference of 
the pump 

(bar) 

Average size 
of nano-

bubbles (nm) 

10 0 10 2 180 2.6 300 

 

 

Fig. 2. Size distribution diagram of the nano-micro bubbles generated under the mentioned conditions 
determined by DLS. 

 

4. Results and Discussion 

In this research, to investigate the effect of the presence and absence of nano-micro bubbles on the 
flotation process, parameters such as feed particle size, sodium sulfide concentration, and Armac C 
concentration were evaluated. The experiments were conducted using DX11 design expert software 
and a two-level full factorial design method. The matrix of various conditions of the experiments 
related to this design, as well as the results, are presented in Table 7. 
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Table 7. The proposed experiments by the DX11 software using a two-level full factorial design method. 

Test No. 
Particle 

size (µm) 

Armac C 
concentration 

(g/t) 

Sodium 
sulfide 

concentration 
(g/t) 

using nano-
micro 

bubbles 
water (%) 

Concentrate 
grade (%) 

Concentrate 
recovery 

(%) 

1 92 1000 4000 100 25.89 88.81 

2 92 1000 4000 0 27.31 81.74 

3 92 1000 3000 0 17.08 30.52 

4 75 800 4000 0 24.13 58.52 

5 92 1000 3000 100 15.18 33.42 

6 83 900 3500 50 19.20 50.24 

7 92 800 4000 100 24.41 69.86 

8 75 1000 3000 0 14.87 25.62 

9 75 800 4000 100 22.99 62.35 

10 75 1000 4000 100 23.97 68.07 

11 83 900 3500 50 18.61 52.20 

12 83 900 3500 50 19.83 48.10 

13 83 900 3500 50 18.56 55.20 

14 92 800 3000 100 13.73 27.16 

15 92 800 4000 0 25.88 66.06 

16 75 1000 4000 0 25.20 65.13 

17 75 800 3000 100 12.42 23.38 

18 92 800 3000 0 14.39 25.71 

19 75 800 3000 0 13.61 22.15 

20 75 1000 3000 100 13.48 27.96 

 

ANOVA analysis was used to evaluate the results of the experiments, to determine the factors and 
interactions effects on the grade, recovery and the validity of the model proposed by the software. The 
results are presented in Table 8. The findings indicate that the proposed model is valid, and the 
parameters influencing the model include the using nano-micro bubbles water (A), sodium sulfide 
concentration (B), Armac C concentration (C), particle size (D), as well as the interactions BC, BD, CD, 
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and BCD. In addition, the statistical analysis of the model evaluation shows that the model has 
sufficient accuracy. 

Table 8. ANOVA analysis. 

Source 
Sum of 
squares 

df Mean square F value 
P value 

Prob>F 
 

Model 8230.55 8 1028.82 171.14 <0.0001 Significant 

A- using nano-micro 
bubble water 

40.83 1 40.83 79.6 <0.0244  

B- Sodium sulfide 
concentration 

7422.68 1 7422.68 1234.76 <0.0001  

C- Armac C 
concentration 

272.91 1 272.91 45.40 <0.0001  

D- Particle size 307.13 1 307.13 51.09 <0.0001  

BC 48.44 1 48.44 8.06 0.0161  

BD 75.26 1 75.26 12.52 0.0046  

CD 40.07 1 40.07 6.67 0.0255  

BCD 23.23 1 23.23 3.86 0.0751  

Residual 66.13 11 6.01    

Lack of fit 38.82 8 4.85 0.5330 0.7880 Not significant 

Pure error 27.31 3 9.10    

Cor Total 8296.68 19     

Standard deviation=2.45,   R2=0.9920,   Adjusted R2=0.9862,   Predicated R2=0.9832,  Adequate precision=39.9487 

 

Based on the results presented in Figure 3, it is evident that the presence of nano-micro bubbles (A) 
has led to an enhancement in zinc recovery. This improvement can be attributed to the unique 
characteristics of nano-micro bubbles. Their significantly small size provides a considerable specific 
surface area, resulting in a substantial increase in the number of bubbles per unit volume of the 
flotation cell. Consequently, this notably improves the probability of effective collision between fine 
and ultrafine zinc oxide particles and the bubbles. Furthermore, at the nano scale, the larger contact 
area and stronger capillary forces can establish a more robust attachment between particles coated 
with a nano bubble film and larger bubbles. This more stable attachment reduces the probability of 
coarse particle detachment from the bubbles under the influence of shear forces within the flotation 
cell, ultimately improving the recovery. Additionally, the slower ascent velocity of nano-micro 
bubbles compared to conventional bubbles may increase the residence time of the bubbles, providing 
more opportunity for hydrophobic particles to adhere to the bubble surfaces. Finally, the bursting of 
nano-micro bubbles in the vicinity of particle surfaces can lead to the generation of localized micro 
turbulences, which facilitates a more effective transfer of particles to the froth phase. As the results 
demonstrate, increasing the share of nano-micro bubble water from 0 to 100% while keeping other 
parameters constant (at their midpoint) led to an increase in zinc recovery from 47.51% to 50.71%. 
Among the investigated parameters, the concentration of sodium sulfide (B) had the most significant 
impact on zinc recovery in the concentrate. When its concentration increased from 3000 g/t to 4000 
g/t (with other parameters held constant), the zinc recovery increased from 27.57% to 70.65%. This 

improvement can be attributed to the reaction of sulfide ions (S2-) present in the solution with the 
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surface of oxide minerals, leading to the formation of a metal sulfide layer (such as ZnS) on their 
surface. This surface sulfidation, by creating more active sites, facilitates collector adsorption and 
consequently results in the formation of a stronger hydrophobic layer on the particles, increasing their 
tendency to attach to air bubbles. The high concentration of sodium sulfide is likely attributed to two 
factors: its role as a pH regulator (hydrolysis of sodium sulfide yields hydroxide ions, resulting in an 
elevation of the solution’s pH), and the potential increase in sodium sulfide consumption due to 
presence of slimes. Additionally, increasing the concentration of Armac C collector (C) from 800 g/t to 
1000 g/t (with other parameters held constant) resulted in an 8.26% increase in recovery, with zinc 
recovery rising from 44.98% to 53.24%. This improvement is likely due to increased surface 
hydrophobicity caused by the higher collector concentration and the increased contact angle at higher 
concentrations, which enhances particle-bubble attachment. Furthermore, increasing the feed particle 
size (D) leads to better flotation performance because fewer fines are generated during grinding. For 

instance, when the feed particle size was increased from -75 m to -92 m, the zinc recovery increased 
from 44.73% to 53.49%.  

As indicated, the interactions of parameters BC, BD, CD, and BCD had a significant effect on the 
response, and their Contour and three-dimensional plots are presented in Figure 4. The interactions of 
all parameters on the response were positive, resulting in an increase in recovery. 

 

 

Fig. 3. Perturbation plot 
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Fig 4. Contour and three-dimensional plots showing the interaction effects of: a) BC, b) BD, c) CD, on recovery. 

 

Based on the response surface equation the optimization of effective parameters to achieve the 
maximum zinc recovery in the concentrate is shown in Figure 5. According to these results, the 
maximum zinc recovery was achieved when the using nano-micro bubbles water was 100%, the 
sodium sulfide concentration was 4000 g/t, the Armac C concentration was 1000 g/t, and the d80 of 

the feed particles was 92 m. Under these conditions, a concentrate with a grade of 25.74% and a 
recovery of 87.45% was obtained. Compared to the absence of nano-micro bubbles, this represents an 
approximate 7% increase in zinc recovery. 

b) 

c) 
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Fig 5. Optimization results to achieve maximum zinc recovery. 

 

Given the role of nano-micro bubbles as a promoter, a comparison was made between the impact of 
using nano-micro bubbles and potassium amyl xanthate (PAX) as a promoter under optimized 
condition. The results are presented in Table 9. The application of PAX at 100 g/t and 200 g/t 
concentrations resulted in marginal recovery increase of 0.35% and 0.84%, respectively, which was 
significantly lower than the 7.07% improvment observed when nano-micro bubbles were used. The 
superior performance of nano-micro bubbles as a promoter in enhancing zinc recovery is likely 
attributed to their ability to establish a more efficient and uniform hydrophobic coating on the particle 
surface. İn contrast, the effectivness of PAX in inducing hydrophobicity relies on its chemical or 
physical adsorption at the active sites of the mineral surface. 

Table 9. comparison of the effect of PAX with nano-micro bubbles under optimized condition. 

Test No. 
using nano-micro 
bubbles water (%) 

PAX    
(g/t) 

Concentrate 
grade (%) 

Concentrate 
recovery (%) 

1 0 0 27.31 81.74 

2 0 100 26.02 82.09 

3 0 200 25.92 82.58 

4 0 300 24.21 77.20 

5 100 0 25.89 88.81 

 

5. Conclusion 

In contrast to previous studies, this reseach aimed to investigate the effect of the presence and absence 
of nano-micro bubbles in the flotation process of zinc oxide minerals without  feed desliming, 
provided from the Iranian Lead and Zinc Plant located in Zanjan Province, which contains valuable 
minerals such as smithsonite and hemimorphite. Four parameters were examined: the using nano-
micro bubble water, sodium sulfide concentration, Armac C concentration, and feed particle size. By 
examining the using nano-micro bubble water from 0% to 100% while keeping other factors at their 
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midpoint values, it was found that zinc recovery increased from 47.51% to 50.71%. This 3.2% increase 
may be attributed to the higher probability of fine particle collisions and the enhanced probability of 
coarse particles attaching to conventional bubbles. When evaluating sodium sulfide concentrations of 
3000, 3500, and 4000 g/t, it was determined that this parameter had the most significant impact on 
flotation among the studied parameters. Increasing the sodium sulfide concentration from 3000 g/t to 
4000 g/t resulted in a 43.08% increase in zinc recovery, rising from 27.57% to 70.65%. This 
improvement could be attributed to enhanced sulfidation of the zinc oxide mineral surfaces, which 
improves collector adsorption on the particle surfaces. To investigate the effect of Armac C 
concentration on flotation, concentrations of 800, 900, and 1000 g/t were examined. The results 
showed that increasing the Armac C concentration from 800 to 1000 g/t (while keeping other 
parameters at their midpoint values) increased zinc recovery from 44.98% to 53.24%. This 
improvement was likely due to an increase in the particle-bubble contact angle. Additionally, it was 

found that reducing the particle size, d80, from 92 m to 75 m led to a decrease in zinc recovery from 

53.49% to 44.73%. This was because the rod mill grinding product contained more slimes, which may 
increase chemical consumption and reduce recovery. Finally, by optimizing the studied parameters, it 
was concluded that maximum zinc recovery was achieved when the using nano-micro bubble water 
was 100%, the sodium sulfide concentration was 4000 g/t, the Armac C concentration was 1000 g/t, 

and the d80 of the feed particles was 92 m. Under these conditions, a concentrate with a grade of 

25.89% and a recovery of 88.81% was obtained, representing an approximately 7% increase in zinc 
recovery compared to the absence of nano-micro bubbles. Furthermore the results indicated that the 
application of potassium amyl xanthate as a promoter, compared to the presence of nono-micro 
bubbles, resulted in a lower recovery increase, approximately 1% at a PAX concentration of 200 g/t. In 
conditions where neither nano-micro bubbles nor PAX were used, the concentrate grade and recovery 
were 27.31% and 81.74% respectively. 
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Abstract: 

This study systematically investigates the mechanisms and optimization of zinc precipitation from 
sulfate solutions using magnesium-containing ores. The dominant reaction pathway leads to the 
formation of zinc hydroxysulfate (Zn5(OH)6(SO4)2) at moderate pH (4–6.5), as confirmed by a 
consistent final pH of 6.5 in all experiments. Temperature critically influences reaction kinetics, with 
80 °C identified as optimal for maximizing zinc recovery (73.4 %) and ensuring effective magnesium 
participation in precipitation reactions. Process efficiency is governed by ore dosage, where 100 g/L of 
magnesium-rich ore yields peak zinc recovery, beyond which marginal improvements occur. Time-
dependent studies reveal that 150 min represents the practical equilibrium for zinc precipitation at 80 
°C, achieving 73.4% recovery with diminishing returns thereafter. Key findings demonstrate that 
controlled parameters—pH 6.5, 80°C, 150-min reaction time, and optimized ore dosage—collectively 
enhance zinc recovery while minimizing reagent consumption and energy costs. Under the optimized 
conditions (T = 80°C, ore dosage = 100 g/l, time = 150 min), the magnesium content demonstrated a 
significant reduction from 7.0 g to 5.1 g, corresponding to an absolute decrease of 1.9 g (27.1% 
decrement), which clearly indicates effective magnesium participation in the precipitation process, 
where the combination of elevated temperature and controlled ore dosage synergistically enhanced 
magnesium removal efficiency while minimizing residual content, ultimately contributing to 
improved process performance.

 

Keywords: Zinc precipitation, Basic zinc sulfate, Magnesium-rich ore, Magnesium removal. 

1. Introduction 

With the increasing global demand for zinc and the depletion of high-grade zinc reserves, low-grade 
zinc ores have gained significant attention from producers (Ashtari et al., 2025; Karimi et al., 2017). 
Zinc oxide deposits may contain minerals such as smithsonite, hemimorphite, or willemite, while low-
grade ores often include gangue minerals like calcite, dolomite, quartz, and iron oxides 
(Khanmohammadi Hazaveh et al., 2020). Among the soluble impurities in zinc sulfate solutions, 
magnesium is particularly problematic as it is not removed during the purification stages of the zinc 
production process, including iron precipitation or hot/cold purification processes. Due to 
magnesium's higher standard potential compared to zinc, it cannot be deposited on aluminum 
cathodes during electrowinning (MacKinnon & Brannen, 1991), leading to its accumulation in the 
solution over time. Increased magnesium concentration raises energy consumption and reduces 
current efficiency in the electrowinning process. The permissible magnesium concentration in zinc 
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solutions is typically limited to 10-15 g/L, making its removal crucial in zinc production (Mosayebi et 
al., 2021). 

Current pretreatment methods for zinc concentrate include dilute sulfuric acid leaching, magnesium 
fluoride precipitation (Booster et al., 2000; Georgalli et al., 2008), lime neutralization (Matthew et al., 
1980; Sharma, 1990), solvent extraction (Abutalebi et al., 2019; Cheng et al., 2010), and freezing 
crystallization (Jin et al., 2023). During dilute sulfuric acid leaching of zinc concentrate, magnesium 
oxide (MgO) and magnesium carbonate (MgCO3) dissolve along with zinc oxide (ZnO) and zinc 
carbonate (ZnCO3), resulting in zinc losses. In fluoride precipitation, fluoride ions act as ligands, 
reacting with magnesium to form low-solubility magnesium fluoride (MgF2), which is removed as a 
precipitate (Jin et al., 2023). However, increased fluoride concentration can cause zinc sheets to stick to 
aluminum cathodes, reducing their effectiveness. The lime neutralization method exploits the 
difference in hydrolysis pH between zinc and magnesium, adjusting the pH to 10-11 using calcium 
hydroxide (Ca(OH)2). This process consumes significant amounts of lime and produces gypsum as a 
byproduct, requiring further treatment (Heimala, 1981). Solvent extraction is effective for separating 
specific metals from polymetallic solutions, but residual organic phases in the aqueous phase and high 
chemical costs limit its application (Haghighi et al., 2015). The high energy consumption of freezing 
crystallization has prevented its industrial adoption. Currently, lime neutralization at pH 10-11 
remains the primary industrial method for magnesium removal. 

This study investigates the feasibility of precipitating zinc from sulfate solutions using magnesium-
rich soil, aiming to separate magnesium from zinc through a displacement precipitation reaction 
where magnesium enters the solution while zinc is incorporated into the final precipitates. The 
research focuses on optimizing key parameters such as temperature, reaction time, and the quantity of 
magnesium-rich soil to achieve efficient separation. 

2. Material and methods 

2.1. Material 

The main experimental material was a magnesium-rich zinc concentrate containing approximately 
11.7% zinc and 7.1% magnesium. The zinc sulfate solution used had concentrations of 21.4 g/L zinc 
and 9.2 g/L magnesium. Both the concentrate and the solution were provided by Zanjan Zinc Khales 
Sazan Industries Company (ZZKICo) in Zanjan, Iran.  

2.2.   Experimental Procedure 

In this study, the precipitation of zinc from a one-liter zinc sulfate solution was investigated using 
magnesium-rich ore as a precipitant. The key parameters evaluated included temperature (ranging 
from 65 to 85 °C), reaction time (ranging from 30 to 180 min), and ore dosage (between 50 and 150 
g/L). The process begins by heating the zinc sulfate solution to the target temperature, followed by 
the controlled addition of a predetermined amount of ore. The solution was continuously stirred at 
1000 rpm using a mechanical stirrer to ensure uniform mixing and enhance the precipitation process. 

All experiments were conducted in a 2-liter beaker, with temperature precisely controlled to maintain 
accuracy within ±1 °C. Once the reaction was complete, the entire mixture was subjected to solid-
liquid separation using vacuum filtration, ensuring effective removal of the precipitated solids. The 
collected precipitates were then dried in an oven at 110 °C for 24 h to remove residual moisture, 
preserving their composition for further analysis. 

Subsequently, the dried precipitates were analyzed using atomic absorption spectroscopy (Varian 
240AA) to determine their zinc content. The efficiency of zinc removal was quantified by comparing 
the zinc concentration in the initial solution with that of the final precipitates. The percentage of zinc 
precipitation was calculated using a defined equation, providing a measure of the process's 
effectiveness in precipitating zinc from the solution. 

74



 IMPRS 2025 19-21 May, Alborz, Iran  

3 

 

. .

Pr .
100

prec prec ore ore

Zn ec
ore ore

Zn m Zn m
R

Zn m

  
 


  

(1) 

In this equation, Znprec. represents the zinc grade in the final precipitates (in %), m prec. denotes the 
weight of the final precipitates (in g), Znore refers to the zinc grade in the initial material (in %), and 
more indicates the weight of the initial material (in g). 

3. Results and Discussion 

3.1. Proposed precipitation reactions 

To determine the mechanism of zinc precipitation during the process of adding magnesium-
containing ore, the possible reactions can be considered as follows. The formation of zinc 
hydroxysulfate (Zn5(OH)6(SO4)2) via reaction (2), where carbonate hydrolysis releases OH- ions to 
precipitate zinc while evolving CO₂ gas and leaving soluble MgSO₄ in solution. The direct 
precipitation of zinc hydroxide (Zn(OH)2) under higher pH conditions, as shown in reaction (3). The 
dominant product (hydroxysulfate vs. hydroxide) depends on pH, with hydroxysulfate favored at 
moderate pH (4–6) and hydroxide at higher pH (>7). With all experiments reaching an identical final 
pH of 6.5, the data confirmed zinc hydroxysulfate as the prevailing reaction phase. In addition, 
temperature plays a critical role, with accelerating kinetics and promoting hydroxysulfate formation 
based on the measured pH in the final solution. 

4( ) 3( ) 2 ( ) 5 6 4 2( ) 4( ) 2( )5 3 3 ( ) ( ) 3 3aq s aq s aq gZnSO MgCO H O Zn OH SO MgSO CO       (2) 

4( ) 3( ) 2 ( ) 2( ) 4( ) 2( )( )aq s aq s aq gZnSO MgCO H O Zn OH MgSO CO      (3) 

If calcium is present in the ore, the zinc precipitation reaction can also proceed as follows. In industrial 
zinc recovery processes, the precipitation reaction using calcium carbonate (CaCO3) proceeds 
primarily through the formation of zinc hydroxysulfate under moderately acidic to neutral conditions 
(pH ~4-6.5), as described by the reaction (4). This pathway is industrially preferred due to the stability 
and filterability of the hydroxysulfate precipitate, though it generates CaSO4 (gypsum) as a byproduct, 
which requires management to prevent equipment scaling. The process is typically conducted at 
elevated temperatures (70-80 °C) to enhance reaction kinetics, with the CO2 off-gas necessitating 
proper handling. The consistent final pH of 6.5 in these experiments confirms the dominance of 
hydroxysulfate formation, as this pH range optimally suppresses competing zinc hydroxide 
(Zn(OH)2) precipitation while maximizing zinc recovery efficiency, in agreement with established 
hydrometallurgical practices (Dutrizac, 2002). The carbonate-to-zinc stoichiometry (3:5 ratio) is 
carefully controlled to ensure complete zinc precipitation while minimizing excess reagent 
consumption. 

4( ) 3( ) 2 ( ) 5 6 4 2( ) 4( ) 2( )5 3 3 ( ) ( ) 3 3aq s aq s s gZnSO CaCO H O Zn OH SO CaSO CO       (4) 

4( ) 3( ) 2 ( ) 2( ) 4( ) 2( )( )aq s aq s s gZnSO CaCO H O Zn OH CaSO CO      (5) 

Fig. 1 illustrates the relationship between zinc precipitation recovery (%) and the amount of 
magnesium-rich ore (g) used in the process at 75 °C for 150 min, highlighting the impact of ore dosage 
on zinc removal efficiency. As the ore dosage increases from 50 to 150 g/L, a significant improvement 
in zinc precipitation recovery is observed, emphasizing the role of ore quantity in facilitating the 
reaction. At 50 g/L of ore dosage, the recovery rate is relatively low at 28.6 %, indicating that the 
available reactive components are insufficient for effective zinc precipitation. As the ore addition is 
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increased to 100 g/L, the recovery rate improves notably to 55.8 %, demonstrating a more favorable 
condition for precipitation, likely due to better interaction between zinc ions and the active sites of the 
ore. The highest recovery of 62.6 % is recorded at 150 g/L of ore dosage, suggesting that this dosage 
provides an optimal balance of reactants, maximizing zinc removal while ensuring efficient resource 
utilization. However, beyond this point, further increasing the ore dosage may not result in a 
significant improvement in recovery efficiency and could lead to excessive material consumption, 
making the process less economical. 

 

Fig. 1. Effect of magnesium-rich ore addition on zinc precipitation recovery at conditions of 75 °C for 
150 min. 

Table 1 presents the magnesium content measured before and after the zinc precipitation reaction 
conducted at 75°C for 150 min using various amounts of magnesium-bearing ores. The experimental 
results demonstrate that the amount of added ore has a direct impact on magnesium behavior in the 
precipitation process. In the 150 g/L treatment, the slight increase in magnesium after precipitation 
(from 10.5 to 12 g) indicates that the excessive ore quantity prevented effective magnesium 
participation in zinc precipitation reactions. Conversely, when the ore amount was reduced to 100 and 
50 g/L, significant decreases in magnesium were observed (from 7 to 5.7 g and from 3.5 to 2.4 g, 
respectively), demonstrating more active magnesium involvement in precipitation reactions at lower 
ore quantities. This pattern suggests that for optimal magnesium removal from waste, controlled and 
reduced amounts of ore should be used to create favorable conditions for magnesium reactivity, while 
ensuring sufficient time for reaction completion. These findings can be applied to the design of 
industrial processes for managing magnesium-containing waste. 

Table 1. Magnesium content before and after the zinc precipitation process using various magnesium-
bearing ores 

Ore dosage (g/L) Before (g) After (g) 

150  10.5 12.0 

100 7 5.7 

0

20

40

60

80

150
100

50

[VALUE] 

[VALUE] 

 [VALUE] 

Z
n

 P
re

c.
 r

ec
o
v
er

y
 (

%
) 

Ore dosage (g/L) 

76



 IMPRS 2025 19-21 May, Alborz, Iran  

5 

 

50 3.5 2.4 

Fig. 2 illustrates the effect of temperature on zinc precipitation recovery (%) within the range of 65 to 
85 °C, under the conditions of 150 min reaction time and 100 g/L of magnesium-rich ore. As the 
temperature increases, zinc precipitation recovery improves significantly, highlighting the positive 
influence of temperature on the reaction kinetics and precipitation efficiency. At 65 °C, the recovery is 
relatively low at 18.2%, suggesting insufficient thermal energy to drive the reaction effectively. 
Increasing the temperature to 70 °C slightly enhances recovery to 23.7%, but a more substantial 
improvement is observed at 75 °C, where recovery reaches 55.8 %. The highest recovery rates are 
achieved at 80 °C (73.4 %) and 85 °C (75.6 %), with only a minor difference of 2.2 % between them. 
This suggests that 80 °C is the optimum temperature, as further increasing it to 85 °C does not provide 
a significant improvement in zinc removal while leading to higher energy consumption. Thus, 80°C 
offers the best balance between efficiency and energy use for maximizing zinc precipitation recovery.  

 

Fig. 2. Effect of temperature on zinc precipitation recovery at conditions of 100 g/L magnesium-rich 
ore for 150 min. 

Table 2 shows the magnesium content measured before and after the zinc precipitation reaction 
conducted with 100 g/L magnesium-bearing ore for 150 min at various temperatures. The results of 
investigating the temperature effect on the zinc precipitation process demonstrate that temperature 
variations significantly influence magnesium behavior in the system. At lower temperatures (65 and 
70 °C), the slight increase in magnesium to 7.4 and 7.5 g, respectively, indicates that magnesium does 
not effectively participate in precipitation reactions. When the temperature reaches 75 °C, a noticeable 
decrease in magnesium to 5.7 g reveals the beginning of magnesium's effective participation in 
precipitation mechanisms. At 80 and 85 °C, the stabilization of magnesium content at 5.1 g 
demonstrates maximum effective participation of magnesium in the reactions, where magnesium 
either fully incorporates into the precipitate structure or forms stable compounds. These observations 
emphasize that maintaining 80 °C is essential for achieving optimal and effective magnesium 
participation in the precipitation process, as this temperature simultaneously maximizes removal 
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efficiency and prevents incomplete magnesium involvement. The current findings are fully consistent 
with known mechanisms in mineral compound precipitation studies. 

 

Table 2. Magnesium content before and after the zinc precipitation process using various temperatures 

Temperature (°C) Before (g) After (g) 

65 7 7.4 

70 7 7.5 

75 7 5.7 

80 7 5.1 

85 7 5.1 

 

Fig. 3 shows zinc precipitation recovery (%) over time (30 to 180 min) at a constant temperature of 80 
°C with an ore mass of 100 g/L. Initially, the recovery increases rapidly, reaching approximately 27.9 
% at 30 min, indicating a fast precipitation rate due to favorable kinetic conditions at the elevated 
temperature. As time progresses, the recovery continues to rise but at a slower pace, reaching 45.4 % 
at 60 min, 53.7 % at 90 min, and 68.9 % at 120 min, suggesting a gradual approach towards 
equilibrium. By 150 and 180 min, the recovery plateaus at around 73.4 % and 74.6 %, respectively, 
indicating that most of the recoverable zinc has been precipitated, and further time yields diminishing 
returns. The 150 min mark emerges as the optimum precipitation time for zinc recovery, 
achieving 73.4% efficiency—a near-maximum yield with minimal further gains beyond this point. 
At 80°C, the reaction kinetics are initially rapid, but by 150 min, the system approaches practical 
equilibrium, where additional time (e.g., 180 min, 74.6%) only marginally improves recovery 
(just 1.2% higher) at the cost of extended processing. This plateau suggests that most accessible zinc 
has already been precipitated, and further retention is economically unjustified due to diminishing 
returns. Thus, 150 min strikes the best balance between recovery efficiency and operational 
practicality, optimizing both energy use and throughput in industrial applications. 
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Fig. 3. Effect of time on zinc precipitation recovery at a condition of 100 g/L magnesium-rich ore at 80 
°C. 

Zinc precipitation from sulfate solutions employs various agents under optimized conditions, with 
patented methods enhancing selectivity and efficiency. Lime (Ca(OH)2) or hydrated lime is another 
widely used agent, particularly for precipitating zinc as zinc oxide (ZnO) and simultaneously forming 
gypsum (CaSO4) as a byproduct. This process operates optimally at pH 6.5–7.5 and temperatures 
between 70–95°C. The resulting ZnO particles are typically fine (<30 µm), while gypsum crystals are 
larger, enabling efficient separation by filtration or sedimentation (Habashi, 1997). Lime is cost-
effective and suitable for large-scale operations, though careful pH control is necessary to prevent 
excessive zinc coprecipitation (Voigtm, 2012). This method minimizes magnesium coprecipitation and 
allows gypsum recycling. Basic zinc sulfate formation is achieved at lower pH (5.5–6.5) and 
temperatures ≤95 °C using calcium-based agents, producing distinct gypsum and zinc sulfate particles 
separable via granulometric sizing (Choi, 2014). Limestone (CaCO3) can also be used to precipitate 
zinc, forming zinc carbonate (ZnCO3) at pH 4.5–6.5 and elevated temperatures (~90°C). However, 
limestone reacts more slowly than lime, so excess reagent is often required, and unreacted material is 
typically recycled. This method is less common industrially due to kinetic limitations, but may be 
chosen where carbonate byproducts are desired or where lime is not readily available (Gupta & T. K. 
Mukherjee, 1990). In summary, the selection of a precipitation agent for zinc sulfate solutions depends 
on the specific impurities present, desired selectivity, operational costs, and downstream processing 
requirements. Each method offers distinct advantages and trade-offs, and process optimization is 
essential to maximize zinc recovery and solution purity. If a low-cost agent can be effectively utilized 
for zinc precipitation while improving economic efficiency, its continued use and potential 
replacement of conventional methods could become viable. 

 

4. Conclusions 

In conclusion, this study systematically investigated the mechanisms and optimization of zinc 
precipitation from sulfate solutions using magnesium-containing ores, demonstrating that the 
dominant reaction pathway leads to the formation of zinc hydroxysulfate (Zn5(OH)6(SO4)2) under 
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moderate pH conditions, as evidenced by the consistent final pH of 6.5 across all experiments. The 
research identified 80 °C as the optimal temperature for maximizing zinc recovery and ensuring 
effective magnesium participation, while an ore dosage of 100 g/L provided peak zinc recovery with 
minimal marginal gains beyond this point. Time-dependent analysis revealed that 150 min represents 
the practical equilibrium for zinc precipitation at 80 °C, achieving 73.4 % recovery before diminishing 
returns set in. Notably, under these optimized conditions (80 °C, 100 g/L ore dosage, 150 min), 
magnesium content decreased significantly from 7.0 to 5.1 g (a 27.1 % reduction), highlighting the 
synergistic effect of temperature and ore dosage in enhancing magnesium removal efficiency and 
minimizing residual content. These findings collectively establish that controlled parameters—pH 6.5, 
80 °C reaction temperature, 150 min, and 100 g/L ore dosage—work in concert to optimize zinc 
recovery while reducing reagent consumption and energy costs, providing valuable insights for 
industrial-scale hydrometallurgical applications. 
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Abstract: 

The hydrometallurgical extraction of zinc often involves a crucial cold purification stage to remove 
impurities such as cadmium, cobalt, and nickel from the zinc sulfate electrolyte. The efficiency of this 
purification hinges on the availability of high-quality zinc dust as a cementation agent. A cost-effective 
approach to procuring this vital reactant involves processing cold filter cake (CFC), a byproduct of the 
leaching and purification processes. This study focuses on the production of zinc powder from CFC 
and its application in the cold purification stage of impure zinc sulfate solutions. The research begins 
with the alkaline leaching of CFC using a 7 molar NaOH solution at a temperature of 75 °C for 2 
hours. During the leaching process,  84 % of zinc was dissolved while keeping cadmium and nickel 
mostly in the residue. The filtrate from the leaching process was then used as an electrolyte in an 
electrowinning process to produce spongy zinc powder with around 82 % current efficiency. 
Subsequently, the cold purification of the industrial zinc sulfate solution is performed using spongy 
zinc powder. The solution is heated to 50 °C and agitated at 300 rpm. A pre-determined quantity of 
spongy zinc powder is introduced to facilitate the cementation of impurities, specifically cadmium 
and nickel, which are present at concentrations of 60 ppm and 250 ppm, respectively. The purification 
process is optimized by adjusting the zinc powder dosage to 5 grams, resulting in cadmium and nickel 
concentrations reduced to 1.4 and 1.5 ppm, respectively, thus meeting the stringent requirements for 
electrowinning.

 

Keywords: Cold filter cake, Zinc alkaline leaching, Basic electrowinning, Spongy zinc powder, Cold 
purification. 

1. Introduction 

Zinc production and recovery from secondary sources is increasingly vital due to the finite nature of 
primary zinc resources and the growing demand for sustainable practices. Secondary zinc, primarily 
sourced from scrap materials like galvanized steel and metallurgical waste, can be effectively 
recovered through various innovative methods. Zinc is predominantly extracted from sulfide ores 
through the hydrometallurgical process, accounting for approximately 80% of global production. This 
method, favored for its efficiency and reduced environmental impact compared to pyrometallurgy, 
involves a multi-stage process beginning with ore concentration via froth flotation to yield a zinc 
concentrate. The concentrate then undergoes roasting at high temperatures, converting zinc sulfide to 
zinc oxide and releasing sulfur dioxide. Critically, the captured sulfur dioxide is converted into 
sulfuric acid, a key reagent in subsequent leaching stages. Leaching, conducted in dilute sulfuric acid, 
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dissolves the zinc oxide, generating a zinc sulfate solution. This process is typically conducted in two 
stages: a neutral leach targeting zinc oxide and a hot acid leach to break down zinc ferrites. The 
resulting zinc sulfate solution invariably contains impurities, necessitating rigorous purification. Iron 
is removed through oxidation and precipitation as jarosite, goethite, or hematite. Subsequently, zinc 
dust cementation is employed to displace copper, cadmium, cobalt, and nickel in two cold and hot 
purification stages. The purified zinc sulfate solution is then subjected to electrowinning, where zinc 
ions are reduced at the cathode, yielding high-purity zinc (Abbott et al., 2009; Freeman et al., 1977; 
Gharabaghi et al., 2012; Raghavan et al., 2000). 

However, the hydrometallurgical process is not without its environmental challenges. Significant 
waste streams are generated, including roasting residue, iron precipitation residues (most notably 
jarosite), purification residues such as hot and cold filter cakes, and electrolyte bleed. Jarosite, 
containing hazardous traces of heavy metals, requires careful management through secure landfills or 
stabilization/solidification techniques. Purification residues, rich in zinc and other valuable metals, 
are often reprocessed for metal recovery (Behnajady et al., 2012; Behnajady & Moghaddam, 2014, 2015, 
2017b; Gharabaghi et al., 2012; Karimi et al., 2017, 2021; Raghavan et al., 2000).  

Zinc recovery from cold filter cake (CFC) is a significant area of research, particularly due to the 
environmental implications of managing hazardous waste. The CFC, a byproduct of the zinc plant, 
contains valuable metals such as cadmium, nickel, and zinc, which can be recovered through various 
leaching and extraction processes. The leaching process typically involves using aqueous solutions, 
such as sulfuric acid, to dissolve metals from the filter cake. This method is effective for extracting zinc 
and other metals like cadmium and nickel. Filter cakes from zinc processing contain toxic heavy 
metals, which pose environmental risks if not properly managed. Leaching processes must be 
designed to minimize environmental impact and ensure safe disposal or reuse of the treated residues. 
Research focuses on optimizing leaching conditions to selectively extract zinc while minimizing the 
extraction of other metals. This selective approach helps in improving the purity of the zinc product 
and reducing waste. Studies have explored the use of additives to stabilize filter cakes and reduce the 
leachability of heavy metals. However, the focus on zinc leaching specifically may require different 
strategies to enhance zinc extraction efficiency and selectivity (Asadollahfardi et al., 2022; Behnajady 
et al., 2024; Jafari-Basirabad et al., 2024; Moradkhani et al., 2012; Nusen et al., 2015). 

Behnajady and Moghadam (2017a) focused on selective zinc leaching from hazardous As-bearing zinc 
plant purification filter cakes using pH-dependent tests and optimal conditions, achieving nearly 95% 
Zn extraction while minimizing impurities, specifically under conditions of 333 K, 120 min, pH 5, and 
150 g/L. Balesini et al. (2011) leached zinc from the cold purification filter cake using sulfuric acid to 
extract zinc, and then utilized D2EHPA for solvent extraction. This study achieved 98.8 % zinc 
recovery under optimized conditions of 40 vol. % extractant, pH 2.5-3, and a 4:1 phase ratio. 
Sombhatla et al. (2019) used ammoniacal carbonate leaching. This method has been validated for cold 
purification cake, which contains 10-20% zinc. The leaching process is influenced by parameters such 
as temperature, agitation, and solvent concentration, with successful implementation in commercial 
settings. Ashtari and Pourghahramani (2015) applied sodium hydroxide to alkali leach zinc from a hot 
purification filter cake. Research indicates that NaOH concentrations of 3 to 9 M can significantly 
impact zinc extraction from hot filter cake, achieving up to 83.4% recovery under optimal conditions. 

In this study, zinc powder recovery from zinc plant cold purification stage filter cake (often called 
Cold Filter Cake, CFC) was achieved through selective alkaline leaching followed by electrowinning. 
The produced zinc powder was used in the cold purification of zinc sulphate solution to cementite 
cadmium and nickel. Zinc powder dosage and purification time were adjusted to reduce cadmium 
and nickel concentration in the zinc sulphate solution to less than 2 mg.L-1. 
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2. Materials and methods 

2.1. Material 

Sodium hydroxide (NaOH) was purchased from Mojallali Co. The main experimental material was 
CFC, containing approximately 19.5 % zinc, 21.5 % cadmium, and 4.5 % nickel. The zinc sulfate 
solution's pH was 3.5 and had 70 g/L zinc. The zinc sulfate solution, cadmium and nickel impurities 
were 60 and 250 mg.L-1, respectively. Both the CFC and the zinc sulphate solution were provided by 
Zanjan Zinc Khales Sazan Industries Company (ZZKICo) in Zanjan, Iran.  

2.2. Experimental Procedure 

The flowchart is shown in Figure 1 with details of the experiment. The alkaline leaching of zinc was 
done in a 5 L Erlenmeyer flask with the following conditions: NaOH concentration 7 M, pulp density 
100 g/L, reaction temperature 75 °C, and reaction duration 2 h. The process begins by adding 400 g 
CFC to a 4 L 7 M NaOH solution and heating the pulp to 75 °C. The solution was continuously stirred 
at 500 rpm using a mechanical stirrer to ensure uniform mixing and enhance the leaching process. 
Finally, the leaching slurry was filtered immediately, and the filtrate was analyzed by atomic abortion 
spectroscopy, Varian 240AA. 

 

Fig. 1. Flowchart of experiments. 
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3.5 L of alkaline leaching filtrate was used as an electrolyte in electrowinning to produce zinc powder. 
The electrolysis of the alkaline solution, conducted using two stainless steel sheets of dimensions 12×9 
cm2 units serving as electrodes, resulted in an average applied voltage of 3.3 V and an average current 
of 5 A at ambient temperature (electrolyte not heated) for 10 h. 

The cold purification of industrial zinc sulfate solutions is a critical step in the refinement of zinc. 
Experiments were conducted utilizing spongy zinc powder in a 2-liter beaker to achieve this 
purification. The procedure involved introducing 1 liter of impure zinc sulfate solution into the 
beaker, which was then placed on a heater and agitated at 300 rpm. The solution temperature was 
elevated to 50 °C, and the pH, measured at approximately 3.5, was deemed appropriate for initiating 
the purification process. Following this, a pre-determined quantity of spongy zinc powder was added, 
facilitating the cementation of impurities by the metallic zinc under continuous stirring. Once the 
designated purification time had elapsed, the solution was filtered. The concentration of nickel and 
cadmium after cold purification was measured in the resulting purified solution via atomic absorption 
spectroscopy. 

3. Results and Discussion 

3.1. Alkaline leaching of CFC 

Alkaline leaching offers a selective approach to extracting zinc from complex mixtures such as CFC. 
Under alkaline conditions, a significant portion (84%) of zinc is dissolved according to reaction (1) as 
sodium zincate (Na2(Zn(OH)4), while cadmium and nickel remain largely in the solid residue. This 
selectivity stems from the formation of an anionic zinc complex (ZnO2

2−) in the caustic solution. This 
complex formation effectively solubilizes zinc, allowing for its separation from cadmium and nickel. 
These latter metals, unlike zinc, exhibit limited solubility in alkaline media, preventing their co-
dissolution and thereby simplifying the subsequent process. Consequently, alkaline leaching 
represents a promising technique for isolating zinc while minimizing contamination from undesirable 
metallic impurities. 

𝑍𝑛𝑂 + 2𝑁𝑎𝑂𝐻 + 𝐻2𝑂 = 𝑁𝑎2𝑍𝑛(𝑂𝐻)4        (1) 

3.2. Electrowinning to produce zinc powder 

The electrowinning of zinc from an alkaline zincate solution, derived from leaching processes, offers a 
compelling alternative to traditional zinc production methods. This approach leverages direct powder 
production, bypassing the energy-intensive steps of melting and atomization. In this study, the 
obtained zincate solution containing 16.5 g/L zinc was utilized as an electrolyte at a current density of 
463 A/m². After a 10-hour electrowinning process, the zinc concentration decreased to below 3 g/L. 

While Faraday's Laws predicted a zinc deposition of 61 g on the stainless steel cathode, only 50 g of 
zinc powder was recovered, resulting in a current efficiency of approximately 82%. This reduced 
efficiency is attributed to the depletion of zincate concentration during the process. The resulting 
deposit exhibited a spongy, powdery morphology, readily amenable to purification through washing. 
The product boasts a high purity (>99%) as evidenced by impurity analysis in Table 1. Despite the 
less-than-ideal current efficiency, the direct powder production method holds promise for a more 
sustainable and efficient zinc extraction pathway. 

Table 1. Zinc powder's impurities chemical analysis 

Elements Cd Ni Co Mn Fe Cu 

Content (mg.kg-1)  725 53 7 49 112 12 
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3.3. Cold purification using spongy zinc powder 

The efficiency of spongy zinc powder obtained from electrowinning in the cold purification stage of 
metal extraction processes is significantly affected by its inherent composition and the cementation 
conditions employed. The initial analysis of the spongy zinc powder, as referenced in Table 1, reveals 
cadmium as the main impurity. This necessitates careful consideration of process parameters to 
optimize the removal of cadmium and other impurities like nickel. Due to the carbonation or 
oxidation of zinc metal when exposed to air, these powders are first washed in a dilute sulfuric acid 
solution for one minute and then immediately placed in water to be used in the cold purification 
stage. 

Cementation experiments, summarized in Table 2, demonstrate the reduction of nickel and cadmium 
impurities through metallic zinc precipitation. Initial trials using 4 g of spongy zinc powder over an 
hour reaction period demonstrably reduced the concentrations of nickel and cadmium to 5.7 and 1.6 
mg.L-1, respectively. While this initial success validated the basic principle of cementation, the 
resulting nickel concentration of 5.7 mg.L-1 remained unacceptably high for direct electrowinning. 
This finding indicated a need for further optimization of the experimental parameters to achieve the 
required levels of purity. 

Extending the purification time to two hours, in an attempt to further reduce the nickel concentration, 
yielded unexpected and problematic results. While the nickel concentration did decrease, a 
paradoxical increase in the cadmium concentration was observed, suggesting the re-dissolution of 
previously cemented cadmium. This phenomenon underscores the importance of understanding the 
dynamic equilibrium governing the cementation process. Factors such as the limited availability of 
zinc surface area for continued deposition and alterations in the solution chemistry over time can 
contribute to the re-dissolution of previously precipitated metals. 

The ultimate successful optimization of the cold purification process was achieved by increasing the 
dosage of spongy zinc powder to 5 g. This single modification led to a significant reduction in both 
cadmium and nickel concentrations, reaching levels of 1.4 and 1.5 mg.L-1 respectively. These 
concentrations are deemed acceptable for direct use in the electrowinning process. The success of this 
adjustment highlights the crucial role of sufficient zinc powder availability in driving the cementation 
reaction to completion. A greater quantity of zinc provides more surface area for the effective 
scavenging of both cadmium and nickel impurities, minimizing the potential for re-dissolution and 
ensuring efficient purification. 

 

Table 2. Conditions and results of cold purification using spongy zinc powder obtained from alkaline 
electrowinning 

Experiment 
Conditions Impurity concentration 

Zinc powder amount (g) Time (h) Ni Cd 

1 4 1 5.7 1.6 

2 4 2 4 2.5 

3 5 1 1.5 1.4 

 

4. Conclusions 

Alkaline leaching is an effective method for selectively extracting zinc from complex mixtures like 
CFC (cadmium, nickel, and zinc) containing materials. The process dissolves a large portion (84%) of 
zinc as sodium zincate under alkaline conditions, while cadmium and nickel largely remain in the 
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solid residue. This treatment simplifies the separation process, minimizing contamination from 
undesired metallic impurities. This method offers a promising technique for isolating zinc efficiently 
while reducing the presence of other unwanted metals. The study focuses on electrowinning zinc from 
a zincate solution as an environmentally friendly alternative to conventional zinc production methods. 
Current efficiency was around 82%, lower due to zincate concentration depletion. But the produced 
zinc deposit has a spongy, powdery structure that allows easy purification, and zinc powder has high 
purity (>99%). Despite the efficiency challenges, the direct powder production method shows promise 
for sustainable and efficient zinc extraction. The efficiency of spongy zinc powder in cold purification 
during metal extraction depends on its composition and the cementation conditions used. The 
powder, containing cadmium as the main impurity, requires careful optimization to remove cadmium 
and other impurities like nickel efficiently. 

Utilizing zinc powder derived from cold filter cake offers several advantages. Firstly, it minimizes 
waste disposal and contributes to a more sustainable process. Secondly, it reduces the reliance on 
purchased zinc dust, leading to significant cost savings. Finally, by controlling the production process, 
the purity and reactivity of the zinc dust can be tailored to optimize the cold purification stage, 
ensuring efficient removal of detrimental impurities and ultimately contributing to the production of 
high-grade zinc metal. Therefore, the recovery of zinc from CFC for use in cold purification represents 
a valuable and economically viable practice in modern zinc hydrometallurgy. 
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Abstract: 

The Band-e-Cherk district is located in the Kuh-e-Dom metamorphic zone, in the central part of 
central Iran and the Yazd block. The Band-e-Cherk district includes metamorphic units of the Kuh-e-
Dom complex consisting of schists (muscovite schists, epidote-hornblende-calcite schists, muscovite-
chlorite schists, biotite-graphite-calcite schists), marbles and crystalline limestones of Paleozoic age 
with an east-west trend. This study evaluated the distribution of metamorphic units of the Kuh-e-Dom 
Complex in the study area, the potential for gold mineralization in the area, and the feasibility of gold 
processing from graphitic schist units and adjacent rock units in the Band-e-Cherk district. Based on 
the results of the SEM analysis of the samples, gold anomalies (92.71 to 100.00 wt.%) were identified in 
the form of native gold and electrum (gold + silver) disseminated throughout the rock and along 
fractures. Based on the results of the fire assay, the amount of gold in the gold-bearing veins is 
significant with grades of 11.05, 19.78 and 27.66 ppm gold, while the amount of gold in the schist units 
is 154 and 120 ppm gold, which is considered unacceptable. According to the results of the processing 
tests, the gold is of a refractory gold ore type and requires a pre-processing step to dissolve the gold. 
This may be due to the presence of sulfur and arsenic as confirmed by the analytical results. 

 

Keywords: Gold mineralization, graphitic schist, fire assay, gold processing tests, Band-e-Cherk, Kuh-e-Dom 
metamorphic zone. 

 

1. Introduction 

Most metamorphic sedimentary terranes, especially greenschist facies belts, host orogenic gold 
deposits that formed during and after the peak of regional metamorphism (e.g., Goldfarb et al., 2005a; 
Large et al., 2011; Majumdar et al., 2020). Orogenic gold deposits associated with carbonaceous and 
organic graphitic materials are commonly reported from the Paleozoic, Mesozoic and Tertiary periods 
(Williams, 2007). In some gold deposits, carbonaceous host rocks are closely associated with gold 
mineralization and are considered indicator rock units (Craw, 2002). Gold and graphite are spatially 
closely associated in many orogenic gold deposits, and a genetic relationship between them is 
commonly inferred (Mishra and Pal, 2008). This relationship is particularly strong in orogenic gold 
deposits formed in metamorphic turbidite terranes where the host rocks are typically graphitic 
(MacKenzie et al. 2010). Graphite in these host rocks is generally metamorphosed from organic matter 
deposited by sediments derived from and associated with the host rocks (Zoheir et al. 2008), and there 
is extensive evidence for these processes in many gold-bearing metamorphic sedimentary terranes 
(Kribeck et al. 2008).  
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The role of carbonaceous materials in gold mineralization remains controversial, including the 
accumulation of invisible gold and other metals during the depositional-diagenetic process (Large et 
al., 2011), the production of carbon dioxide and methane when carbonaceous materials react with 
hydrothermal fluids (Zoheir et al, 2008), the facilitation of shear zone formation in orogenic belts (Cao 
and Neubauer, 2019), or the reduction of gold disulfide complexes as ore-bearing fluids flow through 
carbonaceous rocks (Hu et al., 2017). However, when graphite is introduced as a hydrothermal 
mineral associated with gold, the structures controlling the hydrothermal fluids are the primary 
exploration target, regardless of the host rock. These results highlight the role of carbonaceous 
materials present in gold mineralization, but lack explicit constraints on the deposition of solid carbon 
(e.g., graphite) in the orogenic gold system. This is partly due to the difficulty in distinguishing 
graphite of different origins and the lack of a clear link between graphite deposition and gold 
deposition. 

Gold recovery from graphitic schist host rocks is challenging due to the complex composition of these 
rocks. Gold in graphite schist can occur as 1) native gold between schist or graphite layers, 2) gold 
associated with sulfides (e.g., pyrite, arsenopyrite), or 3) invisible gold trapped within the crystal 
structure of the minerals (Adams, 2016). Challenges in processing gold from graphite slate include 1) 
the nature of the carbon (graphite): The carbon in graphite can interfere with flotation and cyanidation 
processes because carbon tends to adsorb gold and cyanide. In addition, if carbon is present in the ore, 
any cyanidation test should be performed in the presence of active carbon (CIL); 2) the fineness of the 
gold: If the gold is in very fine particles or within the structure of minerals, conventional processing 
methods such as crushing and milling may not sufficiently release it; 3) the presence of interfering 
impurities: Elements such as arsenic, antimony and sulfides can complicate chemical processes. 
Possible methods for processing gold from graphite slate include: 1) Preprocessing: a) Crushing and 
grinding: to native gold particles from the rock matrix, b) Gravity separation (vibrating table): if the 
gold is coarse grained, c) Flotation: to separate gold-bearing sulfides from the graphite (but graphite 
carbon may cause problems). 2) Chemical processing: cyanidation (a common method for gold 
extraction, but can have low efficiency in the presence of graphite, as carbon absorbs gold and 
cyanide), chlorination, bioleaching (using bacteria), advanced technologies, pressure oxidation 
processing, thermal processes (Adams, 2016). It is possible to extract gold from graphite schist, but 
this requires detailed laboratory testing (such as XRD, SEM, Fire Assay analysis). The optimal method 
depends on the gold grade, particle size and chemical composition of the ore. The cost of processing 
can be high, so it should be economically investigated. If you have a sample of the ore, it is 
recommended to perform preliminary processing (metallurgical) tests in specialized laboratories. In 
Iran, most of the high-grade orogenic gold deposits (average 8 to 18 ppm) with graphitic schist units 
are formed in the Sanandaj-Sirjan metamorphic zone (Ghorbani, 2007). This zone, along with the 
association of gold-bearing zones with graphitic schist, poses a challenge to the gold extraction and 
recovery process. This makes it necessary to perform processing operations on them as an important 
process in the industry. In terms of national divisions, the Band-e-Cherk district is located in Isfahan 
province and from the perspective of sediment-structural zones (Aghanabati, 2013), in the Anarak 
metallogenic zone in the central part of Iran and in the Yazd block. This area, approximately 30 square 
kilometers in size, is located in central Iran and northeastern Isfahan Province and is confined to the 
operational quadrangle of 52'36°45.22" to 52'40°41.45" east longitude and 33'57°23.26" to 33'59°29.95" 
north latitude. Considering the distribution of regional metamorphic units of the Kuh-e-Dom complex 
in the study area and the possibility of graphite and gold mineralization in them, the need to sample 
these units and evaluate the possibility of gold processing and enrichment in the Band-e-Cherk district 
was investigated in this study. During this research, gold was extracted from graphitic schist units 
and other host rock units using various processing methods while conducting mineralogical studies of 
gold-bearing zones. 
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2. A brief overview of the geology of the study area 

The Anarak Metallogenic Zone, with its metallogenic, magmatic, metamorphic and distribution of 
Upper Proterozoic rocks, is considered one of the most interesting geological regions of Iran. This 
region is one of the richest mineral regions of Iran in terms of mineralization diversity and has a 
specific metallogenic boundary. This region is one of the oldest mining regions and modern mining in 
Iran has also largely started from this region (Ghorbani, 2007). In the Anarak area, from north of Naein 
to around Saghand-Posht-e-Badam, a dark-colored schist complex is exposed, accompanied by 
graphitic phyllites, quartzite, crystallized limestone, chlorite-epidote schist, micaschist, and epigneiss. 
Davoudzadeh et al. (1969) believe that this complex is Precambrian in age and have called it (Anarak 
metamorphisms). According to the work of geologists from Technoexport Company, in the Anarak 
area this complex includes 5 complexes: Chahgorbeh, Morghab, Patyar, Mohammadabad and 
Doshakh. But in the Khour region, the five complexes of Chahgorbeh, Patyar, Kaboudan, Doshakh, 
and Posh-e-Badam are the creators of the Anarak's metamorphoses. 
The Kuh-e-Dom mining district consists of Lower Eocene tuff, ignimbrite, rhyolite tuff, tuffite, dacite, 
rhyolite, basaltic andesite, diorite, granodiorite, marl and limestone units (Fig. 1). The Kuh-e-Dom 
metamorphic complex is also of Lower Paleozoic age and includes various types of schists and 
crystalline limestones. Most of the rocks in this metamorphic complex are greenschists and phyllites 
associated with crystallized limestones and rarely metamorphosed sandstones. The primary 
composition or parent rocks of the Paleozoic metamorphic rocks in the Kuh-e-Dom district are 
destructive sedimentary rocks, argillite, crystalline silica limestone, and volcanic rocks that have been 
altered to greenschist facies under the influence of regional metamorphism in the area. In this 
complex, metaplite, metabasalt, marble, chlorite schists and metamorphosed sandstones are visible. 
Based on field evidence, evidence of folding and foliation is visible in the schists of the area, and late 
quartz veins are abundant in these rock units. As for the lithology of the Band-e-Cherk district, it 
includes metamorphic units of the Kuh-e-Dom complex consisting of schists (muscovite schist, 
epidote-hornblende-calc schist, muscovite-chlorite schist, biotite-graphite-calc schist), marbles and 
crystalline limestones of Paleozoic age, the main part of which is seen in the Band-e-Cherk district 
with an east-west trend (Fig. 2). After this unit, the Lower Cretaceous limestones are the oldest units, 
which are mainly found in the northern and central parts of the Band-e-Cherk district and are overlain 
by the metamorphic rocks of the Kuh-e-Dom complex. Andesitic, andesitic-basaltic volcanic intrusive 
rocks and Eocene tuffs also cover the northern part of the Band-e-Cherk district in large quantities. 
Small, strongly altered intrusive bodies with diorite composition are also located on the metamorphic 
rocks of the Kuh-e-Dom complex with a fault boundary. Conglomerate deposits are the most common 
Paleocene rocks in the Band-e-Cherk district, resulting from the erosional cycles of the Laramide 
event. They are mainly conglomerate and sandstone deposits that overlie older rocks such as the 
schists of the Kuh-e-Dom metamorphic complex, both discontinuously and sometimes congruently. 
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Fig. 1. Simplified geological map of the Kuh-e-Dom district (modified from Technoexport, 1981). 
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Fig. 2. Simplified geological map of the Band-e-Cherk district. 

 

3. Material and methods 

To conduct this research, 300 mineral samples were collected from various units of the Band-e-Cherk 
Dam during a one-day field visit and survey. A total of 90 microscopic sections (thin-polished and 
polished) of metamorphic, igneous and sedimentary units were prepared at the Microscopic Section 
Preparation laboratory of Kharazmi University of Tehran. After preparation, the samples were 
examined at the Optical Mineralogy Laboratory of Kharazmi University of Tehran and Iranian 
Mineral Processing Research Center (IMPRC) using a ZEISS Axioplan 2 microscope. In addition, to 
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further investigate the sample and the possibility of the presence of precious elements and other rare 
and rare earth elements in the study area, 20 polished and thin-polished section samples were 
analyzed by SEM with EDAX transmission spectrum at the central laboratory of Kharazmi University 
of Tehran. SEM studies were performed using a FEI ZEISS 650 FEG-ESEM model in the 
aforementioned unit. SEM-EDS analyses and SEM-SE images were obtained using beam currents of 5 
to 15 nA and electron acceleration potentials of 5 to 20 kV for mineral identification and textural 
studies. After microscopic examination, 26 samples of graphite schists were chemically analyzed at 
Iranian Mineral Processing Research Center and Zarazma to measure the abundance of major 
elements by XRF method and for minor elements and rare earth elements by ICP-MS method. For this 
purpose, the samples were first crushed with a steel crusher to a size of approximately 5 mesh (4 mm) 
and then pulverized in an agate mill for 2 minutes to a size of approximately 200 mesh (74 microns). 
After preparation, 20 grams of the sample powder was sent to the aforementioned laboratories and 
analyzed for major, trace and rare earth element content using ICP-OES and ICP-MS methods. 

 

4. Results and Discussion 

4.1. Mineralogy and Petrography 

Microscopic studies of the siliciclastic unit indicate that it is an altered metamorphic rock with high 
silica and alkaline elements, in which quartz crystals have been formed by hydrothermal processes. 
These crystals lack wave extinction, indicating formation by hydrothermal processes. This rock 
belongs to the group of quartz-feldspar (meta psammite) protoliths, which are recrystallized primary 
cherts and sandstones. The matrix quartz crystals have wave extinction. The texture of the sample is 
somewhat similar to the corresponding micrographic texture of igneous rock, except that the matrix 
crystals are quartz and the phenoblast crystals are chlorite (Fig. 3B). Phenoblast crystals show no 
specific orientation, indicating that the rock has not been affected by regional metamorphism (Fig. 
3A). Abundant and intertwined veins of iron hydroxides cut through quartz crystals deposited in 
earlier stages (Fig. 3C and D). Hematite is observed along the fracture space and also scattered 
throughout the rock (Fig. 3E and F). Additional SEM studies are recommended to identify gold-
bearing phases in the sample. Microscopic sections of strongly silicified schists and SEM studies have 
identified gold mineralization as disseminated throughout the rock texture, mainly along fractures 
and weak surfaces, with the presence of Au anomalies in the form of native gold and electrum (gold + 
silver) (Fig. 4). Gold values (92.71 to 100.00 wt.% on a 2 to 50 micron) were obtained by SEM (Fig. 4). 
Silver values (6.45 to 8.09 wt.% on a 2 to 20 micron) were also determined.  

 
Fig. 3. Microscopic images of the silica alteration unit of the Band-e-Cherk district (transmitted light 
images were taken in XPL mode and reflected light images were taken in PPL mode). A) Orientation 
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and subgraining and jagged edges of schistosity surfaces in quartz and muscovite crystals, B) A 
quartz-feldspar igneous rock with an initial micrographic texture that has been recrystallized by 
contact metamorphic processes, C and D) Formation of quartz crystals due to silicic alteration in the 
sample, E) Hematite is disseminated and euhedral along fractures and in the matrix of the rock, F) 
Hematite is concentrated along fractures and in the matrix of the rock. 
 

 
Fig. 4. Gold and partially silver mineralization along fractures and also disseminated throughout the 

rock. 
 

4.2. Gold Vein Geochemistry 

Three samples from the gold-bearing veins and two samples from the surrounding schists were taken 
for gold analysis, the results of which are presented in Table 1. The results show that the amount of 
gold in the samples is very significant with values of 11.05, 19.78 and 27.66 ppm. The amount of gold 
in the schists was 154 and 120 ppm of gold, which is not significant.  
 
Table 1. Gold analysis results of gold-bearing samples analyzed by fire assay at the Iranian Mineral 
Processing Research Center.  

Sample No Au (ppb) 

BC-TR9-Au 19784 
BC-03-16 154 

BC-20 116 
BC-TR3-22 11054 
BC-TR3-20 27662 

 
 
 

 

95



 IMPRS 2025 19-21 May, Alborz, Iran  

8 

 

4.3. Gold processing tests 

Three types of rock samples were provided by the client to Everest Novin Mining and Processing 
Engineering Company for gold recovery testing. Initial analyses and gold assays were performed on 
the gold-bearing rock samples. Samples for analysis had to be crushed to a fine size. Sample crushing 
was performed in two stages: primary crushing using jaw crushers and a 1-inch control screen, and 
secondary crushing using roller and cone crushers and a 3.36 mm control screen. The output of the 
primary crusher, after homogenization, division and sampling for archiving, went to the secondary 
crusher. Roller and cone crushers were used in the secondary crushing process, the schematic diagram 
of which is shown below. 

 

4.4. Sample Identification 

Homogeneous and representative samples were prepared from the crushed samples of each type and 
these samples were analyzed. The results of various analyses on these samples are presented in Tables 
2 and 3. According to these tables, it can be said that no obvious accompanying element is observed 
for the samples, but the sulfur and arsenic levels in the samples are high, which can cause problems in 
the Cyanidation process.  
 

Table 2. Initial feeding results. 

Row Sample code Gold content (ppm) 

1 bc-tr3-20 10.10 
2 bc-tr3-21 6.92 
3 bc-tr3-22 17.45 
4 Average of samples 11.49 

 

Table 3. ICP and XRF results of the samples. 
1086-bc-tr3-

22 

1086-bc-tr3-

21 

1086-bc-tr3-

20 
Elements 

1086-bc-tr3-

22 

1086-bc-tr3-

21 

1086-bc-tr3-

20 
Elements 

<2 <2 <2 Be 60.95 35.94 39.99 SiO2 (%) 
<10 <10 <10 Bi 6.8 9.54 8.43 Al2O3 

28 31 26 Ce 7.03 8.59 6.97 Fe2O3 

22 34 26 Co 1.24 1.77 1.58 TiO2 

<2 <2 <2 Cd 2.51 1.63 1.41 Na2O 

104 157 122 Cr 0.6 1.02 1.01 K2O 

10 27 38 Cu 9.47 17.07 15.91 CaO 

21 22 20 La 0.75 1.93 2.03 MgO 

55 169 109 Li 0.14 0.22 0.16 MnO 

2.06 1.21 1.2 Mo 0.58 0.53 0.47 P2O5 

30 87 73 Ni 0.56 3.17 4.08 SO3 

10 12 11 Pb 0.05 0.06 0.06 SrO 

9 218 26 Sb 0.01 0.02 0.02 ZrO2 

7 12 10 Sc 0.2 0.03 0.02 V2O5 

420 505 449 Sr <0.01 0.17 0.21 BaO 

60 114 99 V 9.27 18.3 17.65 LOI 

11 18 13 Y <2 <2 <2 Ag (ppm) 
19 43 26 Zn 18479 3921 4326 As 
44 77 41 Zr 114 1767 1454 Ba 

 
5.4. Primary Gold Extraction Assays 

Six cyanidation tests were performed on homogenized and powdered samples less than 75 microns in 
size from a total of three other samples. The test conditions were 40% solids, pH 11.5, different sodium 
cyanide concentrations and different time periods. The test results are shown in Table 4. Tests 1 to 3 
were conducted at a cyanide concentration of 2 kg/ton solid and durations of 24, 48, and 72 hours, 
and tests 4 to 6 were conducted at a cyanide concentration of 5 kg/ton solid and durations of 24, 48, 
and 72 hours. The results indicate that the gold is a refractory gold ore type and requires a pre-
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processing step to dissolve the gold. The presence of sulfur and arsenic, which were also observed in 
the analyses, indicates this. It is suggested that diagnostic leaching, flotation and oxidation methods be 
investigated to obtain better and more accurate results given the high grade of the sample. The results 
show that, despite the high gold grade of the ore (11 g/t), even with a high sodium cyanide dosage (7 
kg/t), only 39% of the gold was extracted. 
 

Table 4. Cyanidation results. 

Row Feed 
weight (gr) 

Feed grade 
(ppm) 

Solution 
volume (ml) 

Solution 
concentration 

(ppm) 

Cyanide 
concentration 

(ppm) 

Gold 
recovery in 
solution (%) 

1 1000 11.49 1500 0.66 3.5 8.62 
2 1000 11.49 1500 1.08 4.0 14.10 
3 1000 11.49 1500 1.45 4.5 18.93 
4 1000 11.49 1500 2.11 5.0 27.55 
5 1000 11.49 1500 2.30 6.0 30.03 
6 1000 11.49 1500 3.00 7.0 39.16 

 
 
5. Conclusion 

In terms of national divisions, the Band-e-Cherk district is located in the province of Isfahan and in 
terms of sediment-structural zones, in the Anarak metallogenic zone located in the central part of Iran 
and in the Yazd block. The Band-e-Cherk district includes metamorphic units of the Kuh-e-Dom 
Complex consisting of schists (muscovite schists, epidote-hornblende-calcite schists, muscovite-
chlorite schists, biotite-graphite-calcite schists), marbles and crystalline limestones of Paleozoic age, 
the main part of which is seen in the Band-e-Cherk district with an east-west trend. Gold 
mineralization has been identified as native gold and electrum (gold + silver) mineralization has been 
identified as disseminated and mainly along fractures and weak surfaces of the silicic alteration unit. 
The gold content in the gold-bearing veins that make up the graphitic schist units has been highly 
upgraded, while the gold content in the schist units is not significant. The results of the processing 
tests showed that the gold is a refractory gold ore and requires a pre-processing step to dissolve the 
gold. The presence of sulfur and arsenic in the assay results also confirms this point.  
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Abstract: 

By depleting high-grade and easy-to-treat gold ores and the increase in gold price, the extraction of gold 
from low-grade and refractory ores such as sulfide ores has been given attention. Biooxidation is one of 
the efficient, relatively low-cost and environmentally friendly processes to enhance gold extraction by 
releasing fine gold encapsulated in sulfide phases. So in this research, the efficiency of concentrate 
biooxidation-flotation system in increasing gold recovery from sulfide-refractory low-grade ores was 
investigated. biooxidation experiments with mesophilic and moderate thermophilic microorganisms 
were conducted on the flotation concentrate. Finally, cyanidation experiments were conducted on the 
flotation concentrate, and biooxidized flotation concentrate. Gold recovery from non-biooxidized 
flotation concentrate was 63.59%, while it was increased to 80.21% after biooxidation with mesophilic 
microorganisms and to 79.84% after biooxidation with moderate thermophilic microorganisms. 

 

Keywords: Biooxidation, Concentrate, Microorganism 

1. Introduction 

Currently, biotechnology has attracted much attention for gold recovery from sulfidic refractory gold 
ores (Natal'ya, Muravyov, & Kondrat'eva, 2010). In refractory gold ores, the gold particles are very fine 
and may be locked within particle boundaries or the structure of sulfide minerals such as pyrite and 
arsenopyrite (Wang et al., 2020). Direct cyanidation method is not effective for extracting gold from 
refractory sulfide ores; Therefore, a pretreatment process such as roasting, pressure oxidation or 
biooxidation should be considered to liberate encapsulated gold from the sulfide minerals. Compared 
to other processes, biooxidation of sulfide refractory gold ores has several advantages, including low 
investment cost and environmental friendliness (Wu, 2018)(N. V. Fomchenko, Kondrat'eva, & 
Muravyov, 2016). In this process, metal sulfides are oxidized by iron- and sulfur-oxidizing 
microorganisms, forming soluble metal sulfates and sulfuric acid. Pyrite and arsenopyrite are well-
known minerals that are easily biooxidized (Olson, 1994). During this process, microorganisms are 
catalytically used for oxidizing pyrite and arsenopyrite to release and expose gold for more processing 
(N. V. Fomchenko et al., 2016). In general, biooxidation for processing of refractory gold concentrate 
involves a typical flowsheet that involves crushing, milling, producing concentrate from the flotation 
process, followed by cyanidation and recovery of gold from biooxidized residues (Miller & Brown, 
2016).  

The operation temperature of a biooxidation process is very important because each microbial culture 
has its own optimal temperature for growth and oxidation (Muravyov, 2019). The bioleaching process 
of sulfide minerals involves two chemical and biological stages (N. Fomchenko, Muravyov, & 
Microbiology, 2017). Nouhi et al. (Nouhi & Ahmadi, 2025) used acid drainage for the biooxidation of a 
high-grade refractory sulfide gold ore, and gold recovery increased from 73% (without biooxidation) to 
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99% (in the biooxidized residue). Beiranvand et al. (Beiranvand, Ahmadi, & Hosseini, 2023) investigated 
the effect of mechanical activation on the oxidation and extraction of gold from a high-grade flotation 
concentrate using mesophilic and moderate thermophilic microorganisms. Gold recovery from the non-
mechanically activated and non-biooxidized concentrate was 83.9%, while after biooxidation this value 
reached 98.8%. Also, gold recovery from the activated but non-oxidized concentrate was 77.3%, which 
reached 97.6% after biooxidation.  

By decreasing easy-to-treat gold ores, developing technologies and increasing in gold price, the 
recoverable grade of gold ores has been decreased gradually. The development and optimization of 
biooxidation technology for increasing the recovery of gold from lean grade refractory sulfide wastes 
have not been previously well investigated. Flotation followed by biooxidation and cyanidation 
processes, as one of the potential routes to treat such low-grade and refractory ores and tailings. So, in 
this research the ability of this strategy was evaluated to extract gold from the low-grade stock piles of 
Mouteh gold mine. 

 

2. Material and methods 

2.1. Material 

Samples were taken from low-grade refractory sulfide gold ore stackpiles of Mouteh gold mine (Isfahan 
province, Iran). At first, the sample was homogenized. Crushing was performed in two stages to achieve 
the desired particle size. To achieve a particle size of -75 μm, the samples were ground using a rod mill 
with ratio of 1:8 (1 kg samples: 8 kg rod) after crushing. The representative samples were used to analyze 
chemical and mineralogical parameters by XRD, XRF and Fire Assay methods.  

 

2.2. Flotation  

Flotation tests were conducted using a Denver flotation machine with a cell volume of 2200 ml to 
provide required concentrate for biooxidation experiments. In flotation tests, 150 g/t potassium amyl 
xanthate (PAX) was used as a main collector, 30 g/t dithiophosphate as a secondary collector, and 30 
g/t methyl isobutyl carbonyl (MIBC) as a frother agent. The tests were carried out with a solid content 
of 25%. The water used for the experiments was local water from the Mouteh gold mine. After 
conducting tests, the flotation concentrates and tailings were filtered and dried for gold assay and 
subsequent experiments.  

2.3. Biooxidation experiments 

Biooxidation experiments of the concentrate were carried out in 500 ml Erlenmeyer were located in 
shaking incubator. The volume of pulp was 200 ml that consisted of 10% solid content, 20% bacterial 
solution, 155 ml culture media (9K, Norris). The Norris culture media consist of 0.4g (NH4)2SO4, 0.5g  
MgSO4 and 0.4g Ca(PO4H2)2 (Silverman & Lundgren, 1959). Culture media (9K, Norris) were prepared 
with distilled water. The residence time of the test was 28 days. The initial pH of the solution was 
adjusted to 1.6 using 2M sulfuric acid. Oxidation/reduction potential and pH of solutions were 
monitored daily and maintained in the range of 1.6-1.8 using 2M sulfuric acid or lime (20% solid). 
During the experiment, the evaporated solution was compensated with distilled water. In the end of the 
experiment, the contents of each Erlenmeyer were filtered separately, the rest solution for determination 
of iron content was maintained, and the rest solid content was washed and dried for performing the 
subsequent experiments. After these experiments, the effect of processing water of Mouteh gold mine 
on biooxidation was studied.   
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2.4. Cyanidation experiments 

Non-biooxidized flotation concentrate and biooxidized concentrate with mesophilic and moderate 
thermophilic microorganisms were subjected to cyanidation testing for 48 hours for gold recovery. 
Experiments were conducted with a solid content of 25% and 4 g/l NaCN (NaCN 50%) by mechanical 
stirring method. lime (15% solid content) was used to adjust the pH in the range of 10.5-10.7. At the end 
of the experiment, the final solution for gold and cyanide analysis and the final solid were washed with 
hot water, dried, and sent for gold analysis. The initial cyanide concentration was 1410 ppm, which after 
48 hours of cyanide leaching, reached 450, 240, and 330 ppm for the flotation concentrate, mesophilic 
biooxidized concentrate, and moderate thermophilic biooxidized concentrate, respectively. 

  

3. Results and discussion 

3.1. Flotation 

Flotation experiments were conducted with a solids content of 25% using PAX and MIBC collector and 
frother reagents, respectively. After conducting flotation tests, the gold content in the initial sample, 
flotation concentrate, and flotation tailings was determined to be 0.5, 3, and 0.2 g/t, respectively, using 
fire assay analysis. Gold recovery in these tests was 64%.   

The primary feed, concentrate and tailing of flotation tests were characterized. The results of the 
elements analysis of the flotation concentrate are shown in Error! Reference source not found.. 

 

Table 1. XRF analysis of the flotation concentrate 

element SiO2 BaO CaO Fe2O3 K2O MgO MnO P S TiO2 

Content (%) 54.60 <0.05 1.69 13.65 1.64 2.13 <0.05 <0.05 8.60 0.73 

 

XRD (X-ray diffraction) patterns of primary samples showed that the main mineral phases were quartz, 
albite, chlorite and muscovite. The XRD diagram of the flotation concentrate is shown in Figure 1. 
According to the SEM analysis of flotation concentrate (Figure 2), the irregular particles with sharp 
edges and varying size are crushed pyrite, resulting from sample preparation. According to the EDS 

diagram (Figure 3),  the peaks related to iron and sulfur are clearly visible, which emphasizes that the 
main phase in this region could be pyrite. 

 

Figure 1. XRD diagram of the flotation concentrate (Alb: Albite, Mu: Muscovite, Qr: Quartz, P: Potassium 
Feldspar, C: Chlorite, Py: Pyrite, D: Dolomite) 
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Figure 2. Scanning electron microscope (SEM) analysis of flotation concentrate 

 

Figure 3. EDS analysis of flotation concentrate 

 

3.2. Biooxidation  

Concentrate biooxidation experiments were carried out with mesophilic and moderate thermophilic 
microorganisms and culture media prepared with distilled water. As can be seen from Figure 4 (a), For 
biooxidation with mesophilic microorganisms in Norris culture media, the pH increased from 1.5 to 2.4 
within 1 day, and decreased to 1.7-1.8 after 16 days. The redox potential increased from about 408 mv 
in first day to 526 mv on the 9th day. The redox potential at the start of the experiment was higher than 
its value on the first day, which is due to the presence of ferric ions in the bacterial solution. On the first 
day of the process, due to the dissolution process, ferric iron ions are reduced to ferrous ions, which 
reduces the redox potential of the solution. After one day, the redox potential of the solution began to 
increase. The initial total iron concentration in sulfide flotation concentrate before biooxidation was 
13.65% (w/w), which after biooxidation with mesophilic microorganisms in Norris culture media, 
reached 1.613 g/l on day 14 and 1.838 g/l on day 28. 

For biooxidation with mesophilic microorganisms in 9K culture media (Figure 4 (b)), the pH increased 
from 1.6 to about 2 within 1 day, and decreased to 1.6-1.7 after 16 days. The redox potential was 424 mv 
on the first day of the experiment which increased to 600 mv on the 14th day. In this study, it was found 
that the lag phase of mesophilic microorganisms in 9K culture media was longer than their lag phase in 
Norris culture media. The total iron concentration after biooxidation with mesophilic microorganisms 
in 9K culture media, reached 1.849 g/l on day 14 and 2.103 g/l on day 28. 
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Biooxidation experiments of flotation concentrate were conducted using moderate thermophilic 
microorganisms in two culture media, Norris and 9K, under similar conditions. For biooxidation with 
moderate thermophilic microorganisms in Norris’s culture media, as can be seen from Figure 4 (c), the 
pH increased from 1.6 to about 2 after 1 day. Then after 16 days, it was decreased to 1.6-1.7. The redox 
potential was 442 mv on first day of the experiment, began to increase on the 3rd day of the experiment. 
This increase continued until the 14th day, reaching to 520 mv. The total iron concentration after 
biooxidation with moderate thermophilic microorganisms in Norris culture media, reached 1.798 g/l 
on day 14 and 2.008 g/l on day 28. 

 

 

 

(a) (b) 

 

 

 

 

 

 

 

 

 

(c) 

 

(d) 

Figure 4. pH and ORP of microorganisms in Norris and 9K culture media prepared with distilled water in 
biooxidation of flotation concentrate as a function of time 

To investigate the effect of 9K culture media on the biooxidation with moderate thermophilic 
microorganisms, the biooxidation experiment was performed simultaneously and under the same 
conditions as in Norris medium. As can be seen from Figure 4 (d), the redox potential of the experiment 
on the first day was 434 mv, which increased to 585 mv by the 11th day. On the 3rd day of the 
experiment, the redox potential of the solution began to increase, and this increase continued until the 
11th day. The pH increased from 1.6-2.2 after 1 day, and decreased to 1.5-1.6 after 16 days. By comparing 
the effect of culture media type on biooxidation of flotation concentrate with moderate thermophilic 
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microorganisms, it was found that by conducting experiments in 9K culture media, microorganisms 
have greater growth and activity than in Norris culture media, but their lag phase is the same in both 
types of culture medium. The total iron concentration after biooxidation with moderate thermophilic 
microorganisms in Norris culture media, reached 2.116 g/l on day 14 and 2.241 g/l on day 28. 

To investigate the effect of water type on concentrate biooxidation, experiments were carried out with 
mesophilic and moderate thermophilic microorganisms and culture media prepared with processing 
water of Mouteh gold mine. During the biooxidation with mesophilic microorganisms in Norris culture 
medium prepared with mine water (Figure 5 (a)), the pH increased from 2 to 2.5 within 1 day. Its value 
reached to 1.5-1.6 after 9 days. The redox potential was 395 mv on first day of the experiment. Its value 
increased to 589 mv after 16 days. The total iron concentration after biooxidation with mesophilic 
microorganisms in Norris culture media, reached 3.326 g/l on day 14 and 4.767 g/l on day 28. 

For biooxidation with mesophilic microorganisms in 9K culture media, as can be seen from Figure 5 (b), 
The redox potential increased from about 397 mv on the first day to about 602 mv on the 14th day. On 
the 2nd day of the experiment, the redox potential began to increase, this increase continued until the 
14th day. The pH increased from about 1.5 to 2.1 after 1 day, and decreased to 1.5-1.6 after 9 days. The 
total iron concentration after biooxidation with mesophilic microorganisms in 9K culture media, 
reached 4.213 g/l on day 14 and 5.554 g/l on day 28. 

The biooxidation experiments of flotation concentrate were also repeated with moderate thermophilic 
microorganisms to investigate the type of water used in the preparation of the culture media. During 
biooxidation with moderate thermophilic microorganisms in Norris media (Figure 5 (c)), the pH 
increased from 1.5 to 1.7 within 1 day. Its value decreased to 1.5-1.6 after 9 days. The redox potential 
was 404 mv on first day. On the 2nd day of the experiment, the redox potential began to increase, this 
increase continued until the last day of the experiment (day 28) and increased to 603 mv. The total iron 
concentration after biooxidation with mesophilic microorganisms in Norris culture media, reached 
2..882 g/l on day 14 and 3.548 g/l on day 28. 

For biooxidation with moderate thermophilic microorganisms in 9K culture media, as can be seen from 
Figure 5 (d), the redox potential was 389 mv on first day of the experiment. Its value increased to 579 
mv after 12 days. The pH increased from 1.7 to about 2.7 after 1 day, and decreased to 1.6-1.7 after 9 
days. The total iron concentration after biooxidation with moderate thermophilic microorganisms in 9K 
culture media, reached 3.326 g/l on day 14 and 4.626 g/l on day 28. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 5. pH and ORP of microorganisms in Norris and 9K culture media prepared with local mine water in 
biooxidation of flotation concentrate as a function of time 

 

3.3. Cyanidation 

After biooxidation experiments, the washed solid residue were subjected to cyanidation experiments. 
Experiments were conducted on non-biooxidized and biooxidized flotation concentrates with 
mesophilic and moderate thermophilic microorganisms. For further investigation, the biooxidized 
concentrate with mesophilic and moderate thermophilic microorganisms was cyanidated separately. 
Gold recovery from non-biooxidized flotation concentrate was 63.59%, while this value reached 80.21% 
after biooxidation with mesophilic microorganisms and 79.84% after biooxidation with moderate 
thermophilic microorganisms. As can be seen, biooxidation increased the gold recovery from the 
concentrate. 

In the biooxidation of flotation concentrate using mesophilic and moderate thermophilic 
microorganisms, microorganisms grew and were more active in the 9K culture media prepared with 
mine water, also the rate of iron dissolution was higher using mesophiles, so gold recovery from 
biooxidized concentrate was higher with mesophiles, which indicate the better performance of 
mesophiles in this research. Janson investigated solid culture media for the isolation and enumeration 
of acidophilic bacteria, so observed that the growth of mesophilic bacteria were supported with the solid 
culture media that included ferrous iron (Johnson, 1995). Given the low gold recovery in the flotation 
experiments conducted, it is suggested that researchers conduct flotation experiments under optimal 
conditions and then perform the other steps. Figure 6 shown the used flowsheet for this research. 
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Figure 6.The flowsheet of flotation-biooxidation-cyanidation of gold refractory sulfide ore 

 

4. Conclusion  

The efficiency of flotation-biooxidation-cyanidation route to extract gold from the low-grade stock piles 
of Mouteh gold mine was investigated and the following results were obtained: Flotation experiments 
were conducted to prepare the required concentrate for biooxidation process. The gold grade for 
primary feed, concentrate, and flotation tailings were 0.5, 3, and 0.2, respectively. Gold recovery in 
flotation experiments was also 64%.  

Results showed that both mesophillic and moderately thermophillic microorganisms had a good ability 
to oxidize pyrite at various cultures (nutrient media and water types) especially at local water and 9K 
nutrient medium.  

Gold recovery by cyanidation from the non-biooxidized flotation concentrate was 63.59%, which 
increased to 80.21% and 79.84% after biooxidation with mesophilic and moderate thermophilic 
microorganisms, respectively. This increase was related to break down the sulfide network as a result 
of biooxidation. 

It was found that flotation followed by biooxidation and conventional cyanidation could be an suitable 
processing route to extract gold from low grade and refractory gold ores and mine wastes.  
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Abstract: 

The use of lithium-ion batteries has increased significantly in recent years due to their high energy 
density and the presence of valuable materials such as cobalt and nickel, making them an important 
source for secondary material recovery. However, recycling these batteries presents substantial safety 
risks, primarily from fire and explosion hazards caused by unwanted short circuits and high voltage 
components. These risks are especially pronounced during mechanical preparation, crushing, storage, 
and transportation, where damaged or improperly handled batteries can ignite or explode. To 
mitigate these hazards, rapid and controlled discharge of batteries before recycling is critical. 
Discharging using salt solutions is recognized as a simple, fast, and cost-effective method to reduce 
residual charge and minimize the risk of fire during subsequent handling. In this research, four 
different types of natural salts at various concentrations were tested, prioritizing the use of accessible, 
low-cost, and impure salts over pure laboratory-grade salts to enhance scalability and economic 
feasibility. Initial experiments involved direct immersion of batteries in salt solutions at concentrations 
of 10%, 15%, and 20% by weight. Among the complementary processes evaluated, the use of a high-
speed magnetic stirrer, iron powder, and ultrasonic operations (ultrasonic bath and probe) were found 
to further reduce discharge time and help achieve target voltages more quickly. Notably, ultrasonic 
agitation at 28 kHz was particularly effective, significantly accelerating the discharge process and 
enabling the batteries to reach lower voltage thresholds such as 0.5 volts in a shorter time.

 

Keywords: Lithium-ion Batteries, Natural Salt, Discharge Voltage, Ultrasonic. 

1. Introduction 

The depletion of fossil fuels and environmental issues have paved the way for the use of renewable 
energy sources such as batteries. The current energy economy, based on fossil fuels, faces significant 
risks due to factors such as continuously increasing oil demand, depletion of non-renewable 
resources, and dependence on politically unstable oil-producing countries. Fossil fuels are a limited 
resource, and the world is facing an emerging energy crisis(Ojanen, Lundström, Santasalo-Aarnio, & 
Serna-Guerrero, 2018). It takes millions of years to produce the fossil fuels consumed in the past 200 
years. Their consumption is the main cause of many environmental problems, including global 
warming, air pollution, and acid rain. Another concerning aspect of the current fossil fuel energy 
economy is the increasing level of carbon dioxide emissions, which have almost doubled in the past 30 
years. Therefore, the use of renewable energy sources has grown. One of the most important 
renewable sources is batteries. Due to their rich composition of valuable materials such as cobalt, 
nickel, lithium, copper, and aluminum, batteries are used as sources of secondary raw materials. 
Batteries consist of one or more electrochemical cells capable of converting chemical energy into 
electrical energy and are a common energy source for many industrial and household applications. 
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Rapid technological advancement and the growing need for rechargeable batteries as energy sources 
have raised many concerns regarding the disposal of used batteries. Generally, batteries can be 
divided into primary batteries and rechargeable batteries, which mainly include lead-acid batteries, 
nickel-cadmium (Ni-Cd) batteries, nickel-metal hydride (Ni-MH) batteries, and lithium-ion batteries. 
Compared to other rechargeable batteries, some lithium batteries have higher energy density, higher 
cell voltage, less memory effect, lower self-discharge, longer cycle life, and are environmentally 
friendly, simple to charge, and maintain(Georgi-Maschler, Friedrich, Weyhe, Heegn, & Rutz, 2012). 
Various lithium-containing batteries first entered the market in the 1990s and are now widely used in 
modern equipment and life. Lithium-containing batteries are classified into rechargeable and non-
rechargeable types, with primary lithium batteries being non-rechargeable and lithium-ion batteries 
(LIBs) considered a key technology enabling the transition to electric vehicles, thus replacing the 
traditional internal combustion engine design (J. Zhang, Zhang, Sun, & Wang, 2018).They are also the 
most suitable means for storing electrical energy. Renewable energies in electrical grids are currently 
the dominant power sources for various portable electronic devices. Lithium-ion batteries are noted 
for their high working voltage, low memory effects, and high energy density compared to traditional 
batteries (Doughty & Roth, 2012). As the use of alternative energy sources like solar and wind 
increases, the need for electrical energy storage becomes more pronounced. One of these storage 
methods is the use of lithium-ion batteries. The use of lithium-ion batteries is growing worldwide. 
This type of battery is increasingly being used in innovative applications, such as the aerospace 
industry, power transmission, consumer electronics, automotive industry, and renewable energy 
industry (Makuza, Tian, Guo, Chattopadhyay, & Yu, 2021). The increased use of personal electronic 
devices has led to a remarkable rise in lithium-ion battery waste. Meanwhile, electric vehicles are also 
on the rise, leading to the future production of large amounts of battery waste from vehicles. For 
instance, in 2019, about 50% of the cars sold in Norway were electric (Fujita et al., 2021; 
Karagiannopoulos & Solsvik, 2019). Thus, the issue of lithium-ion batteries used in electric vehicles 
has gained justified attention in recent years. Generally, electronic waste is one of the fastest-growing 
solid waste streams globally, posing significant challenges (Qiao, Wang, Gao, Wen, & Dai, 2021; 
Sattar, Ilyas, Bhatti, & Ghaffar, 2019). 

1.1 Chemistry of Lithium-Ion Batteries and Materials 

Since Sony first commercialized lithium-ion batteries using carbon as the anode and LiCoO₂ (LCO) as 
the cathode in 1991, billions of lithium-ion battery cells have been produced for portable electronic 
devices and other large electrical devices. The four main components of a lithium-ion battery are the 
cathode, electrolyte, separator, and anode. The anode stores lithium ions during charging, and lithium 
ions move towards the cathode during discharge to drive electrical applications. Therefore, the 
lithium-ion battery is also called a rocking-chair battery because lithium ions are exchanged between 
the cathode and anode. Common cathodes contain transition metal oxides such as LCO, LiMn₂O₄ 
(LMO), Li(NiₓCoᵧAl𝓏)O₂ (NCA), and Li(NiₓCoᵧMn𝓏)O₂ (NCM), which can be categorized accordingly. 
The crystal structures of LCO, NCA, and NCM are layered, with high specific energy and voltage, but 
cobalt is expensive, toxic, and thermally unstable. NCM contains less cobalt and is cheaper. LMO has 
high thermodynamic stability and high voltage but relatively low capacity. LiFePO₄ (LFP) cathode 
materials have a stable olivine structure and are safer than NCM and LCO, but they have low capacity 
and low charge/discharge rates (Ohzuku & Makimura, 2001). The demand for energy density and 
power density in lithium-ion batteries is continuously increasing. Many new high-capacity, high-
voltage cathode materials have been identified, including nickel-rich, manganese-rich, and lithium-
rich materials. Based on the nickel content, the ratio of nickel, cobalt, and manganese in commercial 
NCM cathodes varies, with different Li(NiₓCoᵧMn𝓏)O₂ (NCM) compositions such as 8.5:0.75:0.75, 
8:1:1, 7:1.5:1.5, 6:2:2, 5:2:3, 4:3:3, 1:1:1, etc. Increasing nickel and lithium contents can enhance the 
specific capacity of cathode materials but also lead to thermal instability. Nickel-rich commercial 
NCM materials such as Li(Ni₀.₈Co₀.₁Mn₀.₁)O₂ and Li(Ni₀.₆Co₀.₂Mn₀.₂)O₂ both exhibit higher specific 
capacities (specific capacity: 203 and 187 mAh/g respectively for Li(Ni₀.₈Co₀.₁Mn₀.₁)O₂ and 
Li(Ni₀.₆Co₀.₂Mn₀.₂)O₂ but lower thermal stability compared to low-nickel NCM materials like 
Li(Ni₀.₅Co₀.₂Mn₀.₃)O₂ or Li(Ni₀.₃₃Co₀.₃₃Mn₀.₃₃)O₂ (specific capacity: 175 and 163 mAh/g respectively for 
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Li(Ni₀.₅Co₀.₂Mn₀.₃)O₂ and Li(Ni₀.₃₃Co₀.₃₃Mn₀.₃₃)O₂ (Noh, Youn, Yoon, & Sun, 2013)).The common anode 
is made of graphite or Li₄Ti₅O₁₂ (LTO). The theoretical capacities for graphite and Li₄Ti₅O₁₂ are 372 and 
175 mAh/g respectively (Z. Liu et al., 2019). The potential required for lithium insertion in Li₄Ti₅O₁₂ is 
1.5 volts versus Li/Li⁺, which is higher than the carbon-based anode, thus the full cell voltage with the 
Li₄Ti₅O₁₂ anode for a given cathode material decreases, and the energy density of the lithium-ion 
battery with Li₄Ti₅O₁₂ is lower compared to a graphite cell. However, the Li₄Ti₅O₁₂ anode has better 
cycle performance at high temperatures and better thermal stability compared to the graphite anode 
(Belharouak, Koenig Jr, & Amine, 2011). Similar to cathode materials, new high-capacity, high-voltage 
anode materials have also attracted special attention. These materials include silicon (approximately 
4140 mAh/g, but with nearly 400% volume fluctuation during a cycle), tin (992 mAh/g), antimony 
sulfide (Sb₂S₃) (720 mAh/g, after 50 cycles at a current density of 250 mA/g), germanium (about 1200 
mAh/g) (Choi et al., 2017; J. Liu, Kopold, van Aken, Maier, & Yu, 2015), and transition metal oxides 
(MO) where M is cobalt, nickel, copper, or iron, around 700 mAh/g), and silicon oxide. However, 
these new anode materials have yet to be commercialized. High volume expansion, low conductivity, 
instability of the solid electrolyte interphase (SEI) layer, and poor capacity retention are the main 
obstacles to the development of new anode materials(Wang, Jiang, Yu, & Sun, 2019). 

1.2 Necessities of Recycling Lithium-Ion Batteries 

The use of lithium-ion batteries in consumer electronics and electric vehicles is rapidly growing, 
leading to increased demand for resources such as cobalt and lithium. Therefore, recycling these 
batteries is essential not only to reduce energy consumption but also to address the scarcity of rare 
resources and eliminate the pollution of hazardous components, ensuring sustainability in industries 
related to consumer electronics and electric vehicles. Below are some main reasons for recycling these 
types of batteries: High number of consumed batteries, Environmental importance of consumed 
batteries, Resources available in consumed batteries, Protecting resources for future generations. This 
research examines the discharge process using chemical solutions containing four types of natural 
salts obtained from salt lakes and salt mountains, with these samples containing impurities. 
Advantages of using these types of salts include the use of natural, inexpensive, and readily available 
resources, reducing ongoing costs in the large-scale and industrial recycling process of lithium-ion 
batteries, shortening the discharge process time, and maintaining more stable voltage reduction in 
lithium-ion batteries. 

 

2. Material and methods 

2.1. Material 

In this research, four different types of natural salts from Khur and Biabanak Playa (A), Aran and 
Bidgol Salt Lake (B), Urmia Salt Lake (C), and Garmsar-Semnan Salt Mountain (D) used. Sample A 
indirectly obtained with analysis from Khur Potash Complex. Samples B, C, and D directly collected 
from their locations through intermediaries residing near the salt sites. 

2.2 XRD and XRF Analysis of Samples 

To identify the elements and compounds present in the salt structures, XRD and XRF analyses were 
conducted at University of Kashan and and Mineral Exploration Organization's laboratories in 
Kerman, respectively. For sample A, since it indirectly obtained from a processing company, the exact 
analysis results provided with the sample. For the other three samples (B, C, and D), XRD and XRF 
analyses were performed. XRD provided qualitative information on the elements in the natural salt 
structures, while XRF measured the percentage of different elements quantitatively with an accuracy 
of hundredths. According to XRD results, halite (NaCl) and calcite (CaCO3) were present in sample B, 
only halite (NaCl) was in sample C, and halite (NaCl) and anhydrite (CaSO4) were in sample D. The 
elemental composition of each sample was then determined using XRF results (Table 1). The batteries 
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obtained from a battery recycling company in Tehran. The batteries were from smartphones of the 
Motorola brand and model BP6X; all used uniformly (Fig. 1). The salt solution in this case acted as a 
controlled short circuit or initial resistance to discharge the batteries. Using this approach allowed 
monitoring the evolution of the electrical potential of lithium-ion batteries solely due to discharge (i.e., 
not attributable to physical battery damage). The salts dissolved in ultra-pure and deionized water. 

Table 1. Percentage of Elements and Compounds in Natural Salt Structures 

Sample 
Na 
(%) 

K 
(%) 

Ca 
(%) 

Mg 
(%) 

NaCl 
(%) 

Ca(CO3) 
(%) 

Ca(SO4) 
(%) 

SiO2 
(%) 

SO3 
(%) 

Volatile 
Matters 
(%) 

A 38.30 0.08 0.16 0.06 97.36 --- --- --- --- 0.15 

B 37.57 0.02 0.45 0.80 95.45 1.125 --- 0.07 1.01 1.45 

C 37.85 0.06 0.01 1.02 96.16 --- --- --- 0.41 0.72 

D 37.25 0.03 0.015 0.02 94.64 --- 0.056 --- 2.08 0.03 

 

 

Fig. 1. Image of used batteries of Motorola brand and model (BP6X) 

After examining indirect discharge and failing to achieve the research objectives, immersion testing 
adopted. According to previous research, 20% mass concentration was selected as the most effective 
for the discharge process, as it achieved the fastest voltage reduction without considering corrosion 
and water pollution. Therefore, the discharge process was tested with solutions containing salts A, B, 
C, D at 20% mass concentration, followed by tests at 10% and 15% concentrations. The 20% mass 
concentration showed the best performance for all solutions compared to other concentrations. Then, 
additional processes incorporated to shorten the discharge process duration. Complementary 
processes for discharging lithium-ion batteries in salt solutions included: discharge at 20% mass 
concentration with high-speed magnetic stirring, discharge with iron powder, discharge with iron and 
zinc powders, discharge using ultrasonic bath with 28 kHz ultrasonic waves, and discharge using 
ultrasonic probe (homogenizer) with 50 kHz ultrasonic waves in solutions containing salts A, B, C, D. 

3. Results and Discussion 

3.1 The Effect of the Type and Concentration of Natural Salts  

Upon observing the test results, it found that the batteries in all solutions began to decrease voltage at 
a normal rate during the first hour, but a significant drop in voltage observed in the second hour. 
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From the third hour onward, the voltage drop returned to a normal rate. After one hour, the battery 
voltage in solutions A, B, C, D reached 3.38, 3.54, 3.52, and 3.61 volts, respectively. After a significant 
drop in the second hour, the battery voltage in solutions A, B, C, and D dropped to 0.63, 0.74, 0.64, and 
0.69 volts, respectively. Following this second significant drop, the voltage reduction process 
normalized again, and the battery voltage in solutions A, B, C, and D reached 0.51, 0.51, 0.46, and 0.54 
volts, respectively. The battery in solution A reached a voltage of 0.01 volts after 23 hours, the batteries 
in solutions B and C reached zero volts after 22 hours and 21.5 hours, and the battery in solution D 
reached its lowest voltage of 0.02 volts after 24 hours. 

According to previous studies, one of the objectives of this research is to reduce battery voltage and 
reach voltage levels of approximately 1 volt and 0.5 volts. The main reason for using the 1-volt 
threshold is based on research indicating that this voltage level is considered safe for discharging 
lithium-ion battery recycling lines, and batteries below 1 volt are safer with minimized self-ignition 
risk . The 0.5-volt threshold is due to the duration of the process, requiring approximately 3 to 4 hours 
reducing the voltage from the initial level to 0.5 volts, whereas the reduction from 0.5 volts to zero 
takes 19 to 20 hours. In some salts, the voltage reduction to zero not achieved even after this time. In 
this series of tests, with a 20% concentration, the battery voltage in solutions containing salts A, B, C, 
D reached 1 volt after 80, 80, 70, and 95 minutes, respectively, and reached 0.5 volts after 185, 180, 150, 
and 245 minutes, respectively. It observed that the solution containing salt C performed better in 
achieving voltages of 1 and 0.5 volts (Fig. 2). 

 

 

Fig. 2.Voltage-time ratio graphs for batteries directly in solutions containing salts A, B, C, D at a 20% mass 
concentration 

3.2 The Effect of Using a High-Speed Magnetic Stirrer in the Battery Discharge Process  

Based on better performance over time, the best concentration used considered 20% mass 
concentration, and all subsequent experiments aimed at examining various processes to reduce 
discharge time were prepared with this concentration. Unlike the indirect method, which halts battery 
voltage reduction, the direct method using appropriately concentrated solutions effectively reduced 
battery voltage to zero volts. However, aside from examining salt concentrations, another primary 
objective of this research is to reduce discharge time by considering various factors affecting this 
period. In the fourth step, to reduce discharge time, the battery discharge process was conducted in 
solutions containing salts A, B, C, D at a 20% concentration using a high-speed magnetic stirrer. 

The results of this series of experiments showed that this series also follows the voltage reduction 
trend of previous tests. In this series, after one hour, the battery voltage in solutions A, B, C, D reached 
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3.69, 3.61, 3.71, and 3.60 volts, respectively. In the second hour, the battery voltage in solutions A, B, C, 
D reached 0.84, 0.71, 0.93, and 0.63 volts, respectively. In the third hour, the battery voltage in 
solutions A, B, C, D reached 0.60, 0.56, 0.58, and 0.48 volts, respectively. Achieving voltage levels of 1 
volt and 0.5 volt considering the voltage ratio graphs, 1 volt and 0.5 volts can be equated to 0.26 and 
0.13. It indicates 26% and 13% remaining battery voltage for solutions A, B, C, D took 105, 70, 115, and 
65 minutes to reach 1 volt and 260, 240, 250, and 165 minutes to reach 0.5 volts, respectively. 
Comparing these results with the discharge process without using a magnetic stirrer, solution A 
performed poorly in reaching 1 volt and 0.5 volts. Solution B performed better in reaching 1 volt, 
reducing the time by 10 minutes, but performed poorly in reaching 0.5 volts, significantly increasing 
the time. Solution C showed poor performance in reaching both 1 volt and 0.5 volts, with significantly 
increased time. Solution D showed satisfactory performance in reaching 1 volt and 0.5 volts, 
improving the time by 30 minutes and 80 minutes, respectively. In this test, salt D reduced the battery 
voltage in a shorter time, making it the most suitable option for achieving the target voltage (Fig.3). 

 

Fig. 3.Voltage-time ratio graphs for batteries discharging in solutions containing salts A, B, C, D at a 20% mass 
concentration using a high-speed magnetic stirrer 

3.3 Discharge in the Presence of Metal Particles 

3.3.1 The Effect of Iron Powder in the Battery Discharge Process  

Based on the obtained results, the battery discharge trend follows the same trend as in other tests. Like 
other tests, the batteries in all solutions began to decrease voltage at a normal rate during the first 
hour, but a significant drop in voltage observed in the second hour, returning to a normal rate from 
the third hour onward. In the initial hour, the battery voltage in solutions A, B, C, D reached 3.64, 3.59, 
3.70, and 3.58 volts, respectively. In the second hour, the battery voltage in solutions A, B, C, D 
reached 0.71, 0.71, 0.77, and 0.63 volts, respectively. In the third hour, the battery voltage in solutions 
A, B, C, D reached 0.50, 0.56, 0.64, and 0.48 volts, respectively. Achieving voltage levels of 1 volt and 
0.5 volts (considering the voltage ratio graphs, 1 volt and 0.5 volts can be equated to 0.26 and 0.13) for 
solutions A, B, C, D took 95, 75, 110, and 70 minutes to reach 1 volt and 180, 240, 290, and 165 minutes 
to reach 0.5 volts, respectively. Comparing the 1 volt and 0.5 volt thresholds in this test with the base 
test without adding iron powder. Solution A showed positive feedback in reaching 0.5 volts, solution 
B in reaching 1 volt, and solution D in reaching both 1 volt and 0.5 volts, reducing the time, while 
other solutions performed similarly or worse, increasing the time to reach the target voltages (Fig. 4). 
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Fig. 4. Voltage-time ratio graphs for batteries discharging in solutions containing salts A, B, C, D at a 20% mass 
concentration with iron powder 

3.3.2 The effect of iron and zinc powders in the Battery Discharge Process 

After conducting the battery discharge process in solutions containing salts A, B, C, and D at a 20% 
mass concentration with the addition of iron powder, the results indicated no significant improvement 
in reducing discharge time. To further assess the impact of metal additives, pure iron and zinc 
powders (Merck brand) were also tested, and a magnetic stirrer was employed to enhance mixing 
during the experiments. In the solution containing salt B with iron powder, the battery voltage was 
recorded as 3.73 V after the first hour, 1.01 V after the second hour, and 0.72 V after the third hour. 
The battery reached target voltages of 1 V and 0.5 V after 122 minutes and 310 minutes, respectively. 
Similarly, in the solution with salt B and zinc powder, the voltage was 3.70 V after one hour, 0.97 V 
after two hours, and 0.76 V after three hours. The target voltages of 1 V and 0.5 V were achieved after 
115 minutes and 470 minutes, respectively. When comparing these results to experiments without iron 
and zinc powder additives, no positive effect was observed in reducing the discharge time. In fact, the 
addition of pure iron and zinc powders did not enhance the battery discharge process, which is 
consistent with research indicating that the performance of metal powder additives is highly 
dependent on the electrolyte composition and the presence of specific additives or surfactants. While 
certain additives and optimized slurry compositions can improve discharge capacity in zinc-based 
systems, the simple addition of pure iron or zinc powder without further modification or the use of 
specialized additives does not necessarily yield better discharge performance. This highlights the 
importance of electrolyte engineering and the careful selection of additives to achieve meaningful 
improvements in battery discharge kinetics. (Fig. 5) 
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Fig. 5. Voltage ratio graph over battery discharge time in solutions containing salt B at a concentration of 20% by 
mass with the addition of iron and zinc powders 

3.4 The effect of using an ultrasonic treatment in the Battery Discharge Process 

After evaluating the effects of various physical and chemical processes-including magnetic stirring, 
the addition of iron and zinc powders, and the use of pure iron powder-on reducing the discharge 
time of lithium-ion batteries, the study progressed to explore the role of salt solutions and ultrasonic 
treatment. In this phase, batteries were discharged in 20% by mass salt solutions (salts A, B, C, and D), 
utilizing an ultrasonic bath operating at 28 kHz. The results demonstrated that the discharge profiles 
in these salt solutions, when combined with ultrasonic agitation, generally followed the decreasing 
voltage trends observed in earlier experiments. However, the timing and duration of normal, rapid, 
and resumed discharge phases varied between solutions. Notably, in all solutions except A, a sudden 
voltage drop occurred before the one-hour mark, indicating a more pronounced effect compared to 
previous methods. Specifically, after 6 minutes of ultrasonic treatment, the voltages of batteries in 
solutions A, B, C, and D dropped to 3, 1.36, 1.10, and 0.93 volts, respectively. At the 80-minute mark, 
all solutions reached the 1-volt threshold, with final voltages of 1, 0.76, 0.78, and 0.73 volts for 
solutions A, B, C, and D, respectively. The voltage reduction then returned to a normal trend. The time 
required for the voltage to reach approximately 1 volt was 80, 74, 70, and 66 minutes for solutions A, 
B, C, and D, respectively. To reach 0.5 volts, solutions A, B, C, and D required 112, 110, 118, and 106 
minutes, respectively.Comparative analysis with baseline experiments (without ultrasonic treatment) 
revealed: Solution A: No change in reaching 1 volt, but a 73-minute reduction in reaching 0.5 volts. 
Solution B: Improved time to 1 volt, though not as effective as the best result with stirring; 70-minute 
reduction to 0.5 volts. Solution C: No change to 1 volt, but a 32-minute reduction to 0.5 volts. Solution 
D: Improved time to 1 volt (matching best performance with stirring) and a 139-minute reduction to 
0.5 volts. 

These findings indicate that ultrasonic agitation at 28 kHz significantly accelerates the discharge 
process, especially in reaching the lower voltage threshold of 0.5 volts. Among the tested salts, 
solution D was the most effective, achieving the fastest voltage reduction and making it the most 
suitable option for rapid battery discharge in this context. (Fig. 6) 

 

115



 IMPRS 2025 19-21 May, Alborz, Iran  

9 

 

 

Fig. 6. Voltage ratio graph over battery discharge time in a solution containing salt A at a concentration of 20% by 
mass with the use of an ultrasonic bath with 28 kHz ultrasonic waves 

4. Conclusion 

According to the findings of this research, the most effective method for discharging lithium-ion 
batteries involves chemical processes and the direct immersion of the batteries in salt solutions. The 
primary objective was to identify the optimal salt concentration among the tested natural salt 
solutions for efficient battery discharge. Another aim was to achieve battery voltages at the thresholds 
of 1 and 0.5 volts. Initially, a series of experiments was conducted using salt solutions at 
concentrations of 10%, 15%, and 20% by mass. The results indicated that the 20% by mass salt solution 
provided superior performance in reducing battery voltage and achieving the target voltages 
compared to the lower concentrations. Among these, salt C enabled the fastest reduction in battery 
voltage, making it the most suitable option for reaching the desired voltage limits under standard 
conditions. Subsequently, the effect of enhanced mixing was examined by employing a high-speed 
stirrer in 20% by mass salt solutions. Under these conditions, salt D demonstrated the most rapid 
voltage reduction, indicating that mechanical agitation can influence the effectiveness of certain salts. 
The next phase involved the addition of iron powder to the 20% by mass salt solutions. When 
comparing the times required to reach 1 V and 0.5 V with and without iron powder, only solution A 
showed an improvement at the 0.5 V threshold, while solution B exhibited a slight improvement at the 
1 V threshold. In most other cases, the addition of iron powder either had no effect or resulted in 
increased discharge times. Further experiments tested the impact of adding pure iron and zinc 
powders (Merck brand) to salt B solutions at 20% by mass. The results showed no positive effect on 
reducing discharge time compared to the base experiment without these metal powders. Finally, the 
discharge process was evaluated in 20% by mass salt solutions using an ultrasonic bath operating at 28 
kHz. In this series of experiments, salt D facilitated the fastest reduction in battery voltage, 
establishing it as the most effective option for achieving the target voltages. In summary, the optimal 
battery discharge process identified in this study involves the direct immersion of batteries in a 20% 
by mass solution of salt D, particularly when combined with ultrasonic agitation. This method 
consistently achieved the most rapid and efficient reduction of battery voltage to the desired 
thresholds. 
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Abstract: 

Vertical Roller Mills (VRMs) are widely used in energy-intensive industries like cement, steel, and 
chemicals due to their efficiency in grinding, drying, and material transport. However, two critical 
aspects remain underexplored: the correlation between operational variables and differential pressure 
(dp) and the influence of key parameters, such as feed rate, on mill performance. To address these 
gaps, this study utilized advanced machine learning methods, including Random Forest (RF), 
LightGBM, and Shapley Additive Explanations (SHAP), integrated within a Conscious Lab-based (CL) 
framework. The study focused on modeling feed rate as a manipulated and dp as a controlled 
variable, with SHAP employed to analyze variable interactions. Findings identified operational factors 
such as working pressure, dp, counter pressure, and mill fan speed as significant determinants of feed 
rate setpoints. Working pressure emerged as the most influential variable impacting both dp and feed 
rate, establishing its critical role in stabilizing operations and regulating performance. Key variables, 
such as working pressure, mill fan speed, and feed rate, were also identified as primary contributors 
to dp, reflecting the principles of the CL framework for dynamic control. Validation tests revealed 
LightGBM as the best-performing algorithm, achieving the highest R² value(0.98 and 0.97) and lowest 
RMSE(1.34 and 0.16) for feed rate and dp prediction respectively, making it the optimal model for 
predicting feed rate and dp. This study highlighted the potential of combining machine learning with 
the CL framework to accurately model complex relationships among variables, optimize VRM 
operations, and advance sustainable energy-efficient practices in the cement industry. 

 

Keywords: Vertical Roller Mill, Modeling, Differential Pressure 

1. Introduction 

The primary advantage of vertical roller mills (VRM) is their energy efficiency, which is crucial in 
mineral processing and cement production, where grinding consumes approximately 60% of total 
electrical energy (Fujimoto, 1993). Grinding processes account for approximately one-third of the total 
energy consumption in cement production, with an average of 57 kWh of electrical energy used per 
ton of cement for clinker grinding (Worrell et al., 2000). VRMs are high-capacity grinding equipment 
widely utilized in energy-intensive industries, including cement, steel, and chemicals (Zhu et al., 
2020), combining grinding, drying, conveying, and powder separation functions within a single unit 
(Harder, 2010). VRMs have become preferred due to their superior grinding efficiency, lower energy 
consumption, and enhanced drying capabilities (Harder, 2010), offering benefits that can eliminate 
tertiary and even secondary crushing stages (Fahrland & Zysk, 2013; Schaefer, 2001). These 
multifunctional systems integrate grinding, drying, conveying, and powder separation (Altun et al., 
2017; Harder, 2010), with operational parameters significantly influencing grinding outcomes, energy 
efficiency, and product quality (Altun et al., 2017). Conventional VRM operation relies heavily on 
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operator experience for manual parameter adjustment (Zhu et al., 2020), and most VRM studies 
remain theoretical or laboratory-based (Altun, 2017). Process control involves manipulating variables 
like working pressure, feed rate, and differential pressure (Little, 2021), leading to operational 
instability, increased energy consumption, and reduced grinding efficiency (Meng et al., 2015). The 
variation in operator experience poses risks to mechanical components and process stability. VRMs 
operate under negative pressure created by the mill fan to facilitate powder transportation. Enhancing 
classification efficiency and minimizing pressure differentials are crucial for reducing fan energy 
consumption. Various studies have examined variables affecting VRM grinding circuits (Liu et al., 
2020), including material breakage behavior (Fatahi, Pournazari, et al., 2022), raw meal fineness 
prediction (Belmajdoub & Abderafi, 2023), material residence time (Barani et al., 2022), and energy 
consumption reduction (Altun et al., 2015). Research has advanced toward real-time cement fineness 
estimation (Stanišić et al., 2015), production index prediction (Lin & Zhang, 2016), and intelligent 
automatic control systems (Yan-yan et al., 2011). Mathematical and numerical modeling studies have 
analyzed flow field characteristics and blade parameters, revealing their significant impact on 
classification efficiency, differential pressure, and overall VRM performance (Hu et al., 2024; Liu et al., 

2020). The Conscious Lab-based (CL) approach, an artificial intelligence-based framework, leverages 
operational data to develop dynamic AI systems that can reduce laboratory costs, address scale-up 
issues, save time, and make decisions based on actual factory conditions rather than theoretical 
concepts. This AI-based structure utilizes explainable AI algorithms based on control room 
monitoring data, optimizing production through operator training  (Chelgani et al., 2024; Fatahi et al., 
2025; Fatahi et al., 2021; Fatahi, Nasiri, et al., 2022; Fatahi et al., 2023). VRM stability depends 
significantly on differential pressure, discharged gas temperature, ventilation rate, and mill inlet 
negative pressure (Authenrieth et al., 2012; Yan-yan et al., 2011). Differential pressure, the difference 
between mill inlet and outlet pressure, reflects the material load inside the mill and correlates with 
other process variables (Fedoryshyn et al., 2012; Pareek & Sankhla, 2021). Despite extensive VRM 
research, two critical areas remain understudied: (1) the correlation between operational variables and 
differential pressure, and (2) the effects and correlation of key parameters like feed rate. This 
combined research employs machine learning methods, including Random Forest, LightGBM, and 
Shapley Additive Explanations (SHAP), to predict differential pressure and model feed rate as a 
manipulated variable and main drive power as a controlled variable. Understanding these complex 
interactions and relationships will guide optimal VRM operation, performance, and energy efficiency 
while enabling operators to make more rational decisions across various operational conditions. 

2. Material and methods 

2.1. Data set collection 

The dataset for modeling vertical roller mill (VRM) processes was systematically gathered through 
continuous monitoring of operational parameters over an extended period. Data collection occurred in 
the central control room of Production Line 9 at Tehran Cement Plant (Tehran, Iran), one of Iran’s 
largest cement production complexes with nine production lines and a production capacity of 13800 

t/day. Monitoring spanned 1,026 hours under diverse operational conditions, representing actual 
industrial settings rather than laboratory conditions. The data collection process integrated scientific 
knowledge with operational expertise from experienced VRM operators. Process data was recorded 
by applying appropriate set points to manipulable variables and capturing the resulting responses 
from actuator systems. This comprehensive approach ensured that the dataset reflected real-world 
operational scenarios, including operator decisions and system responses to programmable logic 
controller (PLC) commands. Fig. 1 shows the schematic of data collection stages from the VRM cement 
grinding circuit. 
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Fig. 1 Schematic of data set collection stages from the cement VRM grinding circuit. 

2.2. Cement VRM grinding process 

The cement VRM operates through a sophisticated grinding mechanism powered by a main drive 
connected via a vertical gearbox. Before the operation begins, a hydraulic system lifts the master and 
support rollers from the grinding table. The grinding process initiates when feed material, consisting 
primarily of clinker (with d80 approximately 32 mm) and gypsum in a 97:3 ratio, is introduced to the 
center of the rotating table. Centrifugal forces drive these materials toward the edges where they 
encounter significant pressure from the master rollers, resulting in grinding action between the rollers 
and the table surface. The VRM features a unique four-roller mechanism: two large master rollers 
responsible for grinding operations and two smaller support rollers that stabilize material layering on 
the grinding table. Bed breakage stability is maintained through both support roller action and water 
injection. After grinding, the processed material passes through a dam ring that regulates the height of 
the material layer before being collected by hot gas entering through a nozzle ring. This hot gas serves 
dual purposes-drying the materials and transporting finer particles to a dynamic separator above the 
mill. The cement powder exits with the gas stream and is collected in a bag house, while coarser 
particles return to the table for further additional grinding. Many modern VRMs incorporate external 
recirculation systems where coarse materials falling into the mill’s gas ducts through the louver ring 
are reintroduced alongside fresh feed via conveyors or bucket elevators, achieving significant energy 
savings (Authenrieth et al., 2012; Fatahi, Pournazari, et al., 2022; Fedoryshyn et al., 2012; Pareek & 
Sankhla, 2021; Xu & Sun, 2020). The Process control parameters of cement VRM are shown in Table 1. 

Table 1 Process control parameters of cement VRM grinding circuit. 

Variables Description of variables Max Min Mean STD 

Mill output pressure The outlet pressure of the mill -27.95 -33.04 -29.33 0.61 
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Mill body vibrating 

(mm/s) 

 

The vibration of the mill body due to 

operational parameters 

 

8.84 

 

2.31 

 

4.12 

 

0.89 

Main Drive (Kw) The power drawing of the main motor 1887.80 1005.10 1552.713 224.24 

Mill fan power (Kw) The power drawing of the motor mill fan 677.44 513.38 555.77 19.79 

Water injection (m3/hr) The rate of water spray for stabilization of 

bed breakage. 

1.51 1.25 1.43 0.07 

Differential pressure 

(mbar) 

The differential pressure between the inlet 

and outlet of the mill 

36.61 30.62 33.23 0.92 

Mill body vibrating 

(mm/s) 

The vibration of the mill body due to 

operational parameters 

8.84 2.31 4.12 0.89 

Counter pressure (bar) The applied pressure for adjustment of the 

distance of the master roller from the table 

16.90 14.35 15.29 0.61 

Feed rate (t/h) A load of mill feed 29.27 86.41 114.08 9.51 

Silo Elevator (A) 
The amper drawing of the main elevator 

motor 
64.71 44.49 55.38 4.70 

Bed Height(cm) The thickness of the material bed 30 0.0 4.94 9.17 

Mill fan speed (rpm) The speed of the mill fan impeller 813.27 747.99 767.32 9.04 

2.3. Shapley Additive exPlanations (SHAP) 

Shapley Additive Explanations (SHAP) is an innovative approach introduced by Lundberg and Lee to 
enhance the interpretability of machine learning models (Lundberg & Lee, 2017). SHAP delivers local 
and global explanations by assigning feature importance at the instance level and across the dataset. It 
breaks down model outputs into feature-specific contributions, enabling tasks like debugging, feature 
engineering, and decision optimization (Mangalathu et al., 2021; Mao et al., 2021). Visualizing feature 
importance and prediction explanations enhances model interpretability and validation. 

Mathematically, outputs are expressed as the weighted sum of SHAP values for input features: 

𝒇(𝒙) =  𝝋𝟎 +  ∑ 𝝋𝒊𝑿𝒊
′

𝑵

𝒊=𝟏

 
(1) 

 

 

Here, f is the model’s mapping function, N is the number of input features, 𝝋𝟎 is the average 
prediction and 𝝋𝒊 is the SHAP value for the i-th feature. The coalition vector 𝑿𝒊

′ is computed from the 
original input Xi using a mapping function 𝑿𝒊 = 𝒉𝒙 (𝑿𝒊

′) (Bussmann et al., 2021; Mangalathu et al., 
2021). 

2.4. LightGBM 

Gradient Boosting Decision Tree (GBDT) is highly efficient and reliable but faces challenges with big 
data as its scalability decreases due to the need to scan all instances (Friedman, 2001). LightGBM, 
introduced by Microsoft in 2017, addresses these issues (Ke et al., 2017). Unlike other algorithms, 
LightGBM builds trees focusing on leaves with the most loss, enhancing accuracy. Its speed benefits 
from Gradient-based One-Side Sampling (GOSS), and Exclusive Feature Bundling (EFB) (Ke et al., 
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2017). It minimizes the loss function while adding weak learners, with the final prediction being the 
weighted sum of their forecasts (Liu et al., 2022). 

𝐥𝐨𝐬𝐬 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧 = (𝒚𝒊, �̂�𝐢) (2) 

For each iteration )t(, the negative gradient of the loss function relative to the predictions made by the 
previous model is calculated as: 

𝒈𝒊
(𝒕)

= −
𝛛𝐋(𝐲𝐢, �̂�𝐢

(𝐭−𝟏))

𝛛�̂�𝐢
𝐭−𝟏

 
(3) 

In LightGBM, the tree is constructed leaf-wise. For each node )m(, the optimal split is determined in a 

way that minimizes the loss function. In this context, if )S( represents the set of samples that reach leaf 
node ‘m’, the optimal split point is found by: 

𝐬𝐩𝐥𝐢𝐭𝐦 = 𝐚𝐫𝐠 𝐦𝐢𝐧𝐬𝐩𝐥𝐢𝐭 ∑ 𝐋(

𝐢∈𝐒

𝐲𝐢, �̂�𝐢
(𝐭−𝟏) + 𝐬𝐩𝐥𝐢𝐭) (4) 

Once the tree construction is completed, the output value for each leaf node ‘m’ is estimated by 
calculating a weighted sum of the negative gradient of the samples in that leaf: 

𝐥𝐞𝐚𝐟_𝐨𝐮𝐭𝐩𝐮𝐭𝐦 = −
∑ 𝐠𝐢

(𝐭)
𝐢∈𝐒

∑ 𝐡𝐢

(𝐭)
+ 𝛌𝐢∈𝐒

 
 (5) 

LightGBM uses histogram-based feature splitting and gradient-based one-side sampling, making it 
practical, especially for skewed datasets under similar parameters (Li et al., 2022). 

2.5. Random Forest 

Random Forest (RF), a tree-based predictive model renowned for handling high-dimensional data and 
not relying on parametric assumptions, was introduced by Breiman and utilizes ensemble learning 
techniques for tasks such as classification and regression (Matin et al., 2016). The Random Forest (RF) 
method builds upon Bootstrap aggregating (Bagging) by incorporating random variable selection at 
each node (Breiman, 1996). Essentially, it extends bagging by randomly selecting a subset of features 
within each data sample. RF modeling offers several advantages, including reduced overfitting, 
minimal tunable parameters, robustness to outliers, low bias, and decreased variance compared to 
traditional decision trees (DT) (Gong et al., 2018; Ouallouche et al., 2018) .Typically, RF generates an 
ensemble of N decision tree estimators, with the final prediction calculated as follows: 

�̂�(𝐗) =
𝟏

𝑵
∑ �̂�𝐧

𝑵

𝒏=𝟏

(𝑿) 
(6) 

where x represents the input feature vector, and �̂�𝐧(𝑿) denotes the nth decision tree’s prediction 
(Wager & Athey, 2018). 

3. Results and discussion 

3.1. Relationship of parameters assessments 

The linear assessment results indicated the likelihood of multiple multivariable relationships among 
the operational variables in the cement VRM. Numerous studies have highlighted the potential for 
complex interactions between operational variables in the cement industry (Fatahi et al., 2021; Fatahi, 
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Nasiri, et al., 2022; Fatahi et al., 2023). Based on Fig. 2, when the target variable for modeling is the 
feed rate, it shows the highest correlation with the following parameters in descending order: working 
pressure (0.94), water injection (0.83), main drive (0.81), and dp (0.80). Similarly, the parameters with 
the strongest linear correlation to dp are working pressure (0.83), mill fan speed (0.82), and feed rate 
(0.80). In contrast, mill output (-0.592), counter pressure (-0.332), and bed height (-0.255) display 
negative correlations with dp, highlighting both positive and negative relationships among the 
operational variables. 

 

Fig. 2  Pearson correlation between process variables of cement VRM grinding circuit. 

3.2. SHAP analyses of operational variables 

SHAP is a highly effective technique for interpreting machine learning models, offering precise 
insights into the contribution of each variable to the model’s predictions (Chelgani et al., 2021). Fig. 3 
ranks variables based on importance, clearly illustrates their individual effects. The SHAP analysis 
revealed a ranking pattern similar to the Pearson correlation evaluation regarding parameter 
importance. For modeling with feed rate as the target variable, SHAP indicated that working pressure 
and dp have the most significant influence on the model, both showing a positive correlation on 
average. As the feed rate increases, operators raise the working pressure to enhance comminution 
efficiency, resulting in higher dp values (Yan-yan et al., 2011). 
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Fig. 3 Ranking variables based on their mean SHAP value for feed rate prediction. 

Fig. 4 derived from SHAP analysis, identifies three key variables significantly influencing dp 
prediction in cement vertical roller mills. Their average impact on the model’s output highlights that 
Dp is primarily affected by the material feed rate, the mill fan flow rate (or fan speed), and the 
working pressure (Pareek & Sankhla, 2021). 

 

 

Fig. 4 Ranking variables based on their mean SHAP value for dp prediction. 
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 SHAP can identify and analyze multi-correlations and complex patterns among variables (Chelgani 
et al., 2023).  Fig. 5 presents the SHAP analysis which highlights the multi-correlation between key 
parameters impacting feed rate modeling. The working pressure increases as operators raise the feed 
or product rate, as noted in (Altun et al., 2017). At lower feed rates, the working pressure remains 
minimal (blue points) whereas at higher feed rates, the pressure rises significantly (red points). DP 
which reflects the difference between the inlet and outlet pressures of the mill, indicates the mill’s 
internal load and feed rate (Yan-yan et al., 2011). The inter-correlation between feed rate and dp shows 
that up to 115 t/h, increasing the feed rate leads to a sharp rise in dp, while beyond this threshold, the 
increase becomes more gradual. Feed rate variations during VRM operation influence the mill’s load 
and, consequently, the dp. Adjusting the feed rate during operation requires increasing the working 
pressure which allows the rollers to apply greater force on the grinding bed for effective 
comminution. Counter pressure plays a role in this process by bringing the rollers closer to the table to 
optimize the application of working pressure. 
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Fig. 5 SHAP values for multi-interactions dependent operational variables on feed rate prediction. 

 

Fig. 6 shows the SHAP analysis reveals that mill fan speed significantly impacts on dp, with SHAP 
values transitioning from negative to positive as fan speed increases from 750 to 810 rpm. The highest 
dp values (around 36) are observed at 810–815 rpm fan speeds where the inlet-outlet pressure 
differential is maximized. Similarly, working pressure shows a positive, though non-linear, correlation 
with dp. At lower pressures (80–90), SHAP values are negative, improving as pressure rises to 110, 
with peak dp performance in the 105–110 range. Operators align higher working pressures with feed 
rate increases to maintain stable operation. Feed rate exhibits a more complex relationship. At lower 
feed rates (85–95), SHAP values are negative, becoming positive around 100–105. Data scatter in the 
middle range (100–115) suggests the influence of additional factors. At higher rates (115–125), SHAP 
values remain positive, with peak dp observed at feed rates of 110–115. Like fan speed, higher feed 
rates amplify the pressure differential. Maximum dp performance is achieved through high mill fan 
speed, elevated working pressure, and moderate to high feed rates. Working pressure shows the most 
linear and predictable relationship with dp, while fan speed and working pressure have more 
significant impacts than feed rate. Stabilizing dp and maintaining a consistent material bed under the 
rollers is essential, as a thick bed increases energy consumption, while a thin bed risks internal wear in 
the mill (Sahasrabudhe et al., 2006). 
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3.3. Feed rate and dp prediction 

During the modeling process for predicting feed rate and dp, the dataset was randomly split into 
three parts: 70% was allocated for training. In contrast, two equal portions of 15% were designated for 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 SHAP values for multi-interactions dependent operational variables on dp 
prediction. 
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testing and validation. Several hyperparameters were explored to optimize the model’s performance 
using a randomized search strategy. This optimization process utilized the validation set to determine 
the best combination of parameters. The outcomes of this process are summarized in Table 2, which 
details the optimal values for the model’s hyperparameters. 

 

Table 2 Hyperparameters of models with Randomized Search CV and Model Performance Metrics. 

Combined Machine Learning Model Hyperparameters 

Target Model Number of 
Trees 

Max 
Features/ 
Num Leaves 

Max Depth Min Samples 
Split / Min 
Child 
Samples 

Min Samples 
Leaf/ 
Learning 
Rate 

F
e

ed
 R

a
te

 

 

RandomForest 400 log2 10 2 1 

LightGBM 200 31 5 10 0.05 

D
P

 

 

RandomForest 200 None 15 2 1 

LightGBM 300 31 3 5 0.05 

Model Performance Metrics 

Target Model Dataset RMSE MSE R2 

F
e

ed
 R

a
te

 

 

R
a

n
d

o
m

F
o

re
st

 

 

Train 0.6490 0.4212 0.9753 

Validation 1.95 3.8025 0.9321 

Test 1.3896 1.9310 0.9478 

L
ig

h
tG

B
M

 

 

Train 0.6090 0.3709 0.9958 

Validation 1.3462 1.8122 0.9811 

Test 1.4009 1.9625 0.9775 

D
if

fe
re

n
ti

a
l 

P
re

ss
u

re
 

R
a

n
d

o
m

F
o

re
st

 

 

Train 0.0599 0.0036 0.9656 

Validation 0.1825 0.033 0.9265 

Test 0.1656 0.0274 0.9480 

L
ig

h
tG

B
M

 

 

Train 0.0920 0.0085 0.9896 

Validation 0.1641 0.0269 0.9694 

Test 0.1798 0.0323 0.9623 
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Based on the cross-validation results shown in Table 2 and Fig. 7, both the LightGBM and RF 
algorithms successfully predicted the controlled variable “dp” and the adjustable variable “feed rate” 
with satisfactory accuracy. Among the tested algorithms, LightGBM outperformed RF in terms of 
predictive precision. In terms of performance metrics, LightGBM achieved the highest accuracy, with 
an R² of 0.98,  an RMSE of 1.34 and 0.96, and an RMSE of 0.16 for feed rate and dp prediction, 
respectively, while RF performed slightly less effectively with an R² of 0.93 and an RMSE of 1.95 and 
0.92 and an RMSE of 0.18. These findings underscore LightGBM’s ability to predict mill feed rate set 
points and differential pressure efficiently. 
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Fig. 7 Comparison between predicted and actual values by LightGBM in the validation step. 
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The results indicate that the SHAP-lightGBM model, as an advanced AI system, has successfully 
designed and implemented a CL system for Vertical Roller Mills (VRM). This model is capable of 
accurately modeling feed rates and main drive power. Furthermore, the SHAP analyses 
comprehensively reveal nonlinear relationships among various parameters. Studies show that this 
system can be utilized for modeling, controlling, and maintaining cement VRM circuits on an 
industrial scale. This capability enables operators to identify key parameters during operations, assess 
the effects of critical factors on feed rate increases (an essential operational parameter), optimize 
energy consumption by identifying factors influencing the main drive power, and take measures to 
enhance operational efficiency. The SHAP-lightGBM model is an effective tool for optimizing energy 
consumption and identifying key parameters in industrial processes. 

4. Conclusions 

This study investigated the variables influencing feed rate and dp in VRM, using machine learning 
algorithms such as RF and LightGBM. The developed models accurately reflected the feed rate's 
setpoint performance and the mill's subsequent dp while identifying linear and complex nonlinear 
relationships among operational variables. SHAP analyses highlighted the impact of variables such as 
working pressure, dp, and counter pressure on operators' determination of the feed rate setpoint. 
Furthermore, for dp, three key variables, working pressure, mill fan speed, and feed rate, were 
identified in order of significance, aligning with the operational principles under a CL approach. 
SHAP data also revealed that working pressure, a shared variable for predicting both feed rate and 
dp, had the most significant impact, establishing it as one of the critical operational parameters in 
VRM. This parameter is crucial in regulating mill feed rate and affects the mill’s dp. Model evaluation 
via validation tests demonstrated the algorithms’ stable performance and high generalization capacity. 
Among the models, LightGBM exhibited the highest R² value, equal to 0.98 and 0.97 for feed rate and 
dp prediction, respectively, and the lowest RMSE, equal to 1.34 and 0.16, positioning it as the best 
choice for predicting feed rate and dp. Overall, using the CL approach combined with machine 
learning algorithms demonstrated high-quality modeling in identifying complex relationships among 
operational variables, paving new paths for sustainable control and optimizing VRM performance in 
the cement industry. 
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Abstract: 

Quantifying modal mineralogy is increasingly important in modern mining as mines exploit lower-
grade and more complex ore deposits. The modal mineralogy of a deposit, which influences metal 
liberation, extraction, and concentration, is governed by the varying processing behaviors of different 
minerals. Element-to-mineral conversion (EMC) was used in this study to determine the modal 
mineralogy of iron processing plant tailings. The EMC approach involves measuring the bulk rock or 
mineral chemistry and textural properties of tailing piles. X-ray fluorescence determined chemical 
composition, while X-ray diffraction and light and electron microscopy determined mineralogy and 
texture. A framework has been developed to guide the decision-making process when applying the 
EMC approach for modal mineralogy quantification. Due to the imbalance between the number of 
minerals identified in mineralogical studies and the compositions measured in chemical analysis, the 
mineral grouping strategy has been used to determine the mineralogical modal. Based on EMC 
outputs, iron oxides, including magnetite and hematite and copper sulfide minerals are valuable 
minerals that can be extracted from the tailings. The highest magnetite grade is associated with the 
size fraction of -250 +106 microns (26%). The primary gangue minerals in the tailings are the 
diopside/calcite with an average grade of 35% and the garnet/quartz with an average grade of 26%, 
while pyrite and chalcopyrite are identified as minor minerals. 

 

Keywords: Mineralogy studies, Ore texture, Chemical analysis, Grade of mineral, Magnetite 

1. Introduction 

The grade of ore deposits, irrespective of deposit type, has been steadily decreasing over the past 
century (Kazemi and Abdollahzadeh, 2024). In recent decades, active mines have been forced to mine 
lower-grade and mineralogically more complex parts of existing ore deposits (Norgate and 
Jahanshahi, 2010; Gordon et al., 2018), which have sufficiently low ore grades to challenge the 
financial viability of the mining activities. This introduces higher degrees of risk in the modern mining 
industry as a result of high ore variability due to increasing textural and mineralogical complexities. 
This situation has been exacerbated by the large production volumes required due to increased metal 
demand as well as stricter environmental regulations (Lishchuk and Pettersson, 2020). As a direct 
consequence, the importance of modal mineralogy quantification has increased, since the modal 
mineralogy of a deposit has a direct impact on the liberation, extraction and concentration of the 
valuable metals (Parian et al., 2015; Xie et al., 2021; Chen et al., 2017; Dehaine et al., 2021). This is 
particularly important for complex heterogeneous deposits where the valuable metal grade is not 
uniformly distributed throughout the deposit. The modal mineralogy of all minerals, including 
valuable and gangue minerals, needs to be known to ensure efficient ore processing (Dehaine et al., 
2021; Parian et al., 2015; Schouwstra et al., 2013). 
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Historically, modal mineralogy was determined by optical microscopy and point counting (Gottlieb et 
al., 2000; Lund et al., 2013). However, this methodology is time consuming and the quality of the 
results is highly dependent on the skill of the mineralogist (Petruk, 2000). Mineral identification by 
optical microscopy relies on the interpretation by the mineralogist of the transmitted and reflected 
light behaviour of a mineral, an interpretation that could be very subjective depending on the skill of 
the mineralogist. Additionally, ore bodies can be highly complex, and manual mineralogy techniques 
cannot adequately quantify the mineralogical and textural variability of such ore deposits statistically 
robustly (Gottlieb et al., 2000). Furthermore, the use of optical microscopy and point counting to 
determine modal mineralogy is challenging, for example, in very fine-grained samples (Pirrie et al., 
2011). The advent of improved analytical techniques for mineralogical analysis, particularly those that 
are automated, has significantly improved our ability to properly characterize the mineralogy of any 
ore deposit. These analytical developments fall into two instrument categories (both using x-ray 
analysis): those based on scanning electron microscopy (SEM) and those based on X-ray diffraction 
(XRD). Electron microprobes were historically used to determine accurate mineral compositions but 
were time consuming, expensive instruments that required a skilled operator. In recent decades, 
scanning electron microscopes have undergone significant improvements (particularly in their image 
optics), which has allowed the mineral identification and quantification process to be automated when 
combined with energy dispersive spectroscopy (EDS). Examples of automated mineralogy techniques 
based on SEM include QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron 
Microscopy) and MLA (Mineral Liberation Analyzer). These technologies identify minerals and 
quantify mineral proportions by scanning a sample in backscattered electron mode, measuring the 
EDS spectra, and comparing the measured EDS spectra with a database of minerals with known EDS 
spectra (Pirrie et al., 2011). Specific mineral compositions correspond with specific EDS spectra. 
Techniques of modal mineralogy characterization based on X-ray diffraction (XRD) work by 
measuring the X-ray diffraction pattern produced by X-rays interacting with the crystalline structure 
of a mineral. Mineral identification is done through comparison of the measured XRD pattern to a 
reference database of minerals with known XRD patterns. Characterization of mineralogy by XRD can 
either be qualitative (i.e, identification), semi-quantitative, or quantitative (Hupp et al., 2018). Thus, 
mineralogy characterization technologies based on SEM identify minerals using known mineral 
compositions, while mineralogy characterization technologies based on XRD identify minerals based 
on known mineral structures. 

Element-to-mineral conversion (EMC) is a possible alternative approach to these analytical techniques 
for modal mineralogy determination. The EMC approach calculates modal mineral proportions by 
converting chemical assays to mineral proportions (Whiten, 2008). This conversion is feasible through 
the use of known mineral compositions applicable to the minerals to be calculated. The application 
and development of EMC as an alternative method is driven by gaining access to modal mineralogy at 
lower costs and earlier stages of the mining project (Mena Silva et al., 2018). Despite this, and being a 
known technique for decades, it is underused and very rarely applied in mining operations (Lund et 
al., 2013). This may be due to EMC’s limitation to deposits with simple mineralogy, as the number of 
elements analyzed limits the number of minerals to be calculated (Parian et al., 2015). However, no 
definition of what characterizes an ore with “simple mineralogy” in the context of the EMC approach 
exists in the literature. Since the number of elements limits the number of minerals that can be 
calculated, minerals that have the same assigned element have been grouped to perform EMC on 
deposits where the number of minerals exceeds the number of elements (Lund et al., 2013; Ntlhabane 
et al., 2018). However, grouping minerals decreases the resolution of the modal mineralogy 
information produced. Another limitation of the EMC approach is that very few guidelines exist in the 
literature to aid the application of the EMC approach and this may also be a contributor to its under 
usage in the mining industry. The absence of these guidelines makes the application of the EMC 
approach a tedious process based on trial and error. 

Although automated mineralogy provides faster quantitative analysis of mineral grades, there are 
limitations associated with its application (Moen, 2006; Lund et al., 2013). Some of these limitations 
result in difficulties with the identification of certain minerals (Lund et al., 2013), e.g, differentiating 
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between hematite and magnetite, minerals with almost identical chemical compositions and 
consequently similar grey levels (Moen, 2006; Gomes and Paciornik, 2012). Additionally, resolution 
becomes problematic in very fine-grained samples as the electron beam diameter approaches that of 
individual grains (Fandrich et al., 2007). Since EMC is based on the measured bulk chemistry and 
mineral chemistry, it may be advantageous in the quantification of the modal mineralogy of fine-
grained samples. Although advances in X-ray-based automated mineralogy techniques such as XRD 
have allowed for the improvement of mineral proportion quantification, its accuracy is affected by 
factors such as crystallinity, preferred orientation of mineral phases and crystal size (Lund et al., 2013). 
XRD-based techniques also have less accurate detection limits than SEM-based techniques. 
Furthermore, the application of automated mineralogy requires extensive sample preparation and 
data processing, both of which can be time-consuming processes (Parian et al., 2015). For example, the 
initial automated dataset by QEMSCAN will include a very large number of categories of mineral 
compositional groupings, which then have to be validated, combined, or subdivided based on the 
required outputs of the individual mining project (Pirrie et al., 2011). Thus, there exists a need for a 
method to determine mineral grades that is relatively fast, cost effective and statistically reliable. The 
present study aims to determine the mineralogical modal of iron ore tailings using the EMC method. 
Considering the presence of various iron-containing minerals, including hematite and magnetite, in 
iron processing tailings, the use of the EMC approach is more efficient for determining their 
mineralogical modal composition. 

2. Materials and methods 

The study investigated tailings piles from lump iron ore processing plants in western Iran. These 
tailings result from low-intensity dry magnetic separation of magnetite iron ore. Sampling was 
conducted from various sections of the tailing piles, determined by their distribution over different 
production periods. With roughly one million tons of tailings, over 20 samples were extracted by 
digging trenches across different areas. Each trench provided approximately a 500 kg sample. These 
samples were then consolidated and thoroughly mixed in a designated area. Ultimately, a 
representative sample weighing around 500 kg was selected for further analysis. The sample with d80 
= 6.5 mm (Figure 1) was crushed to <2 mm using a roll crusher. The crushed material was then sieved 
into the following size fractions: -2 +1, -1 +0.500, -0.500 +0.250, -0.250 +0.106, -0.106 +0.045, and -0.045 
mm, to determine the mineralogical modal composition of the iron tailing piles. 

 

Fig. 1. Particle size distribution curve of iron tailing sample 
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2.1. Analysis and studies 

Texture characteristics were determined using X-ray fluorescence, potentiometric titration (Redox), X-
ray diffraction, optical image analysis (OIA), and scanning electron microscopy (SEM). Each size 
fraction was analyzed using XRD, XRF, OIA, and SEM. The resulting data provided insights such as 
the types and volume percentages of minerals, texture diversity, association indicators, mineral 
classification, alterations, hardness, size distribution of both valuable minerals and gangue, degree of 
liberation, and chemical composition. This information was crucial for calculating quantitative details 
and determining mineralogical modals. 

The Zeiss SM-LUX-POL reflective polarizing microscope was employed for optical microscopy 
studies. To assess texture characteristics, three standard polished sections were prepared for each size 
fraction, with the mineral compositions meticulously evaluated through ore microscopy. Each section 
was examined at a magnification of 200X, resulting in the preparation of approximately 60 digital 
microscopic images. Since each image captures at least 80 particles, between 4800 and 5000 particles 
were counted per sample. Mineral characteristics were analyzed using ImageJ software (version 
1.8.0_172). A grid pattern was applied to each corresponding image, and the count tool was used to 
determine the point count and volume of liberated and locked mineral grains. Finally, all data were 
transferred to Excel for calculating the average degree of liberation from different images. (Kazemi 
and Abdollahzadeh, 2024). To calculate the volume percentage of each mineral, multiple sections of 
each size fraction were analyzed. The average area of the mineral was measured across these sections. 
Assuming a constant and negligible third dimension, this area measurement represents the volume 
percentage of the mineral. 

2.2. Element to mineral conversion 

A straightforward method to estimate mineral grades is the Element-to-Mineral Conversion (EMC), 
which simultaneously solves a set of mass balance equations involving chemical elements and 
minerals. Chemical mass balance techniques rely on the principle that a rock's bulk chemistry is the 
sum of its minerals' chemistry weighted by their proportions (modal mineralogy). 

To mineralogical modal determination, element-to-mineral conversion offers a potential alternative to 
analytical techniques (XRD and SEM). This study uses analysis and microscopy as reference data for 
each size fraction to determine mineralogical modal using the EMC method. The reference modal data 
or mineralogical studies data were prepared as follows: 

1. XRF and titration data, initially in oxide form, were converted to elemental weight 
percentages. 

2. Minerals identified through microscopy were grouped based on shared elements to meet the 
requirements of the EMC method, which necessitates that the number of chemical compounds 
equals the number of identified minerals. 

3. Each mineral group was assigned a representative element. 

4. The chemical composition of a representative mineral was assigned to its corresponding 
mineral group. 

. 

EMC has been semi-automated by the thermochemical software package, HSC Chemistry, created by 
Outotec. HSC Chemistry has an extensive mineral database and calculation modules for minerals 
processing and particle calculation. EMC is performed using HSC Chemistry’s Geo Module, which was 
developed in 2006. The user has to manually input the bulk chemical assays and mineral chemistries 
of the deposit into the software and specify the EMC calculation routine. An appropriately formatted 
file of the bulk chemical assays can also be uploaded onto the software. Setting up an EMC routine 
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involves specifying the number of calculation rounds, the minerals calculated in each round, the 
elements assigned to minerals for calculation, and the specification of the estimation method to be 
used for the calculation round. The EMC routine refers to the order in which the mineral proportions 
will be quantified. The chemical analysis data for each size fraction and the mineral composition of the 
iron tailing piles were manually entered into the software. EMC calculations were then performed 
using linear least squares (LLS) and non-negative least squares (NNLS) estimations. 

3. Results and discussion 

To apply the EMC approach for modal mineralogy quantification, input data in the form of whole 
rock compositions and mineral chemistry data are required. XRF analysis results (Table 1) were 
converted to weight values for oxide compounds in each size fraction (Table 2). 

 

Table 1. XRF analysis in each size fraction 

Size fraction (mm) 
SiO2 
(%)  

Al2O3 
(%) 

CaO 
(%) 

Fe (T) 
(%) 

FeO 
(%) 

K2O 
(%) 

MgO 
(%) 

S 
(%) 

Cu 
(%) 

-2 +1 37.53 8.38 20.22 15.66 5.37 0.74 4.17 0.46 0.11 
-1 +0.5 36.65 8.97 18.59 16.34 5.60 0.75 4.19 0.58 0.14 
-0.5 +0.25 33.90 7.84 19.33 18.66 6.40 0.59 3.76 0.82 0.19 
-0.25 +0.106 32.13 7.02 17.10 22.48 7.70 0.46 4.73 0.51 0.21 
-0.106 +0.045 33.61 8.66 19.96 15.47 5.29 0.59 2.60 0.51 0.22 
-0.045 31.26 6.98 18.90 25.03 8.58 0.65 5.89 0.31 0.25 

Table 2. Weight percentage of elements in each size fraction of iron tailings 

Size fraction 
(mm) 

Si 
(%)  

Al 
(%) 

Ca 
(%) 

Fe 
(%) 

K (%) 
Mg 
(%) 

S 
(%) 

Cu 
(%) 

-2 +1 17.49 4.65 14.44 15.66 0.61 2.51 0.46 0.11 
-1 +0.5 17.08 4.98 13.27 16.34 0.62 2.53 0.58 0.14 
-0.5 +0.25 15.80 4.35 13.80 18.66 0.49 2.27 0.82 0.19 
-0.25 +0.106 14.97 3.90 12.21 22.48 0.38 2.85 0.51 0.21 
-0.106 +0.045 15.66 4.81 14.25 15.47 0.49 1.57 0.51 0.22 
-0.045 14.57 3.87 13.49 25.03 0.54 3.55 0.31 0.25 

Tailing piles are predominantly composed of non-metallic minerals (silicates and non-silicates) with a 
minor metallic mineral component, according to OIA and SEM analysis. The diverse non-metallic 
minerals include pyroxene, calcite, garnet, epidote, tremolite-actinolite amphibole, quartz, sphene, 
chlorite, and trace amounts of biotite, feldspar, and apatite. Metallic minerals are primarily oxides, 
with fewer sulfides. The volumetric percentage of magnetite and hematite, the main iron oxides, 
varies with particle size. Iron oxide content initially increases with decreasing particle size down to 45 
microns, then decreases (Figure 2). Coarse fractions exhibit interlocks between iron oxides (mainly 
magnetite) and silicate/carbonate minerals, with gangue inclusions within iron oxides. Oxide mineral 
liberation increases with decreasing particle size, exceeding 85% in fractions smaller than 106 microns 
(Figure 2). 
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Fig. 2. Volumetric percentage and liberation degree of iron oxides in different size fractions of the tailings of lump 

iron ore processing plant 

The most widely known and cited constraint of the EMC approach is that the number of elements 
limits the number of minerals that can be calculated. This constraint necessitates proper preliminary 
data preparation to enable the successful application of the EMC approach for any particular deposit. 
Preliminary input data preparation involves three main steps: the simplification of the mineral list, the 
assignment of elements for the calculation of minerals, and the assignment of mineral chemistry 
where minerals have been grouped. XRF analysis of each size fraction yielded values for 8 major oxide 
compounds (other compounds were below the 0.05% detection limit), while mineral identification in 
some fractions reached 20. To satisfy the EMC method's requirement for equal numbers of chemical 
compounds and identified minerals, minerals were grouped. Previous studies have employed three 
grouping approaches: common element (Lund et al., 2013), mineral group classification (e.g., grouping 
garnet and pyroxmangite as Manganese silicates), and shared chemical characteristics (e.g., pyrite and 
pyrrhotite sharing Fe and S) (Ntlhabane et al., 2018).  

In this study, the grouping of minerals is based on their common element. The approach used in this 
study to determine the eligibility of a mineral set forms part of the Mineral Chemistry Designation 
Approach (MCDA) and involves the calculation of the standard deviation and average concentration 
of the assigned element for a mineral set. This method addresses the situation where a single element 
is the most suitable identifier for multiple minerals. This group of minerals, linked by a shared 
elemental designation conflict, constitutes a primary mineral set. For each mineral, the mass value of 
the designated element is then calculated based on its chemical formula. In the previous studies of the 
EMC method (Mena Silva et al., 2018; Parian, 2015; Cupido, 2021), the average and standard deviation 
of the element in each mineral group are calculated. If the difference between a mineral's element 
quantity and the average value is less than the standard deviation, the mineral stays in its group 
(Cupido, 2021). This method's key limitation is its failure to consider mineral weight within each size 
fraction. Furthermore, it struggles with two-mineral groups because elemental differences relative to 
the average are identical for both minerals, hindering accurate mineral identification. To address these 
shortcomings, this study incorporates mineral weight percentages within each size fraction. 
Specifically, volumetric percentages from microscopic analyses were converted to weight percentages 
using mineral-specific gravities (Table 3). Elemental content was then weighted by the corresponding 
mineral's weight percentage in each size fraction to determine elemental contribution per volume. 

Next, weighted averages and standard deviations were calculated for each group. The difference 
between the element's abundance (element × weight) and the average weight of minerals was then 
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determined. If the absolute difference for a mineral or composition exceeded the standard deviation, it 
was considered a dominant phase of the element; otherwise, it was removed from the group and its 
elemental values were re-evaluated. Grouping minerals by weight percentage also identifies a 
representative mineral for each group, chosen based on the maximum weight percentage multiplied 
by elemental content. For example, Table 3 illustrates this process for Fe minerals in the -2 +1 mm size 
fraction. This methodology was applied to all minerals and elements in the iron tailings to identify 
representative minerals for each group. In the -2 +1 mm fraction, magnetite represents Fe-containing 
minerals, pyrite for S, chalcopyrite for Cu, diopside for Ca, chlorite for Al, biotite for Mn, feldspar for 
K, garnet for Si, and rutile for Ti. In Table 4, the representative minerals of each group are stated in 
different size fractions. 

�̅� (𝑒𝑙𝑒𝑚𝑒𝑛𝑡) =
∑ 𝑉𝑖𝑚𝑖

∑ 𝑉𝑖

                                                                                                                    (1) 

𝜎 = √
∑ 𝑚𝑖 (𝑥𝑖 − �̅�)

∑ 𝑚𝑖

                                                                                                                         (2) 

 
Table 3. Grouping for mineral set formation and mineral chemistry determination (size fraction: -2 +1 mm). 

Minerals Formula 
Fe in 

mineral (%) 
Volume 

(%) 
S.G 

Weight 
(%) 

Weight * 
Fe (%) 

Abs (W.Fe-
Ave.) 

Magnetite Fe3O4 72.36 5.90 5.20 30.68 2220.00 1719.45 

Hematite Fe2O3 69.94 1.00 5.26 5.26 367.88 132.67 

Geothite FeOOH 62.86 0.05 4.30 0.22 13.51 487.04 

Limonite FeOOH.nH2O 52.26 0.05 3.65 0.18 9.54 491.02 

Pyrite FeS2 46.59 0.80 5.02 4.02 187.11 313.45 

Chalcopyrite CuFeS2 30.48 0.80 4.25 3.40 103.63 396.92 

Pyrrhotite Fe(1-x)S 63.57 0.10 4.00 0.40 25.43 475.13 

Garnet Ca3Fe2(SiO4)3 22.00 11.80 4.15 48.97 1077.34 576.78 

Average 
 

 20.50 
 

93.12 500.56 
 

Standard 
deviation 

 
   

1077.94 
 

The HSC Chemistry-Geo module V.9.1 was used to solve a set of linear equations based on chemical 
analysis and mineral composition data (Table 4) for each size fraction, following user-specified 
parameters in the EMC routine. Two estimation methods were employed: Least Squares (LS) initially, 
and Non-Negative Least Squares (NNLS) when LS resulted in negative mineral proportions. The HSC 
Chemistry 100-sum tool was applied in the final EMC round for mineral proportions unresolved by 
elemental assignment. Figure 3 illustrates the EMC results, revealing that magnetite grade increases 
with decreasing particle size, peaking at 26% in the -250 +106 micron fraction and reaching its lowest 
grade in the coarse (+2 mm) fractions. The grade of chalcopyrite (representing chalcopyrite, covellite, 
and chalcocite) remains relatively constant across different size fractions (0.10% to 0.13%), with a 
maximum of 0.13% also observed in the -250 +106 micron fraction. Thus, both magnetite and 
chalcopyrite exhibit their highest grades in the -250 +106 micron size fraction. 

Table 4. Represented minerals in different size fractions of iron tailings  

Size (mm) Si Al Ca Fe K Mg S Cu Ru 

-2 +1 Garnet Chlorite Diopside Magnetite Feldspar Biotite Pyrite Chalcopyrite Rutile 

-1 +0.5 Garnet Chlorite Diopside Magnetite Feldspar Biotite Pyrite Chalcopyrite Muscovite 

-0.5 +0.25 Garnet Chlorite Diopside Magnetite Feldspar Biotite Pyrite Chalcopyrite - 

-0.25 +0.106 Garnet Chlorite Diopside Magnetite Feldspar Biotite Pyrite Chalcopyrite Muscovite 

-0.106 +0.045 Quartz Chlorite Diopside Magnetite Feldspar Biotite Pyrite Chalcopyrite Rutile 

-0.045 Quartz Chlorite Calcite Magnetite Feldspar Biotite Pyrite Chalcopyrite - 
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The grade of calcite and diopside minerals (diopside group) is more than 34% in all size fractions. The 
grade of these minerals has increased with an increase in the particle size. The highest grade  

, 38%, is in size fraction -500 +250 microns and is related to the diopside mineral. The group of 
quartz/garnet is the second major gangue mineral. In this group, the grade of minerals with the 
decrease in particle size has been increasing, and the highest grade of them is 27.14% related to the 
size fraction of -45 microns. The grade of chlorite increases with the increase in particle size. The 
highest grade calculated for chlorite is 8.94% in the -2 +1 mm size fraction. The grade variation of 
biotite and feldspar minerals is similar to the chlorite grade changes. 
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Fig. 3. Grade of A) Magnetite, B) Pyrite, C) Chalcopyrite, D) Diopside/Calcite, E) Chlorite, F) Biotite, G) Feldspar, 
H) Quartz, in each size fraction calculated by EMC method  

4. Conclusions 

The results of this study show that the element to mineral conversion (EMC) approach may serve as 
an alternative technique to determine the modal mineralogy of a deposit or resource. EMC may be 
valuable in the ore characterization stage, where not as much detail on individual mineral proportions 
is necessary to subdivide a deposit into ore types. The application of the EMC approach was not 
limited by the type of deposit, but rather whether or not all the minerals of a deposit could be 
assigned an element for calculation. Where a single element is deemed the most appropriate 
designation for multiple minerals, these minerals can be grouped. To increase the accuracy and detail 
produced by the EMC approach, the measured bulk chemistry can be supplemented by selective 
dissolution methodologies. The utilization of selective dissolution methodologies can be used to 
increase the number of components of a single element and thus increase the number of individual 
mineral proportions that can be calculated by EMC.  

Using the element-to-mineral conversion method to determine the mineralogical modal of the tailings 
of the iron processing plant indicates that the majority of magnetite minerals stand in the -250 micron 
size range. The grades of main gangue minerals, calcite/diopside and quartz/garnet, have also 
increased with decreasing particle size. The most interlocked has been between the two iron oxide 
minerals magnetite and hematite, which is caused by the martitization of magnetite to hematite. This 
interlock is considered favorable from the point of view of magnetic separation and will lead to the 
recovery of hematite mineral to concentrate in low-intensity separators. In all size fractions, the major 
interlock of magnetite is with calcite/diopside phases, followed by the garnet/quartz phase. 
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Abstract: 

Assessing frother performance through various indices is crucial to understanding how their 
molecular structure affects functionality, as well as evaluating their effectiveness in floating both fine 
and coarse particles. This study investigates for the first time the frothing behavior and froth stability 
of PEG 300, DPG, and TEG and compares them with conventional frothers such as DF-250. The 
primary operational variables considered were air flow rate and frother concentration. Initially, the 
frothing behavior of the reagents was predicted using the HLB-MW diagram, and then the frothing 
power of the desired frothers was examined using the dynamic frothability and dynamic froth 
stability indices. The results revealed that PEG300 exhibited the highest dynamic frothing index (13000 
s.dm3/mol) and high froth stability, which is suitable for the flotation of coarse particles. In contrast, 
DPG showed the lowest frothing power and froth stability, with a dynamic frothing index of 2500 
s.dm3/mol. TEG, with an intermediate frothing index of 5000 s.dm3/mol, demonstrated moderate 
performance in both froth production and stability. DF-250, with an exceptionally high frothing index, 
outperformed all the other agents, providing both superior froth generation and stability. Froth 
stability was assessed using dynamic froth stability indices and dynamic frothing capability, 
providing meaningful insights into frother performance.

 

Keywords: Flotation Frother, Dynamic Frothability index, Dynamic Stability, Frothing index 

1. Introduction 

Flotation, which is widely used for the flotation of fine particles, is based on the adsorption of aqueous 
particles by air bubbles. In this process, surface-activating agents, such as frothers, are used to help 
produce fine air bubbles and stabilize the froth, which facilitates the transport of particles by 
adsorption at the air-water interface. Frothers are surface-active compounds that consist of a polar 
group (OH, COOH, C=O, OSO₂, and SO₂OH) and a hydrocarbon chain(Laskowski 1993; Bulatovic 
2007). These compounds are active at the interface of liquid and gas; their connection mechanism is 
physical. The surface activity of a surfactant with a normal alkyl chain in its molecule increases by 3.2 
times due to the addition of each -CH= group in the molecule(Finch, Nesset, and Acuña 2008; 
Somasundaran and Wang 2006). The frother molecules are oriented at the air-water interface in such a 
way that the polar or hydrophilic group is directed towards the liquid and the non-polar hydrocarbon 
chain is directed towards the air. Frothers not only create a relatively stable froth but also produce 
small bubbles, and in this way, the increase and dispersion of air bubbles on the surface of the pulp is 
the responsibility of the frother. Frothers also control the shape of the air bubble, and the air bubble in 
the presence of the frother is more spherical and has a slower rising speed(Bulatovic 2007; Edwards et 
al. 1991; Wang 2016; Tan and Finch 2016; Xue and Li 2024). The frothers have different structural 
groups, and the performance of frothers depends on their chemical structure. The use of frothers in 
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mineral flotation practice today is dominated by two nonionic surfactant families, alcohols (general 
formula: CnH2n+1OH) and polyglycols such as PEO (polyethylene oxide), PPO (polypropylene oxide), 
and PBO (polybutylene oxide). The compounds can be expressed using the general equation R(X)n 
OH, where R is H or CnH2n+1, and X is ethylene oxide (EO), propylene oxide (PO), or butylene oxide 
(BO). The presence of ether oxygen and hydroxyl groups imparts hydrophilic characteristics, whereas 
the propylene and butylene segments exhibit hydrophobic properties. The equilibrium between the 
hydrophobic and hydrophilic components in these substances is regulated by modifying the number 
of units within the alkyl ether and by altering the number of ethylene oxide (EO), propylene oxide 
(PO), or butylene oxide (BO) groups within the poly(ethylene oxide) (PEO) chain(Bhattacharya and 
Dey 2008; Bulatovic 2007; Cho and Laskowski 2002; Khoshdast and Sam 2011; Gupta 2017; Laskowski 
1993; Leonov et al. 1999; Pearse 2005; Rao 2013). Glycol-based frothers produce a relatively thick, 
stable froth with low selectivity, carry more water (i.e., are wet), and are less sensitive to pH 
changes(Dudenkov and Galikov 1969; Khoshdast and Sam 2011). This property of polyglycols is 
considered an advantage when recovering coarse particles. The molecular weight and hydrocarbon 
chain length of the polyglycol ethers determine their frothing ability. Frothers with higher molecular 
weight produce a more stable froth but with lower selectivity(Amidon, Yalkowsky, and Leung 1974; 
Bhattacharya and Dey 2008; CM et al. 2012; Dukhin, Kretzschmar, and Miller 1995; Finch, Nesset, and 
Acuña 2008). These surfactants rank among the most adaptable neutral frothers and are likely the 
second most prevalent category of commercial frothers currently in use. Based on these functions, 
frothers can be categorized into two distinct types: selective and powerful. The term "selective" 
pertains to the flotation of fine particles, while the term "powerful" refers to the frothing capability, 
which is crucial for the recovery and efficiency of flotation processes involving coarse particles. 
Consequently, by employing suitable indices, one can evaluate the performance of frothers according 
to their varying structural characteristics. Frothers belonging to the alcohol groups behave more 
selectively and are, therefore, more suitable for the flotation of fine particles, while polyglycerols have 
greater frothing power and are, therefore, suitable for the flotation of coarse particles(Laskowski 1993; 
Laskowski 2004; Crozier 1992; Gupta, Banerjee, and Mishra 2009; Khoshdast and Sam 2011; Leja and 
Leja 1982; Pan et al. 2025). 

A prerequisite for choosing an evaluation index is that it must be structure-sensitive. The properties of 
any surfactant can be characterized by its hydrophilic-hydrophobic balance (HLB) number. Its value 
depends on the chemical groups present in the molecule. The amount of the molecular capacity of the 
polar and non-polar ends will be different, and the tendency of the frother to contact water or air. The 
magnitude of this tendency is expressed by comparing HLB(Griffin 1949; Tanaka and Igarashi 2016; 
Wang, Nguyen, and Farrokhpay 2016; Davies 1957). The critical role of froth stability in flotation is 
increasingly recognized, as it directly affects mineral grade determination and flotation recovery. The 
term froth stability is defined as the ability of froth bubbles to resist coalescence and collapse. In other 
words, a more stable froth has fewer coalescence and collapse events(Alsafasfeh, Alagha, and Al-
Hanaktah 2024; Triffett and Cilliers 2004; Farrokhpay 2011). In this study, the Dynamic Frothability 
Index (DFI) and Dynamic Froth Stability Index (DFS) are used to investigate the stability of the froths 
of interest. DFI was described as a definitive measure of the stability of frother under dynamic 
conditions. DFI is used alongside static frothability as an acceptable criterion for measuring the 
properties of frothers. DFI is a characteristic of each frother. DFS, which is characterized by the ratio of 
froth volume to airflow in the system, serves as a metric for assessing froth stability in mineral 
flotation processes. (Elmahdy and Finch 2013; Moyo, Gomez, and Finch 2007; Neethling, Lee, and 
Cilliers 2003; Stevenson, Stevanov, and Jameson 2003; Zhang, Nesset, and Finch 2010; Zhang, Chen, 
and Peng 2020; Zheng, Johnson, and Franzidis 2006; Pawliszak et al. 2024; Zhao and Zhang 2024)In 
this study, the effect of the molecular structure of frothers on their performance is determined through 
the indices of HLB, DFI, and DFS using frothing indices; the selectivity or power of the frothers can be 
investigated. 

147



 IMPRS 2025 19-21 May, Alborz, Iran  

3 

 

2. Material and Methods  

2.1. Material 

The frothers tested are listed in Table 1, selected to cover a range of molecular weights. All were 
reagent grade from Sigma-Aldrich (identified as 99% purity or higher).  

Table 1. Frothers used in the study(Laskowski 2004; Khoshdast et al. 2023; Zhang et al. 2012) 

Frother Type Chemical formula            
Molecular weight 

(g/mol) 
HLB 

Tetraethylene Glycol H(C2H4O)4OH 194 12.1  

PEG 300 H(C2H4O)6.4OH 300 12.9 

Dipropylene Glycol H(C3H6O)2OH 134 9.25 

DF-250 CH3(C3H6O)4OH 264.37 7.8 

 

2.2. Methods 

2.2.1. Hydrophilic-Lipophilic Balance 

Structural properties of frothers, such as hydrocarbon chain length, are related to flotation 
performance. The primary function of frothers is a reflection of their molecular structure, which affects 
flotation. For this reason, frothers characterization is of great importance. The HLB parameter was first 
proposed by Griffin in 1949. The HLB value calculated by this method will have a value between zero 
and 20. A value of zero belongs to a completely hydrophobic surfactant, and the number 20 indicates a 
completely hydrophilic surfactant(Griffin 1949; Tanaka and Igarashi 2016; Davies and Haydon 1959; 
Mittal and Shah 2013; Proverbio et al. 2003; Wu et al. 2004). After Griffin, many attempts were made to 
provide a simple and repeatable method for calculating HLB, among which the Davis method is still 
the most widely used. The HLB value for a particular frother can be ascertained by analyzing the 
types and quantities of functional groups present within the molecule, with each functional group 
corresponding to a designated group number(Davies 1957). In Davies' approach, the HLB is expressed 
by Equation 1. 

HLB=7 +Σ (hydrophilic group numbers) +Σ (lipophilic group numbers) (1) 

The HLB value calculated by the Davis method for PEG 300, DPG, and TEG frothers is 12.9, 9.25, and 
12.1, respectively. The surfactants with lower HLB values are more hydrophobic than those with 
higher HLB values. In other words, surfactants with higher HLB are of more water solubility. 

2.2.2. Prediction of Frothing Behavior 

The molecular weight (MW) of frothers plays a crucial role in flotation kinetics. Higher molecular 
weight frothers are known to produce more stable froth compared to their lower molecular weight 
counterparts. polyglycol-based frothers, which have larger molecular weights, are capable of floating 
larger particles and are more effective in floating a broader range of particle sizes, improving flotation 
recovery. Since higher molecular weight frothers reduce the rising bubble velocity more, it is 
predicted that the frothers studied in this study will have higher frothing power than MIBC 
(Chipfunhu et al. 2019; Dey, Pani, and Singh 2014; Gupta et al. 2007; Gupta, Banerjee, and Mishra 2009; 
Klimpel and Isherwood 1991; Kowalczuk and Drzymala 2017; Kracht, Orozco, and Acuña 2016; 
Laskowski 1993; Liu and Somasundaran 1994; Moreno, Bournival, and Ata 2022). The HLB-Mw 
diagram is an approach commonly used to characterize the selectivity and power of a frother. As seen, 
the frothers that fall on the left side of this diagram are known to be selective in flotation, while the 
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ones that are situated far to the right from this line are known to exhibit properties of strong flotation 
frothers(Laskowski 2004; Drzymala and Kowalczuk 2018; Gomez, Finch, and Muñoz-Cartes 2011; 
Laskowski et al. 2003; Xue and Li 2024). From the data given in Table 1, the position of PEG300, TEG, 
and DPG frothers in the HLB-Mw diagram can be drawn (Fig. 1). As seen in Fig, representative dotted 
for studied frothers is between Selective- and powerful lines, which means that may show an 
intermediate behavior in aqueous solution. It shows that all three frothers are more powerful than 

alcohol-based frothers and should give more frothing power. In contrast, ،they have less frothing 
power than DF-250 and would give lower frothability. 

 2.2.3. Dynamic Frothability Index 

The frothability tests were carried out using a froth column meter of 50 mm interior diameter and a 
glass cylindrical tube of 1000 mm height. The froth was generated by aerating the surfactant solution 
using a fritted glass sparger through a semi-permeable mesh screen with a pore size of 85 mesh (160 
microns) at the bottom of the froth measurement column (Fig.2). To start with the test, the froth 
column was filled with 200  mL of surfactant solution with concentrations of 5, 10, 15, 25, 50 and 100 
ppm of frother. The flow meter was set to a determined air flow rate range of 1– 4  L/min, and when 
the froth height reached the equilibrium, it was recorded. Aqueous solutions of the tested frothers 
were prepared using Deionized water, and All the tests were conducted at room temperature (25±1 
oC) and constant pH (pH: 7). 

 

 

Fig1.The prediction of frothability using HLB-Mw diagram(Laskowski 2004) 
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Fig2. setup of a froth column 

 

The calculation of the DFI for a given frother involves plotting froth volume against the aeration rate, 
where the slope of this graph indicates the retention time of the froth (equation 2). 

rt = 
Δ𝑉

Δ𝑄
                                                                                              

Where rt is the froth retention time (s), V is the gas volume (in liquid and froth) (cm3 ), and Q is the 
Air flow rate (cm3 /s).  

To calculate the DFI, the values of rt are plotted against the corresponding concentration, and the 
slope of the linear portion of the resulting graph is equal to the DFI which is calculated using the 
equation(3). 

DFI = (
𝜕𝑟𝑡

𝜕𝑐
) c→0                                                                                                                                                                          

(3) 

Frother that has a higher DFI is capable of producing a more voluminous froth with greater 
stability(Khoshdast et al. 2023; Laskowski 2004; Miller and Ye 1989; Moreno, Bournival, and Ata 2021). 

2.2.4. Dynamic  Froth stability Index 

Dynamic froth stability is closely related to DFI. The evaluation of dynamic froth stability involves 
measuring the froth growth rate and the maximum equilibrium height under different airflow 
velocities and varying concentrations of froth stabilizers. The dynamic stability index is affected by 
both the airflow rate and the concentration of the froth stabilizer(Barbian, Ventura-Medina, and 
Cilliers 2003; Bikerman 1973; Bikerman 2013). Equation (4) is the standard method originally proposed 
by Bikerman(Bikerman 1973). 

 =
𝑉𝑓

𝑄
=

𝐻𝑚𝑎𝑥𝐴

𝑄
                                                                                                                                       

(4) 

Where R is the dynamic froth stability, Vf is the froth volume, Q is the gas volumetric flow rate and 
Hmax, and A is the total froth height and the cross-sectional area of the vessel, respectively. 

(2) 
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3. Results and Discussion 

3.1. The effect of frother structure 

The molecular chain length is a crucial factor in determining the performance characteristics of 
frothers. In frothers with longer molecular chains, such as PEG 300, the molecules can more easily 
spread across the surface of the bubbles, forming protective layers that provide greater froth stability. 
This structure helps prevent the froth from collapsing quickly and makes it more resistant to 
environmental changes or agitation. In other words, longer chains can create a more organized 
structure on the surface of the bubbles, leading to increased stability. On the other hand, frothers like 
TEG, which have shorter molecular chains, are less capable of forming protective layers and stable 
structures. As a result, the foam produced by these frothers tends to be less stable and more sensitive 
to agitation and environmental conditions. Overall, the molecular chain length directly affects the 
froth's stability and its behavior under various conditions. 

3.2. The effect of frother concentration on Frothability 

The volume–air flow rate plots that were obtained for DF-250, PEG300, DPG, and TEG frothers 
procedure are shown in Fig 3. The steady-state froth height versus flow rate for the four different 
frothers is shown with varying frother concentrations. The figure clearly shows that the froth volume 
increases with increasing air flow rate and frother concentration for all the tested frothers. It may also 
be observed from the figure that DF-250 gives the highest froth volume, and DPG produces 
considerably low frothing. For the more powerful frothers, the volume–Air flow rate plots do not lend 
themselves to easy analysis. Therefore, determining DFI is very important. 

 The retention time values were plotted against the corresponding concentration for the desired 
frothers and obtained from the slope of the linear portion of the dynamic frothability index graph. 
(Fig4). The DFI values for the tested frothers are given in Table 2. The  order of frothing power among 
the four frothers, in terms of the dynamic frothability index, is given below: 

DF 250>PEG300>TEG>DPG 

PEG 300 has a lower DFI than DF-250, which means it produces less froth, but what it does produce is 
more stable. DPG has not been able to provide long-term stability compared to other frothers due to 
the chemical characteristics of its structure that lead to faster froth degradation and TEG, which 
exhibits a behavior between the other two frothers. 

In the evaluation of froth stability characteristics, a significant difference in the performance of 
frothers was observed. While frothers such as PEG300 produced relatively less foam, their more stable 
structure allowed for better froth retention under agitation. This may indicate the role of parameters 
such as the molecular chain length and the interaction between surfactants and bubbles. In contrast, 
frothers like DPG, due to their physicochemical properties, were unable to provide the required 

stability, and the froth they produced was mostly unstable.  
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Fig3. Effect of frother concentration on retention time: : (a)TEG; (b) DF-250; (c) PEG300; (d) DPG. 

 

 

Fig4. Graphical determination of DFI  for TEG; DF-250; PEG300; DPG frothers. 
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Table 2.Experimentally determined DFI values for the tested frother 

Frother  DFI (s.dm3/mol) 

Tetraethylene Glycol 5117.7 

PEG 300 13657 

Dipropylene Glycol 2544.9 

DF-250 216906 

3.3. The effect of frother concentration on equilibrium froth volume 

Figure 5 illustrates the relationship between equilibrium froth volume and frother concentration at 
various airflow rates. It is evident that increasing the concentration of frothers significantly affects 
both the volume and the stability of the foam. At low concentrations, frothers are not sufficiently 
dispersed in the medium, leading to weak interaction with bubbles and the formation of unstable 
froths. As concentration increases, these frothers interact more effectively with the air-liquid interface, 
forming more cohesive and elastic films around bubbles, which contributes to higher foam volume 
and longer retention time. However, at very high concentrations, excessive surfactant accumulation 
can increase the viscosity of the system and amplify turbulence under high airflow rates, leading to 
faster foam collapse. This suggests that there is an optimal concentration range beyond which the 
benefits of increased frother presence may reverse. Additionally, the interplay between airflow 
intensity and frother concentration becomes critical, as stronger shear forces at high aeration can 
disrupt even stabilized foams. Thus, both the physicochemical properties of the frother and the 
operational parameters such as airflow must be carefully balanced to maintain stable froth 
characteristics. 

 

Fig5. Equilibrium froth volume as function of frother concentration for different air flowrates : (a)TEG; 

(b) DF-250; (c) PEG300; (d) DPG.  
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3.4. The effect of air flowrate on equilibrium froth volume 

Fig. 5 shows the relationship between the equilibrium volume of the froth and the airflow rate at four 
different frother concentrations. It can be seen that at low surfactant concentrations, the equilibrium 

froth volume generally increases when the air flow rate is increased. The dynamic stability factor () 
corresponding to the previous results is shown in Fig. 6. DFS also showed similar results to the DFI. It 
is observed that the dynamic stability index initially increases with increasing aeration rate and then 
decreases due to turbulence at high aeration rates. 

 

Fig5. Equilibrium froth volume as function of air flowrate for different frother concentrations : (a)TEG; 

(b) DF-250; (c) PEG300; (d) DPG.  

 

Furthermore, increased aeration may lead to the formation of unstable froths that collapse 
immediately after formation. This can lead to reduced dynamic froth stability at higher aeration rates. 
PEG 300 has a lower DFI than DF-250, which means it produces less froth, but what it does produce is 
more stable. DPG has not been able to provide long-term stability compared to other frothers due to 
the chemical characteristics of its structure that lead to faster froth degradation, and TEG, which 
exhibits a behavior between the other two frothers, is less stable than PEG300 due to its shorter 
molecular chain length. 

In addition to the chemical and physical properties of each frother, the type of variable and parameter 
used also affects its performance. For example, in high aeration systems, frothers with more resistant 
structures, such as PEG 300, will perform better. In contrast, in systems with lower aeration, frothers 
with higher surface activity but lower stability may still provide acceptable performance. 
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Fig6.  Dynamic stability index as function of air flowrate for TEG; DF-250; PEG300; DPG frothers. 

4.Conclusions 

The effect of froth concentration and Air flow rate on froth height and retention time was investigated 
to characterize polyglycol-based froths. It is worth noting that these frothing properties are 
independent of bubble size. The frothers studied (PEG300, DPG, and TEG) were characterized based 
on the Hydrophilic- Lipophilic balance number, dynamic froth stability, and dynamic frothability of 
the frothers. DFI in this comparison showed that DF-250 showed significantly the highest froth 
production and stability. This could be due to its specific chemical structure, which produces stable 
froth and higher volume. In contrast, PEG300, despite its good frothing power, performed slightly 
worse than DF-250 in stability. This indicates the importance of molecular structure and chemical 
properties in froth stability. Based on the results of dynamic froth stability at low to medium air flow 
rates, good froth volume and stability can usually be achieved. However, at high, the froth volume 
may increase rapidly, but this increase in volume will be accompanied by a decrease in dynamic 
stability. The molecular structure of frothers and their chemical properties can also play an important 
role in maintaining sufficient stability against changes caused by increased air. This study showed that 
the molecular characteristics of three different frothers significantly affect their frothing power and 
dynamic froth stability. PEG300, with its long and linear structure, showed the highest frothing power 
and froth stability. On the other hand, DPG, with its branched structure, showed the lowest froth 
stability. TEG, with its medium-length linear structure, performs between the two in terms of frothing 
and stability. This study can help in the selection of polyglycol-based frothers for their efficiency in 
flotation of coarse and fine particles. 
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Abstract: 

In this paper, the extraction of iron and vanadium from titanomagnetite sources was studied by a 
reduction roasting process. Titanomagnetite has a spinel structure, and roasting facilitates its 
decomposition, making it easier to separate iron and titanium. In the roasting stage, several key 
parameters including temperature, particle size, and oxidation roasting were investigated on the iron 
separation, and a magnetic separator was used at a field intensity of 800 G to enrich the roasted 
product. For iron extraction, decreasing the particle size resulted in an increase in grade, and 
increasing temperature and oxidation did not have a positive effect on increasing in grade. The 
highest iron grade and recovery were 65.32% and 65.77%, respectively, were obtained with a particle 
size less than 38µm and a temperature of 550°C. The tailings from the magnetic separation stage 
contain titanium and vanadium, so the separation of vanadium was investigated using salt roasting at 
a temperature of 900°C and a roasting time of 2 h and leaching with water. The highest grade and 
recovery of vanadium oxide were obtained at 67.51 and 69.4%, respectively. 

 

Keywords: Roasting, Titanomagnetite, Iron, Vanadium 

1. Introduction 

Today, with the increasing use of metals and their oxides in domestic industries, as well as the 
availability of rich metal resources in Iran, the need to achieve extraction technology and self-
sufficiency in production is felt more than ever. Titanomagnetites are scattered resources that are 
usually a source of iron, titanium, and vanadium. The structure and composition of titanomagnetites 
vary, and this requires diverse methods for extracting metals from these sources(Chen et al., 2020; 
Zhang et al., 2019). 

In addition to titanoferous deposits, titanomagnetite is found in coastal sands (placer) that are of 
volcanic origin and are economical to use due to their low cost of exploitation(Chen et al., 2011). The 
structure of titanomagnetite contains complex vanadium and has the chemical formula [Fe0.23 

(Fe1.95Ti0.42)O4,Fe2O3.FeTiO3] (Yang et al., 2020). Vanadium in titanomagnetite is isomorphous with 
iron minerals, with most of the vanadium present as spinel chalconite (FeV2O4) associated with 
magnetite(Han et al., 2021). Regardless of the type of feed, vanadium processing uses processes 
including physical concentration, salt roasting, leaching, solution purification, and precipitation(Li et 
al., 2019; Zhang et al., 2018). Salt roasting is carried out using sodium salts such as sodium carbonate, 
sodium sulfate, or sodium chloride, usually at temperatures of 800 to 1000°C. Based on the reaction 1 
to 5, the vanadium produced in salt roasting reacts with added sodium salts such as sodium carbonate 
to form water-soluble sodium vanadate compounds such as sodium metavanadate (NaVO3). 
Vanadium solubility and recovery are increased(Gilligan & Nikoloski, 2020; Yang et al., 2020). 
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𝐹𝑒𝑂. 𝑉2𝑂3 + 0.5𝑂2  → 𝐹𝑒2𝑂3. 𝑉2𝑂3 (1) 

𝐹𝑒2𝑂3. 𝑉2𝑂3 + 0.5𝑂2  → 𝐹𝑒2𝑂3. 𝑉2𝑂4 (2) 

𝐹𝑒2𝑂4. 𝑉2𝑂3 + 0.5𝑂2  → 𝐹𝑒2𝑂3. 𝑉2𝑂5 (3) 

𝐹𝑒2𝑂3. 𝑉2𝑂5  → 𝐹𝑒2𝑂3 + 𝑉2𝑂5 (4) 

𝑉2𝑂5 + 𝑁𝑎2𝐶𝑂3 → 2𝑁𝑎𝑉𝑂3 + 𝐶𝑂2 (5) 

Since titanomagnetites contain elements such as titanium, vanadium, and iron, studies have been 
conducted to separate these elements (Chen et al., 2011; Han et al., 2021; Yang et al., 2016). Safdar et al. 
(Safdar et al., 2020) developed a new method for extracting TiO₂-enriched materials from vanadium-
titanomagnetite (VTM) concentrates, which combines partial carbon reduction and mild acid leaching. 
By optimizing the reduction at 1000°C for 3 h with 6% carbon and leaching with 0.2 mol/L H₂SO₄ at 
80°C for 3–4 h, a rutile residue containing 72.2 wt% TiO₂ was obtained, which provides a valuable 
material for titanium extraction, while iron and vanadium were recovered from the leaching solution. 
Maldybayev et al.(Maldybayev et al., 2024) examines the processing of titanomagnetites using low-
temperature treatment and magnetic separation, showing that with the use of a reducing agent, 
chloride additives, and calcium fluoride at 1200°C for 60 minutes, iron is effectively extracted, with the 
magnetic fraction yielding 75.5% and 97.8% iron extraction, while the titanium dioxide content in the 
non-magnetic fraction increases to 65%. 

Processing, concentrating, and purifying placer titanomagnetite mines has a technical and economic 
justification, enabling the simultaneous extraction of strategic and high-value-added elements. The 
purpose of this project was to assess the feasibility of increasing the grade of placer minerals with the 
approach of simultaneous extraction of iron and vanadium. The use of the roasting method, especially 
at lower temperatures or under reducing conditions using reducing gases (such as CO or H₂), or under 
oxidizing conditions, is a less expensive and simpler process that can optimize the extraction process 
and achieve a more desirable result. 

2. Material and methods 

2.1. Material 

The titanomagnetite used in this research was obtained from the placer deposits mine of Bazman 
(Sistan and Baluchestan, Iran). The chemical composition of the representative ore was characterized 
by X-ray diffraction (Asenware, AW/XDM 300, china), X-ray fluorescence (pw1410, Netherlands), thin 
section and polish section (Kaywa polarizing microscope) analyses. Also, the solutions taken from the 
leaching experiments, were analyzed by inductively coupled plasma spectrometry (ICP-OES, Perkin 
Elmer, Optima 7300DV, USA). 

2.2. Method 

In this process, the samples were first crushed to particles less than 500 µm. In the reductive roasting 
process, the parameters of temperature, particle size, and oxidation were investigated. Temperatures 
of 550 to 750 °C, oxidation temperatures of 700 to 1100 °C, and particle sizes of 38, 75, and 200 µm 
were investigated. It should be noted that the particle size entering the furnace was constant and the 
effect of particle size was investigated after reduction. Methane gas (0.5 L/min) was used along with a 
certain percentage of air (1-3%) and 2% nitrogen. After the reduction stage, re-crushing was 
performed and magnetic separation was performed using a Davis tube with an intensity of 800 G.  

On the tailing of the magnetic separation step, a salt roasting step was performed using sodium 
chloride at a temperature of 900 °C for 2 hours. In a salt roasting, mix a 5 M sodium chloride solution 
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with a pulp density of 50% (W/W) and place it at a temperature of 80 °C for 2 hours until the water is 
completely evaporated, then place it in the oven and heat it. After the roasting process, it was leached 
in water at a temperature of 50 °C until the vanadium dissolved. 

3. Results and discussion 

3.1. Sample characterization 

In order to characterize various properties of the titanomagnetite ore, several chemical and physical 
analyses were conducted. XRF analysis showed that the amount of Fe2O3 was 45.32% and V2O5 was 
0.045% (Table 1). 

Table 1. Chemical composition of the representative sample of the titanomagnetite ore 

Element Na2O K2O CaO MgO Al2O3 Fe2O3 MnO SiO2 SO3 P2O5 TiO2 V2O5 LOI 

Content 
(% Wt) 

2.34 0.98 3.36 3.98 6.89 45.32 0.21 25.62 0.56 0.23 6.95 0.045 2.99 

 

Microscopic images related to thin sections were prepared using transmitted light with parallel (PPL) 
fibers. As can be seen in Fig. 1, they show that the sample contains magnetite, titanomagnetite, 
tremolite - actinolite. Degree of liberation studies showed that magnetite and titanomagnetite are seen 
in the higher fractions as inclusions. As the sample particle size decreases, the degree of freedom 
increases, so that in the fraction of -53+38 mµ, the degree of freedom reaches 80%. 

  

Fig. 1. Microscopic images of the titanomagnetite sample with polarizing microscope (Mag: magnetite, Ti-Mag: 
titanomagnetite, I: ilmenite, Tr-Act: tremolite – actinolite) 

3.2. Effect of oxidation 

One possible method to break the iron-titanium bond in titanomagnetite and ilmenite samples is 
oxidation at particle sizes less than 500 mµ. Therefore, all samples were oxidized by the fixed bed 
furnace at temperatures of 700, 800, 900, 1000, and 1100 °C with compressed air at a flow rate of 2 
L/min, and then XRD analysis was performed on the obtained samples. 

The results of XRD analysis of oxidation at different temperatures are shown in Fig. 2. The results 
indicate that at temperatures below 1000 °C, practically no significant change occurs in the sample and 
the phase is still hematite and titanomagnetite. The reason for the greater presence of hematite in these 
samples is due to the oxidation of magnetite to hematite at this temperature, although titanomagnetite 
remains unchanged at lower temperatures. As the temperature increases to 1000°C, almost no trace of 
titanomagnetite is seen in the XRD analysis, and iron is almost entirely in the hematite phase.  
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Studies have shown that magnetite is converted to weakly magnetic or non-magnetic phases such as 
hematite and maghemite, which reduces iron recovery during magnetic separation; furthermore, 
titanium is not effectively released from the iron phase, leading to a decrease in iron grade in the 
concentrate and overall process efficiency (Jena et al., 2015). Therefore, reduction roasting should be 
performed after this step. Oxidative roasting, by converting iron phases such as Fe₃O₄ to Fe₂O₃ and 
creating a uniform structure, allowed the next stage (gas reduction) to be reduced with H₂ and CO 
gases with higher efficiency and faster speed (Li et al., 2021). 

 

 

Fig. 2. XRD results of the sample after oxidation at different temperatures (M: magnetite, H: hematite, Q: quartz, 
TM: titanomagnetite, Opx: orthopyroxene, I: ilmenite) 

After performing oxidation tests, the required amount of these samples was reduced by methane gas 
at 5 temperatures of 550, 600, 650, 700 and 750 °C. The results of sample reduction by methane showed 
that the hematite obtained at 600 °C was completely converted to magnetite (Fig. 3).  

 

Fig. 3. XRD results of the sample after the reduction process at different temperatures with the oxidation process 
at 1000 °C (M: magnetite, H: hematite, Q: quartz, TM: titanomagnetite, Opx: orthopyroxene, I: ilmenite) 

In Table 4, the results indicate an increase in iron content in the magnetic separation concentrate 
sample by more than 59%. The iron content in the concentrate did not change significantly with the 
increase in temperature reduction and remained approximately constant at 58-59%. The titanium 
content in the tailings at reduction temperatures of 550, 600, and 650°C was higher than the titanium 
content in the concentrate, indicating the relative separation of iron and titanium from each other. 
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However, with increasing reduction temperatures (700 and 750°C), the titanium content in the 
concentrate increased (more than 5%), which means that the iron and titanium bond did not separate 
at high reduction temperatures. At reduction temperatures of 750°C, the vanadium content in the 
concentrate increased and reached 0.25%. These results indicate the relative separation of iron in the 
concentrate phase and the accumulation of titanium in the tailings. However, the presence of 
vanadium in the concentrate indicates a correlation between iron and vanadium, which has not 
changed with oxidation and reduction. The correlation between iron and vanadium is consistent with 
previous studies (Yang et al., 2020). Iron recovery at temperatures of 550, 600, 650, 700 and 750°C was 
86.92, 85.90, 86.10, 81.40 and 80.32%, respectively. 

Pre-oxidation creates cracks and porous structures in the iron ore particles, which improves the 
permeability of the reducing gas (Zheng et al., 2021). 

In previous studies, the effect of roasting temperature during suspension magnetic roasting of ores 
containing siderite and hematite was investigated. The results showed that at temperatures below 
550°C, the phase transformation was incomplete, and the magnetic properties were poor. At around 
610°C, the transformation of hematite and siderite to magnetite was almost complete, resulting in the 
highest iron recovery and grade. A further increase in temperature led to the formation of non-
magnetic phases such as Fe3O4, which negatively affected the magnetic separation performance (Chen 
et al., 2022). 

Table 2. XRF results of oxidized and reduced samples after magnetic separation  

Element Na2O K2O CaO MgO Al2O3 Fec MnO SiO2 SO3 P2O5 TiO2 Vd LOl 

Ca 550 0.08 0.09 0.78 1.84 2.36 58.67 0.44 3.5 ND 0.42 7.1 392 1.13 

Tb 550 0.99 0.56 2.75 6.63 5.65 33.41 0.47 25.81 0.11 0.31 10.43 211 1.64 

C 600 0.07 0.08 0.71 1.74 2.25 59.24 0.45 3.05 ND 0.31 7.13 504 1.25 

T 600 0.99 0.58 2.94 6.85 5.71 32.33 0.47 26.06 ND 0.32 10.56 241 0.96 

C 650 0.08 0.07 0.7 1.76 2.25 59.38 0.45 3.14 ND 0.35 7.46 650 1.65 

T 650 1.27 0.64 3.58 8.23 6.58 25.54 0.44 32.94 ND 0.39 9.39 261 0.15 

C 700 0.09 0.07 0.7 1.77 2.23 58.69 0.47 3.3 0.09 0.3 9.03 1457 2.56 

T 700 1.83 0.93 4.95 10.96 8.65 13.01 0.39 48.46 ND 0.36 3.95 204 0.88 

C 750 0.08 0.08 0.62 1.87 2.34 59.26 0.47 3.29 ND 0.22 9.06 2431 3.26 

T 750 1.95 0.9 5.35 10.75 8.84 12.14 0.42 48.55 ND 0.64 5.67 283 0.46 

a Concentrate, b Tailing, c Analyzed by Titration, d Analyzed by ICP (ppm) 

3.3. Effect of reductive temperature 

Reduction tests were conducted directly at temperatures of 550, 600, 650, 700, and 750°C with methane 
gas to investigate the effect of the presence or absence of the oxidation process on factors such as iron 
recovery, titanium and vanadium recovery, and titanium separation from iron. The results obtained 
are shown in Fig. 4.  
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Fig. 4. XRD results of the sample after the reduction process with methane gas at different temperatures (M: 
magnetite, H: hematite, Q: quartz, TM: titanomagnetite, I: ilmenite) 

In Table 3, an increase in iron grade of up to 59% can be seen. However, by comparing the results of 
these two tables, it can be seen that the oxidation process did not have much effect on increasing the 
iron grade in the magnetic separation concentrate sample. The iron content in the concentrate did not 
change significantly with the increase in temperature reduction and remained approximately constant 
at 58-59%. The titanium content in the concentrate is higher than its content in the tailings, indicating 
the effect of oxidation on breaking the bond between iron and titanium. The titanium grade in the 
concentrate at all reduction temperatures ultimately reached 5.5% and in the tailings it was below 3%. 
At reduction temperatures of 700 and 750 °C, the vanadium grade in the concentrate increased to 
more than 0.2%. These results indicate the relative separation of iron in the concentrate phase and the 
accumulation of titanium in the tailings. The presence of vanadium in the concentrate indicates a 
correlation between iron and vanadium, which has not changed with oxidation and reduction. Iron 
recovery at temperatures of 550, 600, 650, 700 and 750°C was 85.62, 87.47, 80.23, 84.31 and 78.32%, 
respectively. 

The effect of roasting temperature on iron recovery and magnetic separation is discussed. The results 
show that at temperatures lower than 540°C, the roasting process is not able to fully convert hematite 
(Fe₂O₃) to magnetite (Fe₃O₄), leading to lower iron recovery. However, at 540°C, the conversion is 
complete, increasing the magnetic properties of the ore (Yu et al., 2018). 

In the study by Chen et al. (Chen et al., 2020), the effect of roasting temperature on iron recovery from 
titanomagnetite was investigated. In this process, temperature plays a crucial role in the 
transformation of mineral phases and the improvement of the magnetic properties of iron ore. The 
results showed that increasing the temperature from 450°C to 550°C facilitates the reduction and 
transformation of hematite (Fe₂O₃) to magnetite (Fe₃O₄), improves magnetic properties, and accelerates 
the magnetic separation process. 
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Table 3. XRF results of the reduced samples after magnetic separation 

Element Na2O K2O CaO MgO Al2O3 Fec MnO SiO2 SO3 P2O5 TiO2 Vd LOl 

Ca 550 0.09 0.08 0.6 1.68 2.13 59.04 0.4 2.66 ND 0.31 9.27 1648 -2.04 

Tb 550 1.78 0.81 4.91 10.34 7.38 15.46 0.38 45.37 ND 0.57 5.05 236 0.74 

C 600 0.09 0.07 0.56 1.67 2.13 59.03 0.39 2.67 ND 0.27 9.3 1924 -1.98 

T 600 1.77 0.81 5.15 10.93 8.1 13.5 0.36 46.78 ND 0.52 4.19 200 1.92 

C 650 0.09 0.07 0.55 1.77 2.19 59.18 `0.41 2.78 ND 0.24 9.36 1894 -2.5 

T 650 1.67 0.78 4.68 9.76 7.86 18.05 0.35 42.3 ND 0.5 5.01 446 1.11 

C 700 0.08 0.08 0.56 1.69 2.19 59.43 0.4 2.62 ND 0.25 9.41 2255 -2.68 

T 700 1.93 0.88 5.24 11.4 8.42 12.45 0.36 50.55 ND 0.64 3.57 173 -0.88 

C 750 0.09 0.09 0.56 1.77 2.23 59.19 0.4 2.81 ND 0.28 9.48 2674 -2.77 

T 750 1.98 0.88 5.44 11.15 8.63 12.43 0.37 49.68 ND 0.56 3.81 212 -0.24 

a Concentrate, b Tailing, c Analyzed by Titration, d Analyzed by ICP (ppm) 

3.4. Effect of particle size 

In order to investigate the effect of particle size on achieving proper separation of iron, titanium, and 
vanadium and breaking the correlation between them, a reduction test should be performed on 
different particle sizes and the effect of grinding the initial sample on the grade of the elements of 
interest should be studied. For this purpose, the unoxidized sample was reduced with methane gas at 
550°C and the reduced sample was crushed with a planetary mill for specific times until 100% of the 
sample reached particle sizes below 200, 75, and 38 µm.  

By examining the results obtained from Fig. 5, it can be concluded that particle size has a great impact 
on the iron and titanium content after the reduction process. When the particle size was reduced, the 
iron content in the tailings decreased, indicating the separation of the fine iron particles under a 
magnetic field. Regarding the silica impurity, it can be said that the separation has increased in the 
size fractions of 75, 200, and then 38 mµ, respectively. In general, the main goal, which was to 
eliminate the correlation of titanium and iron and increase their grade, is possible by changing the 
particle size. Iron recovery at particle sizes of 200, 75, and 38 µm was 72.25, 65.27 and 65.77%, 
respectively.  

It was shown that reducing particle size through grinding enhances the recovery of iron and titanium 
during magnetic separation, as finer particles lead to better liberation of magnetic phases from non-
magnetic ones. However, once an optimal grinding time is reached, further size reduction results in 
the formation of ultra-fine particles, which decreases separation efficiency because these fine particles 
are more difficult to recover in magnetic separation circuits (Liu et al., 2022). 

Figure 5d shows the dissolution rate of V2O5 from tailings at different particle sizes, which reached 
67.51% with a recovery of 69.4% after salt roasting and leaching at particle sizes less than 38 μm. 

166



 IMPRS 2025 19-21 May, Alborz, Iran  

8 

 

Reducing particle size increases grade and recovery because smaller particles roast better and dissolve 
more easily (Han et al., 2021). 

Previous studies have shown that reducing particle size to below 74 μm helps to more effectively 
release vanadium-containing minerals. This leads to improved magnetic separation efficiency and 
increased iron and vanadium recovery and grade. Furthermore, the results show that the magnetic 
separation process reaches its maximum efficiency when more than 85.2% of the material is ground to 
below 74 μm. However, the authors caution that over-grinding may result in an increase in fines, 
which can reduce recovery in subsequent processing steps (Xu et al., 2017). 

  

  

Fig. 5. The effect of particle size on a magnetic separation. a. Fe total b. SiO2 c. TiO2 d. V2O5 (F: Feed, C: 
Concentrate, T: Tailing) 

4.  Conclusions 

The development of innovative and sustainable technologies can contribute to mitigating existing 
challenges and optimizing the utilization of titanomagnetite resources. So, the extraction of iron and 
vanadium from titanomagnetite sources was investigated by a reduction roasting process and the 
following results were obtained: 

a b 

c d 
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 Increasing the temperature to 550°C has had a positive effect due to the conversion of 
hematite minerals to magnetite and the breaking of the iron-titanium bond. 

 The reduction in particle size due to the low degree of liberation of the sample resulted in an 
increase in the grade. 

 Oxidation roasting had no effect on iron grade and recovery, and the vanadium content 
decreased due to the high roasting temperature. 

 

 The highest iron grade and recovery were 65.32% and 65.77%, respectively, obtained with a 
particle size less than 38µm and a temperature of 550°C. 

 The highest grade and recovery of vanadium oxide, 67.51 and 69.4%, respectively, were 
obtained by salt roasting at 900°C and a roasting time of 2 h and leaching with water. 
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Abstract: 

The Chehel-Kureh copper deposit in southeastern Iran contains complex sulfide ores rich in copper, 
lead, and zinc, posing significant challenges for conventional flotation processing. Despite various 
flotation strategies, the plant has struggled to produce clean copper concentrates and separate lead 
and zinc products, resulting in low recoveries and environmental concerns due to metal losses in 
tailings. In this study, the application of Waelz kiln technology—a process commonly used for zinc 
recovery from metallurgical residues—was investigated as an alternative approach for metal recovery 
from Chehel-Kureh ore. Reduction roasting experiments were conducted on raw ore, as well as 
differential and bulk flotation concentrates, using coal as a reductant. The effects of roasting 
temperature, duration, and coal ratio on metal volatilization were examined. Under optimal 
conditions, volatilization of lead, copper, and zinc reached 89%, 84%, and 75% for the raw ore; 92%, 
62%, and 74% for the differential concentrate; and 68%, 62%, and 43% for the bulk concentrate, 
respectively. These findings indicate that the Waelz process can achieve high metal volatilization 
efficiencies, particularly for lead and zinc, offering a promising alternative for pre-treatment and 
recovery of valuable metals from complex Cu–Pb–Zn ores while potentially minimizing 
environmental impacts. 

 

Keywords: Chehel-Kureh , Walez technology, Complex ore, Roasting, Reduction 

1. Introduction 

The Chehell-Kureh mine, located in Sistan and Baluchestan province (in Iran), contains a complex 
sulfide ore of copper, lead, and zinc. The ore body exhibits a complex structure composed of veins, 
lenses, and irregular shapes, with mineralization including quartz, dolomite, ankerite, siderite, and 
calcite, alongside pyrrhotite, arsenopyrite, pyrite, chalcopyrite, marcasite, molybdenite, sphalerite, 
galena, ilmenite, and rutile. Among these, chalcopyrite, sphalerite, and galena are the economically 
valuable minerals, occurring in fine to medium grain sizes(Maanijou, Rasa and Lentz, 2008). 

Initial metallurgical studies and processing experiments on drill core samples of Chehell-Kureh ore 
were conducted in 2012 by the Australian company AMMTEC. The results indicated that chalcopyrite, 
sphalerite, galena, and pyrite are the main sulfide minerals, with minor covellite. Sphalerite 
commonly occurs as inclusions within chalcopyrite, complicating separation. Efforts to float lead and 
zinc reduce copper recovery, making it difficult to produce a clean zinc concentrate.  

Based on the results of the metallurgical tests and mineralogical studies, a plant flowsheet was 
designed, incorporating crushing, grinding, and flotation circuits. Mineralogical studies indicated that 
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valuable minerals are liberated up to 80% at a particle size of 25 μm. Consequently, in the first 
grinding stage, materials are ground to a D80 of 53 μm, followed by a second grinding stage to achieve 
a D80 of 25 μm. Figure 1 illustrates the grinding and flotation circuit of the Chehel-Kureh copper 
processing plant (Wong and Heyes, 2012).  

The Chehel-Kureh processing plant, which began operations in March 2017, continues to face 
challenges after nearly eight years of operation, especially in producing separate copper, lead, and 
zinc concentrates. Metallurgical performance evaluations indicate that in differential flotation, 
approximately 9% of copper and over 80% of lead and zinc are lost to tailings, while in bulk flotation, 
nearly 10% of copper and 60% of lead and zinc are discarded. The concentrates in both flotation 
conditions exhibit low copper grades and significant lead and zinc content, complicating the smelting 
process. Additionally, significant amounts of lead and zinc (are sent to the tailings dam daily, posing 
environmental risks, especially due to lead's toxicity. 

 

Fig 1. Flowsheet of the grinding and flotation circuit of the Chehell-Kureh copper processing plant 

Several studies have been undertaken to address operational challenges at the Chehel-Kureh copper 
plant and to explore the recovery of lead and zinc from its copper ore. In one such study, conducted 
by Zarfaravar Company, various ore types from the Chehel-Kureh deposit as well as the plant’s 
copper concentrate were examined using flotation, with the objective of producing separate copper 
and zinc concentrates(Zarfaravar Engineering Company, no date). The Research Center of the 
Sarcheshmeh Copper Complex conducted experiments on the Chehel-Kureh copper concentrate with 
the aim of increasing the copper grade in the copper concentrate and producing a separate zinc 
concentrate.The results of these studies showed that, despite the use of various depressant systems for 
lead and zinc, the successful production of a zinc concentrate was not achieved (Complex., 2021).  

Despite significant advancements, flotation still faces challenges when processing complex copper-
lead-zinc ores, as evidenced by the issues encountered with the Chehel-Kureh ore. A major difficulty 
is the similar behavior of copper sulfide, galena, and sphalerite, which complicates their separation 
(Bayraktar, Ipekoglu and Tolun, 1992).  This problem is common to many complex copper-lead-zinc 
ores, where flotation often struggles to efficiently separate these metals. Hydrometallurgical methods 
are increasingly being explored as a viable alternative to flotation for metal recovery. Techniques such 
as ferric and bioleaching, pressure leaching, roasting, chlorination, nitric-sulfuric acid leaching, 
glycine leaching, sodium metabisulfate leaching, and hydrogen peroxide leaching have been proposed 
for copper and zinc recovery (Lorenzo-Tallafigo et al., 2021). 

One of the methods or technologies used alongside hydrometallurgy for metal recovery from ores, 
particularly oxidized ores and especially zinc ores, is Waelz kiln technology. The Waelz process is a 
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well-known method for recovering zinc and other volatile metals from metallurgical wastes such as 
electric arc furnace (EAF) dust, leaching residues, and recyclable materials. It uses a rotary kiln to 
reduce and volatilize metals, which are then recovered from the kiln dust. The process, first patented 
in 1910 and industrialized in Germany in the 1920s, has been recognized since 2000 as the Best 
Available Technology for EAF dust treatment (Maczek and Kola, 1980; Antuñano, Cambra and Arias, 
2019).  

The feed for the Waelz kiln can consist of either zinc ore or processed concentrates, and the ZnO grade 
in the kiln product is directly related to the feed grade. Before feeding, the zinc-bearing material (~74 
wt%) is mixed with metallurgical coke or coal (~19 wt%) and lime (~7 wt%), then pelletized. The coal 
acts primarily as a reductant but also provides heat and promotes fluidization inside the rotating kiln, 
preventing agglomeration of fine zinc particles (Maczek and Kola, 1980; Antuñano, Cambra and Arias, 
2019). 

The Waelz process is a continuous high-temperature rotary kiln method (1000–1500°C) used for 
recovering zinc and other low-boiling-point metals. The key chemical reactions in the kiln include: 

ZnO + C → Zn (vapor) + CO                                                                                                                    (1) 

Zn (vapor) + CO + O₂ → ZnO + CO₂                                                                                                      (2) 

ZnS + CaO + C → Zn (vapor) + CaS + CO                                                                                             (3) 

Zinc compounds in the feed are reduced, vaporized, and then condensed into zinc oxide powder 
using filters. The kiln achieves up to 97% recovery efficiency. Along with zinc, the oxide product may 
contain lead, cadmium, silver, and halogen compounds, which can be recovered by leaching. 

In a review of the literature on the use of the Waelz process for the recovery of metals such as lead, 
zinc, and copper from ores or concentrates, limited research was found. Most of the available articles 
focused on the recovery of zinc from electric arc furnace dust, rather than from traditional lead-zinc-
copper ores or concentrates. However, a study from a lead-zinc mine in South Africa presented an 
example where one of the plant's products is a silicate zinc concentrate (willemite) containing 45% 
zinc, produced at a rate of 3000 tons per month using flotation. Due to the fine particle size of this 
silicate zinc, significant amounts are not recoverable by flotation and are instead discarded as tailings, 
which still contain 18% zinc. In 1976, German researchers explored the recovery of zinc from both the 
concentrate and its tailings using the Waelz process on a pilot scale. The results showed that 90% of 
the zinc vaporized before reaching 1100°C, ultimately producing a zinc oxide product containing 63% 
zinc and 10% lead (Clay and Schoonraad, 1976). 

In Hamadan Province, at the Ahangaran lead-zinc mine near Malayer, a Waelz kiln production line is 
in operation. The feed for this line consists of low-grade oxide ore from the mine. The process 
produces a product containing both zinc and lead, which is then subjected to leaching. Zinc is 
dissolved and separated through cementation, while lead remains in the final solid form. Both 
products are subsequently sold. According to the plant's data, the Waelz process at Ahangaran 
achieves 85-95% zinc recovery and approximately 90% lead recovery from the initial feed.  

In this study, the potential of applying Waelz kiln technology for metal recovery from the Chehel-
Kureh copper ore was investigated. 

2. Materials and Methods  

2.1. Sampling 

Sampling was conducted from both the primary ball mill feed (raw ore) and the flotation concentrates. 
The plant initially operated under a differential flotation circuit (targeting copper flotation while 
suppressing lead and zinc) until June 15, 2023. After this date, the circuit was modified to implement 
bulk flotation of copper, lead, and zinc. However, in spring 2024, the plant returned to the differential 
flotation configuration. Accordingly, grid-based sampling was performed from both the differential 
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and bulk flotation concentrate stockpiles. Sampling of the plant feed was carried out over a 2h period, 
with samples taken every 15 mins and combined to form a representative sample. 

The flotation concentrates had a particle size of d80 = 25 µm. The plant feed was also ground to d80=25 
µm. After homogenization, 30 g subsamples were prepared for reduction roasting experiments to 
evaluate the applicability of the Waelz kiln process. 

2.2. Materials Characteristics 

The chemical composition of the raw ore, the differential flotation concentrate, and the bulk flotation 
concentrate was determined. The concentrations of copper, lead, zinc, and iron were measured using 
wet chemistry methods. The results are presented in Table 1. 

 

Table 1. Chemical analysis of the samples 

Sample Fe (%) Cu (%) Pb (%) Zn (%) 

Raw Ore 7.68 0.74 1.25 2.53 

Differential Flotation Conc. 17.21 13.74 5.23 10.66 

Bulk Flotation Conc. 18.90 11.65 6.32 11.48 

 

2.3. Reduction Roasting Experiments 

The reduction roasting experiments were carried out on the raw ore sample, bulk flotation 
concentrate, and differential flotation concentrate. In each experiment, a certain amount of powdered 
coal was mixed with 30g of the sample and heated in a programmable laboratory furnace capable of 
reaching temperatures up to 1200°C, for a specified time and temperature. The percentage of coal, 
roasting temperature, and roasting time were varied and studied to investigate their effects on the 
reduction roasting process. The weight of the sample was determined after the experiment was 
completed, and the roasted material was chemically analyzed by wet chemistry methods to measure 
copper, lead, zinc, and iron content. Based on the weight of the sample before and after roasting, as 
well as the chemical analysis before and after roasting, the evaporation percentages of copper, lead, 
zinc, and iron were calculated. All experiments and the chemical analyses were performed at the 
Ahangaran Lead and Zinc Complex in Malayer.  

3. Results and Discussions  

3. 1. Analysis of experiments on the raw ore sample 

Fig 2 shows the effect of increasing the amount of coal on the evaporation of metals for the ore sample 
at a temperature of 950°C after 1h. It can be observed that with an increase in the amount of coal, the 
amount of metal evaporation increases. Generally, the metals lead, copper, zinc, and iron have the 
highest evaporation rates in that order. Given that the evaporation percentage of the metals is less 
than 80%, the reduction roasting temperature was increased in subsequent experiments. 

Fig 3 shows the effect of increasing the amount of coal on the evaporation of metals for the ore sample 
at a temperature of 1100°C after 1h. It can be observed that with an increase in the amount of coal, the 
amount of metal evaporation did not significantly increase (except for zinc). Under the best conditions 
(20% by weight of coal, 1100°C, and one hour), 89% of lead, 84% of copper, and 74% of zinc entered 
the vapor phase. This indicates that, aside from economic considerations, the Wells furnace 
technology is feasible for the raw ore sample. 
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Fig 2. Effect of increasing the amount of coal on the evaporation of metals for the raw ore sample (temperature of 
950°C and time of 1h) 

 

Fig 3. Effect of increasing the amount of coal on the evaporation of metals for the raw ore sample (temperature of 
1100°C and time of 1h) 

3. 2. Analysis of experiments on the bulk flotation concentrate 

Fig 4 illustrates the effect of increasing coal content on the extent of metal evaporation from the bulk 
flotation concentrate at 950°C and a duration of 1h. The results indicate generally low evaporation 
rates for all metals under these conditions. The highest evaporation occurred at 20 wt.% coal, where 
20% of iron, 17% of copper, 12% of zinc, and 7% of lead transitioned into the vapor phase. These 
modest rates prompted further experiments with increased coal content and higher roasting 
temperatures. 

Fig 5 presents the effect of coal addition on metal evaporation from the bulk flotation concentrate at an 
elevated temperature of 1100°C, also for 1h. It was observed that even at this higher temperature, the 
evaporation of copper, lead, and zinc remained below 40% across all conditions tested. The maximum 
evaporation was achieved at 40 wt.% coal, resulting in 60% of iron, 37% of copper, 37% of lead, and 
30% of zinc being evaporated. Due to the still limited volatilization of the target metals, subsequent 
experiments focused on further increasing the coal content, roasting temperature, and duration. 
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Fig 6 demonstrates the impact of temperature on the evaporation of metals from the bulk flotation 
concentrate using 45 wt.% coal. At a temperature of 1150°C, the evaporation rates significantly 
improved, with 72% of iron, 68% of lead, 62% of copper, and 43% of zinc entering the vapor phase. 
These conditions yielded the most favorable results for the bulk concentrate. However, partial melting 
of the sample was observed at this temperature, leading to adhesion to the refractory brick surface. 
Additionally, increasing the roasting time to 2h at 1100°C did not result in further enhancement of 
metal evaporation. 

 

Fig 4. Effect of increasing the amount of coal on the evaporation of metals for the bulk concentrate sample 
(temperature of 950°C and time of 1h) 

 

Fig 5. Effect of increasing the amount of coal on the evaporation of metals for the bulk concentrate sample 
(temperature of 1100°C and time of 1h) 
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Fig 6. Effect of increasing the amount of coal on the evaporation of metals for the bulk concentrate sample 
(different condition) 

3. 3. Analysis of experiments on the differential flotation concentrate 

Fig 7 illustrates the effect of increasing coal content on the evaporation of metals from the differential 
flotation concentrate at 950°C for 1h. As shown, metal evaporation remains low under all conditions 
tested. The maximum evaporation occurred at 20 wt.% coal, where 8% of iron, 21% of copper, 39% of 
zinc, and 19% of lead were volatilized. Based on these results, subsequent experiments were 
conducted at higher coal percentages and elevated roasting temperatures. 

Fig 8 shows the effect of coal addition on metal evaporation from the differential flotation concentrate 
at 1100°C for 1h. The results indicate that increasing the coal content leads to enhanced metal 
evaporation. The highest evaporation values were observed in the order of lead > zinc > copper > 
iron. At 40 wt.% coal, 92% of lead, 74% of zinc, 62% of copper, and 58% of iron were transferred to the 
vapor phase. To further improve the volatilization of metals, later experiments involved increasing the 
coal content, temperature, and roasting time. 

Fig 9 presents the effect of increasing temperature on metal evaporation from the differential flotation 
concentrate using 45 wt.% coal and a roasting time of 1.5 h. At 1150°C, 90% of lead, 55% of iron, 67% 
of zinc, and 66% of copper were evaporated. However, it was observed that at this temperature, the 
sample partially melted and adhered to the surface of the refractory brick. 
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Fig 7. Effect of increasing the amount of coal on the evaporation of metals for the differential concentrate sample 
(temperature of 950°C and time of 1h) 

 

 

Fig 8. Effect of increasing the amount of coal on the evaporation of metals for the differential concentrate sample 

(temperature of 1100°C and time of 1h) 
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Fig 9. Effect of increasing the amount of coal on the evaporation of metals for the differential concentrate sample 
(different condition) 

 

3. 4. The optimal conditions 

Based on the highest metal vaporization percentages, the optimal conditions for the reduction roasting 
experiments of all three samples are presented in Table 2. 

Table 2. Optimal reduction conditions for maximum metal vaporization 

sample Coal content (wt. %) Roasting 
temp 

(℃) 

Roasting 
time 

(h) 

Metal evaporation (%) 

Cu Zn Fe Pb 

Raw Ore 20 1100 1 83.55 74.78 60.52 88.74 

Differential Flotation Conc 45 1150 1.5 62.44 43.19 72.35 67.66 

Bulk Flotation Conc 40 1100 1 62.37 74.06 58.07 91.98 

 

4. Conclusion 

The results of the reduction roasting experiments demonstrated that metal volatilization efficiency is 
significantly influenced by sample type and roasting conditions, including coal content, temperature, 
and duration. For the raw ore, the highest metal evaporation was achieved at 20 wt% coal, 1100 °C, 
and 1 hour of roasting, with lead, copper, and zinc volatilization reaching 89%, 84%, and 75%, 
respectively. In the case of the bulk flotation concentrate, optimal results were obtained under more 
intense conditions—45 wt% coal, 1150 °C, and 1.5 hours—resulting in 68% lead, 62% copper, and 43% 
zinc vaporization. Meanwhile, the differential flotation concentrate showed the highest volatilization 
rates at 40 wt% coal, 1100 °C, and 1 hour, with 92% lead, 62% copper, and 74% zinc being evaporated. 

These findings suggest that the differential concentrate is more responsive to reduction roasting under 
moderate conditions compared to the bulk concentrate, which required higher coal content and 
temperature to achieve acceptable volatilization levels. Furthermore, an inverse correlation was 
observed between the initial metal grade and its volatilization percentage, indicating that higher metal 
concentrations in the feed may inhibit efficient vapor-phase transfer during roasting. This trend was 
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particularly evident for copper, where increasing the feed grade from 0.4% to 6% reduced its 
volatilization from 83% to 62%, with minimal further reduction at grades above 6%. 

Due to limitations in the laboratory-scale furnace setup, it was not possible to collect and condense the 
volatilized metals in the form of fume or dust, and therefore leaching experiments on the collected 
product were not conducted. However, for further research and better process evaluation, it is 
recommended to perform pilot-scale roasting tests under optimized conditions where dust collection 
systems are employed. Leaching experiments can then be carried out on the collected dust to assess 
metal recovery efficiency. Given that such fume products are typically oxide-rich in nature, it is 
expected that more than 90% of copper and zinc could be dissolved through acid leaching. 

Finally, economic considerations must be taken into account to determine whether the combination of 
a Waelz kiln-based volatilization process followed by leaching of the collected dust is both energy-
efficient and economically viable at industrial scale. 
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Abstract: 

In this study, a representative sample was initially prepared from exploratory drilling cores, followed 
by identification and characterization studies. Based on XRD analysis, the sample consists primarily of 
quartz, kaolinite, muscovite-illite, calcite, potassium feldspar, albite, dolomite, siderite, and 
chalcopyrite. Optical and scanning electron microscopy studies revealed that the sulfide minerals in 
the sample include chalcopyrite, chalcocite, and pyrite, with the most significant copper minerals 
primarily comprising chalcopyrite, chalcocite, and malachite. No free gold was observed, and gold 
mainly exists as a substitute within the structure of sulfide minerals. AAS analysis results indicated 
that the copper grade in the sample is 0.99%. To investigate the flotation of copper minerals, 
influential parameters such as pH, collector concentration, frother concentration, sodium sulfide 
concentration, and the effect of particle size were examined. The results demonstrated that under 
optimal conditions (pH = 11, collector concentration of 100 g/t potassium amyl xanthate (PAX), 100 
g/t sodium isopropyl xanthate (SIPAX), 60 g/t frother methyl isobutyl carbinol (MIBC), and 1000 g/t 
Na2S at a particle size of d80= 75μ), the total copper grade and recovery following two stages cleaner 
flotation were achieved at 21.2% and 60.2%, respectively.

 

Keywords: chalcopyrite, pH, flotation, collector concentration, Na₂S concentration. 

1. Introduction 

Copper is a strategic metal used in many industries, including electronics, construction, energy, and 
automotive. Given the growing demand for this metal, the extraction and processing of its mineral 
resources are of paramount importance. Copper occurs naturally in two forms: oxide ore and sulphide 
ore, each presenting unique characteristics and challenges. Sulphide ores, including minerals such as 
chalcocite and chalcopyrite, are more commonly processed using flotation methods, whereas oxide 
ores like malachite and azurite typically require hydrometallurgical processes. Due to the depletion of 
high-grade sulphide deposits and the increased extraction from oxide-sulphide sources, the 
development and optimization of concentration methods for these ores are essential (Yu et al. 2025; 
Sokolović et al. 2019; Bozhkov et al. 2024; Potysz et al. 2015). 

The flotation process, which extensively concentrates sulphide minerals, is one of the most important 
methods for concentrating copper ores (Khoso et al. 2020; Geng, Han, and Wen 2024). This process 
operates based on the differences in the surface properties of valuable minerals and gangue, 
incorporating the use of chemicals like collectors, frothers, and other reagents to enhance mineral 
separation. Various factors such as the chemical composition of the ore, type and concentration of 
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collector, pH levels, and operational conditions have a direct impact on the efficiency of this method. 
For example, thiol-based collectors, such as xanthates, are effective for the flotation of sulphide 
minerals, while oxide minerals require pre-activation with sodium sulphide to become suitable for 
collector adsorption (Khoso et al. 2020; Zhang et al. 2025). 

Lee et al. (2009) investigated the effect of n-octyl hydroxamate as a collector for the simultaneous 
recovery of copper sulphide and oxide minerals. Their results indicated that this collector enhanced 
the recovery of malachite and azurite (Lee et al. 2009). Additionally, Bulatović et al. (2010) 
demonstrated that the use of depressants, such as sodium silicate and sodium carbonate, significantly 
improved flotation selectivity and reduced the impact of gangue impurities (Srdjan 2007). 

Further studies have shown that combining thiol and amine collectors can lead to higher copper 

recovery from oxide-sulphide ores. Fuerstenau et al. (2007) assessed how the oxidized or sulphide 
nature of copper ores affects flotation performance. They found that sulphide ores are typically well-
flotated using xanthate collectors, whereas oxide ores require a pre-activation stage (Fuerstenau, 
Jameson, and Yoon 2007). Koleini et al. (2013) optimized the selective flotation process of chalcopyrite, 
sphalerite, and pyrite from the copper-zinc ore of the Taknar mine. The results indicated that the most 
effective parameter for copper and zinc recoveries in the copper concentrate was the type of collector 
mixture. The optimization results demonstrated that by maximizing copper recovery, the respective 
recoveries of copper, zinc, and pyrite were 89.04%, 25.3%, and 2.02%, achieved using a mixture of 
sodium isopropyl xanthate and sodium di-butyl dithiophosphate as collectors, dextrin as a pyrite 
depressant, 500 g/t of zinc sulfate, and a pH of 11.35 (Koleini, Soltani, and Abdollahy 2013). Ghodrati 
et al. (2013) optimized the concentration of chemical reagents used in the copper flotation process of 
the Shahre Babak complex through statistical design. The optimal conditions for achieving a 
maximum copper recovery of 91.31% were identified as follows: sodium isopropyl xanthate collector 
at 8.99 g/t, thionocarbamate collector at 22.8 g/t, dithiophosphate collector at 5.05 g/t, frother A65 at 
12.52 g/t, and frother A70 at 7.68 g/t (M.A. Saeed Ghodrati 2013). Additionally, Wills and Finch 
(2015) studied the optimization of flotation process through precise control of operational parameters 
is crucial for improving efficiency and reducing processing costs (Wills and Finch 2015). 

Marion et al. (2017) conducted a study investigating the effect of the structure of seven hydroxamic 
acid collectors on the flotation of malachite, finding that certain collectors, such as benzohydroxamic 
acid and C8 alkyl hydroxamate, demonstrated superior performance in flotation (Marion et al. 2017). 
Additionally, Zarei Varzeqan (2017) showed in a study that the use of potassium octyl hydroxamate at 
a dosage of 10 g/t could increase the recovery of oxide copper by up to 74.46%. Furthermore, the 
simultaneous use of ammonium sulphide and hydroxamates improved oxide copper recovery to 
77.31% (Ahad Zare Varzeghan 2017). 

Barfeyi and Paraspoor (2022) examined the effect of pH and chemical reagents on froth stability using 
a sample obtained from the copper processing plant in Mohammadabad Delijan, employing the 
Taguchi method. The results showed that the best froth stability happened at a pH of 11.2, using 20 
g/t of sodium isopropyl xanthate collector, 15 g/t of di-thiophosphate collector, 20 g/t of the frother 
MIBC, and 15 g/t of the frother Dowfroth 250 (Barfaei and Parsapour 2022). 

Recent studies indicate that the direct flotation method for recovering copper from copper smelting 
slag (CSS) faces limitations due to the high malleability of metallic copper and difficulties in grinding, 
often resulting in recovery rates of less than 90%. A study conducted by Jianjun et al. (2024) showed 
that combining gravity separation and flotation can more effectively recover copper from CSS and 
improve the overall process efficiency by reducing the copper grade in the tailings. These findings 
may also be beneficial in optimizing the concentration of oxide-sulphide copper ores (Sun et al. 2024). 

Conventional collectors such as xanthates cannot directly flotate oxide minerals, which constitute a 
portion of copper deposits. In recent years, the sulphide-coating method for copper oxide minerals 
followed by flotation with xanthate collectors has gained attention, especially in areas like the Bouji 
region, which contains both sulphide and oxide copper minerals. The primary challenge in the 
processing and concentration of copper ores from this region lies in the presence of copper oxide 
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minerals that typically cannot be floated with conventional collectors like xanthates. As such, the 
processes for concentration and optimized methods for recovering copper from these minerals remain 
incompletely identified. Additionally, there isn't enough information about the exact details of the 
minerals, the characterization of waste minerals, and gold-containing minerals, especially using 
modern methods like scanning electron microscopy (SEM). The aim of this research is to first perform 
detailed identification and characterization from the perspective of mineral processing for samples 
from the Bouji region. In this study, SEM equipped with WDX was used, along with element 
distribution mapping, to accurately identify copper minerals, accompanying gangue minerals, and 
gold-bearing minerals. Subsequently, to achieve appropriate grade and recovery, flotation methods 
were applied, examining optimal levels of effective parameters such as pH, collector concentration, 
frother concentration, and Na₂S concentration. 

2. Material and methods 

2.1. Material 

Approximately 120 kg of representative samples were obtained from the core drillings of the Bouji ore 
deposit, located 65 km east of Zanjan. The samples were crushed using jaw and roll crushers to a size 
of less than 2 mm. After homogenization, the samples were further ground in a ball mill according to 
liberation studies to a size of 80% passing 75 µm (d80) for flotation tests. 

To identify the chemical composition of the sample, X-ray fluorescence (XRF) analysis was conducted 
using the X Unique II model from Philips. For identifying the present minerals, X-ray diffraction 
(XRD) analysis was performed using the X'Pert MPD model from Philips. The quantitative 
determination of the elements in the sample was carried out using Atomic Absorption Spectroscopy 
(AAS). Additionally, for more precise identification of minerals and calculating the degree of 
liberation of copper-bearing minerals, petrographic and mineralographic studies were conducted 
using optical and electron microscopy, utilizing polished and thin sections. 

After preparing the polished sections, studies were continued with the XL 30 model scanning electron 
microscope from Philips, equipped with WDX, along with the preparation of element distribution 
maps. When using the Backscattered Electron (BSE) detector for imaging, heavier minerals stand out 
clearly, and the image gets dimmer as the average atomic number of the mineral decreases. 

2.2. Chemicals Used 

Various chemicals were utilized for the flotation experiments (Table 1). 

 

Table 1 - Specifications of the chemicals used in flotation experiments 

Chemical Reagent Chemical Formula Role and application 

Potassium Amyl Xanthate (PAX) C5H11OCS2K Collector 

Sodium Isopropyl Xanthate (SIPAX) C3H5S2Na Collector 

Sodium Sulfide Na2S Activator 

Methyl Isobutyl Carbinol (MIBC) C6H13OH Frother 

Calcium Carbonate CaCO3 pH Regulator 

Sulfuric Acid H2SO4 pH Regulator 

2.3. Flotation Experiments 

In all flotation experiments, 1 kg of sample were mixed with water to prepare a pulp with 30% solids, 
which was then transferred to a flotation cell in the Denver laboratory. Figure 1 shows a view of the 
flotation cell used in the Denver laboratory. Subsequently, chemicals including pH regulator, 
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activator, collector, and frother were added to the pulp. After a set preparation time, the aeration 
process was conducted. Finally, the froth collection was performed. The collected concentrate and the 
remaining tailings in the cell were weighed after filtration and drying. After each experiment, we 
determined the grades of the concentrate and tailings by sampling each using an atomic absorption 
device. With the grade and weight available, the recovery for each test was calculated using Equation 
(1). Additionally, all data were mass balanced, and tests with high mass balance errors were repeated. 

(1) 100
.

.


fF

cC
R

 

Where: 

C: weight of the concentrate (g) 

c: copper grade in the concentrate (%) 

F: weight of the feed (g) 

f: copper grade in the feed (%) 

 

 

Figure 1 - Denver laboratory flotation cell used 

Following crushing by jaw, cone, and cylindrical crushers, the ore underwent size analysis and 
grinding in a ball mill based on liberation studies. According to Table (2) and Figure (2), 80% of the 
particles are less than 75 microns (d80 = 75 µm). 

 

Table 2 - Particle Size Analysis 

Sieve Size (µm) 
Weight Percent 

Retained (%) 
Cumulative Percent 

Retained (%) 
Cumulative Percent 

Passing (%) 

+177 0.5 0.5 99.5 

+149 –177 0.75 1.25 98.75 
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Figure 2: Particle Size Analysis curve 

 

3. Results and discussions 

3.1 Results of Optical Microscope Studies 

According to Figure 3, the optical microscope studies showed that the copper minerals in the sample 
are mostly chalcopyrite and malachite. Some of the chalcopyrites are changing due to iron hydroxide, 
which is replacing them with malachite, chalcocite, and quartz. Some chalcopyrites are being replaced 
by malachite, chalcocite, and quartz due to iron hydroxide. Chalcopyrite alteration products have 
more iron hydroxide and malachite than the others, but chalcocite and quartz are much less. Bornite is 
also present in minimal amounts, mainly as minor intergrowths with chalcopyrite. Magnetite is 
primarily observed in semi-mafic volcanic rocks, where its occurrences are quite limited. Hematite is 
also present in low amounts, occurring as aggregates of platy-shaped crystals in a few samples. 

The most common pairing of chalcopyrite grains, especially in the larger pieces, is with non-metallic 
gangue minerals. Due to the nature of the deposit, some chalcopyrite particles are being substituted 
by iron hydroxide; the most significant association of chalcopyrite occurs with gangue minerals and 
iron hydroxides, specifically limonite and goethite. In finer fractions (250–150 microns) and smaller 
fractions, the association of chalcopyrite is mainly with iron hydroxides. For malachite, it is mixed 
with non-metallic minerals, and in smaller sizes, it is found together with iron hydroxide. Overall, the 
abundance of chalcopyrite is approximately 2 to 2.5%, while the abundance of malachite is around 1%. 
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Figure 3 illustrates various associations within the studied fractions: (a) the association of chalcopyrite 
(Cpy) with bornite (Bor) and gangue, as well as the association of bornite with gangue (Gng) in the 
2830+ micron fraction; (b) chalcopyrite (Cpy) undergoing substitution by iron hydroxide (Fe hyd) in 
the 2830+ micron fraction; (c) the association of pyrite (Py) crystals with gangue in the 2830+ micron 
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fraction; (d) the association of malachite (Mal) with gangue in the 2830+ micron fraction; (e) the 
association of chalcopyrite particles with gangue in the -500+350 micron fraction; (f) the association of 
chalcopyrite with pyrite in the -500+350 micron fraction; (g) the association of chalcopyrite and iron 
hydroxide in the -75+62 micron fraction; and (h) a free malachite particle in the -75+62 micron fraction. 

 

3.2. XRD, XRF, and AAS Analysis 

The results of the XRD analysis confirmed the findings from the microscopic studies. Figure 4 and 
Table 4 show that the main minerals in the sample are mostly quartz, kaolinite, muscovite-illite, 
calcite, potassium feldspar, albite, dolomite, siderite, and chalcopyrite. Additionally, the results of the 
XRF analysis are presented in Table 5, indicating a loss on ignition (L.O.I) of approximately 7.32%, 
which includes carbonates, sulphates, and water in the sample. The AAS analysis revealed that the 
copper and gold grades in the sample were 0.99% and 1616 ppb, respectively. The amount of oxidized 
copper in the sample was 0.43%. Due to the low gold content, identifying associated minerals through 
XRD analysis and optical microscopy was not feasible. Therefore, to identify gold-bearing minerals, 
SEM equipped with WDX was utilized. 

 

 

 

 

 

 

 

 

Figure 4 XRD of ore Sample 

 

Table 4 - X-ray Diffraction Analysis 

Mineral Name Chemical Formula 

Quartz SiO2 

Albite NaAlSi3O8 

Muscovite KAl2[(OHF)2–AlSi3O10] 

Dolomite CaMg(CO3)2 

Siderite FeCO3 

Calcite CaCO3 

Kaolinite Al2Si2O5(OH)4 

Calcite CaCO3 

Orthoclase Feldspar KAlSi3O8 

Chalcopyrite CuFeS2 

 

Table5 – Chemical composition of sample determined by XRF  

SiO2 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 Cu LOI 

62.74 8.95 4.66 7.44 1.8 1.58 0.45 1.38 0.13 2.15 0.46 0.99 7.32 
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3.3. SEM Studies 

The findings from the scanning electron microscope studies of the sample are shown in element 
distribution maps in Figures 5, 6, and 7. Figure 5 shows the association of chalcocite and pyrite 
particles in the 150-105 micron size fraction. Analysis of these particles and the X-ray mapping of 
copper, iron, sulfur, and gold indicates that the light-colored mineral is chalcocite due to the 
simultaneous presence of copper and sulfur, while the dark portion is pyrite due to the simultaneous 
presence of iron and sulfur. It is evident that both minerals contain some gold in their structure. 
Figure 6 depicts the free and associated particles of valuable minerals and gangue in the 150-105 
micron size fraction. The light-colored, free mineral in this image is chalcopyrite, which has copper 
and some gold in its structure. Figure 7 displays several free and associated heavy mineral particles 
and gangue together in the 75-62 micron size fraction. An analysis of some of the light-colored 
particles suggests the presence of two chalcopyrite particles along with one iron oxide particle. The 
brighter particles are identified as chalcopyrite containing copper, iron, and sulfur along with some 
gold in their structure, while the darker particle is due to the presence of iron without other elements, 
indicating iron oxide. 

 

c b a 

   
 e d 

 

  

Figure 5: a) The interaction of chalcocite and pyrite within the particle size fraction of 105-150 microns. 
b) Distribution map of Cu in image a. c) Distribution map of Fe in image a. d) Distribution map of S in 

image a. e) Distribution map of Au in image a 

 

a b C 

   
d e  
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Figure 6: a) Free and locked particles of valuable minerals and gangue in the particle size fraction of 
105-150 microns. b) An almost free particle of chalcopyrite. c) Distribution map of Cu in image b. d) 

Distribution map of Fe in image b. e) Distribution map of Au in image b 

 

a b c 

   
e f g 

   

Figure 7: a) Free and locked particles of valuable minerals and gangue in the particle size fraction of 
62-75 microns. b) Free particles of heavy minerals in image A with increased magnification. c) 

Distribution map of Cu in image b. d) Distribution map of Fe in image b. e) Distribution map of S in 
image b. f) Distribution map of Au in image b. 

 

3.4. Effective Parameters 

3.4.1. pH 

pH is a key parameter in the flotation of sulphide and oxide minerals. In this study, the effect of pH 
was investigated by conducting flotation tests under similar conditions at three different pH levels, 
with the results presented in Figure 8.  Figure 8(a) illustrates the copper recovery at three pH levels. 
Based on the results, increasing pH positively effects the recovery of both oxidized and total copper, 
but it has little effect on recovering sulphide copper. As pH increases from 9 to 10, the recovery of 
both oxidized and sulphide copper increases. As the pH increases from 10 to 11, the recovery of 
sulphide copper decreases. The reason for this is that raising the pH to higher levels requires a 
significant amount of lime. This quantity of lime leads to an increased precipitation of magnesium and 
calcium ions on the surface of valuable minerals, negatively impacting the flotation process. 
Additionally, the adsorption of Mg(OH)₂ and CaCO₃ precipitates on the surface of copper sulphide 
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minerals alters their surface characteristics, resulting in decreased recovery. Overall, these changes in 
surface properties lead to a reduction in the efficiency of the recovery and flotation process of 
sulphide copper (Suyantara et al. 2018). Whereas a further increase in pH from 10 to 11 results in a 
decrease in sulphide copper recovery, although oxidized copper recovery continues to rise at a slower 
rate. The increase in oxidized copper recovery with higher pH is attributed to improved sulfidization 
of oxide minerals. Additionally, the decrease in the recovery of sulphide minerals at pH 11 results 
from the depression of sulphide minerals such as pyrite and galena. 

Figure 8(b) shows the grade versus pH chart. As depicted in Figure 8(b), with pH increasing from 9 to 
11, the sulphide copper grade rises from 12.3% to 13.2%, indicating enhanced flotation performance. 
This grade increase is due to the depression of pyrite and galena in pH=11 and improved separation 
of chalcopyrite from the tailings (Maleki et al. 2023). Moreover, the oxidized copper grade increases 
from 5.8% at pH 9 to 6.2% at pH 11, indicating that a portion of oxidized copper is also entering the 
concentrate in alkaline environments. Ultimately, the total copper grade rises from 9.72% to 10.3%, 
reflecting improved concentrate quality, which may be attributed to optimized flotation conditions 
and increased selective separation of copper particles. At higher pH levels, the formation of hydroxide 
complexes for certain impurities, such as iron and silica, increases, leading to a reduced presence of 
these impurities in the concentrate and consequently enhancing the copper grade. The increase in 
oxidized copper recovery with rising pH is a result of improved sulfidization of oxide minerals. Since 
the goal during the rougher and scavenger stages is to achieve maximum recovery, pH=11 is 
considered the optimal value for determining other process parameters. 

a) 

 
b) 
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Figure 8: Effect of pH on copper a: recovery b: grade (collector concentration: 150 g/t, MIBC 
concentration: 45 g/t, and sodium sulphide concentration: 500 g/t). 

 

3.4.2. Collector Concentration  

In this study, two collectors—sodium isopropyl xanthate and potassium amyl xanthate—were used in 
equal weight ratios of 50%. The potassium amyl xanthate collector, because of its longer hydrocarbon 
chain, exhibits a powerful flotation compared to sodium isopropyl xanthate. To investigate the effect 
of collector concentration, flotation tests were conducted under similar conditions at four different 
levels of collector concentration, with the results illustrated in Figure 9. Figure 9(a) displays the impact 
of collector concentration on copper grades As shown in Figure 9(a), increasing the concentration of 
both sodium isopropyl xanthate and potassium amyl xanthate, in an equal weight ratio of 50%, from 
100 to 200 g/t results in an increase in the sulphide copper grade from 12.3% to 13.3%, representing 
the maximum value within this range. However, further increasing the concentration to 250 g/t leads 
to a decrease back to 12.3%, indicating that the optimal collector amount for sulphide copper flotation 
is 200 g/t. The subsequent reduction in grade is attributed to surface saturation of the particles and 
decreased flotation recovery (Suyantara et al. 2018). On the other hand, the grade of oxide copper, 
which is 5% at 100 g/t, shows a slight increase at concentrations of 150 and 200 g/t, reaching 6.3%. 
However, at 250 g/t, the grade drops to 6%, suggesting that the collector has a minimal effect on oxide 
copper. The overall copper grade, starting at 9.12% at 100 g/t, rises to 10.12% at 150 g/t, but 
subsequently declines to 10.4% and 9.72% at 200 and 250 g/t, respectively. This data indicates that 
excessive collector addition can lead to a decrease in grade. Given that the objective in rougher and 
scavenger stages is to achieve maximum recovery, the best performance of the collector is noted at a 
concentration of 200 g/t, which is regarded as the optimal amount for determining other process 
parameters. 

Figure 9(b) illustrates the effect of collector concentration on copper recovery. The recovery of 
sulphide copper exhibits an increasing trend with the rise in concentration of two collectors—sodium 
isopropyl xanthate and potassium amyl xanthate—in an equal weight ratio of 50%, ranging from 100 
to 200 g/t, resulting in an increase from 59.3% to 71.25%. The increase in collector concentration 
enhances the surface coverage of the sulphide minerals present in the sample. This phenomenon 
increases the hydrophobicity of the surface, thereby improving their flotation. In this context, the 
collector is sufficiently available to cover the active sites of sulphide particles and facilitates bubble 
attachment by reducing interfacial energy. However, at a collector concentration of 250 g/t, it was 
observed that the recovery of sulphide copper decreased to 64.35% with increasing collector 
concentration. This is because the excess amount of collector can lead to increased foam stability due 
to micelle formation. In this situation, micelles cause a mix of minerals instead of separating the 
desired ones effectively, which lowers the recovery rate. Furthermore, the saturation of particle 
surfaces with the collector can lead to detrimental effects such as particle repulsion, increased froth 
buoyancy, and the mixing of valuable minerals with gangue (Lotter and Bradshaw 2010). 

Conversely, the recovery of oxide copper initially increases with the concentration from 100 to 200 g/t, 
rising from 24.18% to 31.06%. However, it decreases at 250 g/t, reaching 28.18%, indicating that the 
optimal point for oxide copper recovery is also at 200 g/t. Finally, the overall copper recovery, which 
stands at 44.05% at 100 g/t, increases at 150 and 200 g/t to 51.04% and 53.79%, respectively. However, 
it drops to 48.64% at 250 g/t, showing that 200 g/t is the best amount for overall copper recovery; 
using too much of the collector reduces recovery. 
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a) 

 
b) 

 

Figure 9: Effect of collector concentration on copper a: recovery b: grade (pH= 11, MIBC 
concentration= 45 g/t, and sodium sulphide concentration= 500 g/t). 

 

3.4.3. Frother Concentration 

To determine the optimal concentration of frother, experiments were conducted at four levels: 30, 45, 
60, and 75 g/t of MIBC frother under identical conditions. MIBC frother produces low-density 
bubbles, which can lead to lower recovery and increased transfer of water and slimes to the froth 
zone. Figure 10(a) demonstrates the effect of frother concentration on copper grade. According 
to Figure 10(a), the sulphide copper grade at a concentration of 30 g/t is 13.4%, and as the 
concentration of MIBC frother increases to 45 and 60 g/t, the sulphide copper grade slightly decreases 
from 13.3% to 13.2%, ultimately reaching 12.4% at 75 g/t. This indicates that excessive frother 
concentration negatively impacts the sulphide copper grade; an excessive amount of frother like MIBC 
can lead to the production of unstable froths or excessive froth stability. This results in the recovery of 
slimes or non-floatable particles, thereby reducing the selectivity of the flotation process and 
ultimately lowering the grade of the final concentrate (including the sulphide copper concentrate). 
Furthermore, highly stable froths can impede the effective separation of valuable particles from waste 
materials. On the other hand, the grade of oxide copper decreases from 6.4% to 6.1% when the 
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concentration of MIBC frother increases from 30 to 75 g/t. Flotation of oxide copper is more 
challenging due to its more hydrophilic surface compared to sulphide copper. The increased 
concentration of frother can hinder the effective attachment of oxide copper particles to air bubbles by 
thickening the froth layer and reducing the concentration of materials in the liquid phase, thus 
decreasing flotation recovery (Zhang 2016; Samiee Bayragh, Zakeri, and Bahri 2022). As a result, the 
frother has a lesser impact on the flotation of oxide copper, and increasing its amount does not lead to 
improved recovery. The overall copper grade at 30 g/t is 10.4% and remains relatively constant at 45 
and 60 g/t, measuring 10.4% and 10.35%, respectively; however, it decreases at 75 g/t to 9.86%. This 
reduction indicates that an increase in frother concentration beyond the optimal amount leads to 
decreased flotation efficiency, thus showing that the best performance of the frother in this range 
occurs at 30 g/t, after which the increase in concentration results in a decline in recovery. 

Based on Figure 10(b), the recovery of sulphide copper at a concentration of 30 g/t is 66.52%. With the 
increase in frother concentration from 45 to 60 g/t, the recovery of sulphide copper rose from 71.25% 
to 73.07%. However, at a concentration of 75 g/t, the recovery decreased to 70.85%, indicating that an 
increase in frother concentration up to 60 g/t improves sulphide copper recovery, while higher 
concentrations have a diminishing effect. At elevated concentrations, frothers can lead to excessively 
stable froths, which hinder the proper separation of valuable minerals from waste, resulting in a 
higher retention of gangue particles in the froth. Additionally, high frother concentrations increase the 
viscosity of the froth, and the bubbles can't move as easily, consequently decreasing flotation 
performance and leading to lower recovery rates. Conversely, the recovery of oxide copper, which is 
30.95% at 30 g/t, increases to 31.06% and 31.25% at 45 and 60 g/t, respectively, but decreases to 30.5% 
at 75 g/t. This indicates that the effect of frother on oxide copper recovery is not significant and shows 
only slight variations. At higher frother concentrations, bubble size decreases, reducing the likelihood 
of oxide particles adhering to the bubbles (Finch, Nesset, and Acuña 2008). Furthermore, excessive 
frother concentration may preferentially adsorb onto the surfaces of gangue particles, disrupting the 
selectivity of the process [21]. Finally, the overall copper recovery at 30 g/t is 51.07%, and it increases 
to 53.79% and 54.9% at 45 and 60 g/t, respectively, but drops to 53.32% at 75 g/t. This trend indicates 
that optimal performance occurs at 60 g/t, after which flotation recovery declines. 
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Figure 10: Effect of frother concentration on copper a: recovery b: grade. (pH= 11, collector 
concentration= 200 g/t, and sodium sulphide concentration= 500 g/t). 

 

 

3.4.4. Sodium Sulfide Concentration 

To investigate the effect of sodium sulphide (Na₂S) concentration, experiments were conducted at four 
levels: 500, 750, 1000, and 1250 g/t of Na₂S under identical conditions. According to Figure 11(a), 
increasing the concentration of Na₂S from 500 to 1250 g/t had no effect on the sulphide copper grade, 
which remained constant at 13.2%. In contrast, the oxide copper grade increased from 6.25% at 500 g/t 
to 8.1% at 750 g/t. Sulphide ions activated the oxide copper surface, making it more hydrophobic and 
improving its flotation, which may account for this increase. As the Na₂S concentration further 
increased to 1000 g/t, the oxide copper grade increased to 9.9%, indicating optimal activation 
conditions. However, when the Na₂S concentration reached 1250 g/t, the oxide copper grade 
decreased to 9.5%. This reduction could be due to excessive coverage of the particle surfaces by 
sulphide ions, leading to a reversion to a more hydrophilic nature. The overall copper grade also 
initially increased with rising Na₂S concentration, from 10.35% at 500 g/t to 11.02% and 11.68% at 750 
and 1000 g/t, respectively, but decreased at a concentration of 1250 g/t to 11.54%. These changes 
suggest that the optimal Na₂S concentration for achieving maximum overall copper grade is around 
1000 g/t, and exceeding this amount reduces process efficiency due to its negative effect on oxide 
copper flotation. 

The optimal flotation performance observed at a dosage of 1000 g/t can be attributed to the effective 
activation of non-sulfide copper minerals, whereby their surfaces are sufficiently transformed into a 
sulfide-like state. This surface modification enhances their interaction with flotation collectors, thereby 
improving both copper recovery and concentrate grade. At this concentration, sodium sulfide appears 
adequate to induce the necessary surface changes that facilitate the selective flotation of valuable 
copper-bearing minerals. 

According to Figure 11(b), the recovery of sulphide copper at a concentration of 500 g/t is 73.07%, and 
as the Na₂S concentration increases, the recovery of sulphide copper remains constant. This is because 
sulphide minerals inherently possess hydrophobic properties and float easily with common collectors 
such as xanthates. When Na₂S reacts with water, it creates sulphate compounds and elemental 
sulphur, which helps to improve the recovery of oxide copper. This increase in recovery is due to the 
formation of sulfur layers on the surface of oxide minerals. With the increase in Na₂S concentration, 
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the recovery of oxide copper rises from 31.25% at 500 g/t to 43.02% at 750 g/t, indicating a positive 
effect on oxide copper recovery within this range. The coating of oxide mineral surfaces with sulphide 
ions from Na₂S results in the formation of a layer of copper sulphides, which enhances the adsorption 
capacity for the collector xanthate. This process increases the hydrophobicity of the mineral surface 
and improves recovery in flotation. As Na₂S concentration increases to 1000 and 1250 g/t, oxide 
copper recovery reaches 60.32% and 55.23%, respectively, indicating that optimal performance occurs 
at 1000 g/t, after which recovery declines. At concentrations above 1000 g/t of Na₂S, oxide copper 
recovery decreases to 55.23%, indicating a negative effect of high Na₂S concentration on flotation 
process efficiency. At lower concentrations, Na₂S aids in increasing the hydrophobicity of mineral 
particle surfaces, facilitating their adhesion to air bubbles. However, as concentration increases, the 
likelihood of particle coverage by sulphide ions rises. This coverage can ultimately lead to a reversion 
to a hydrophilic nature in mineral particles, competing with the existing collectors and causing these 
ions to act as depressants. Therefore, increasing Na₂S concentration may reduce the ability of 
collectors to adsorb onto copper particle surfaces, resulting in lower recovery of oxide copper and 
potentially leading to the stability of weaker froths and decreased recovery (Maleki et al. 2023; Taheri 
et al. 2014). Ultimately, the optimal amount of Na₂S for achieving maximum overall copper recovery 
is around 1000 g/t, and any further increase results in a decline in recovery. 
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Figure 11: Effect of Na₂S concentration on copper a: recovery b: grade. (pH= 11, collector 
concentration= 200 g/t, and MIBC concentration= 60 g/t). 

 

3.5. Optimal Conditions 

Based on the results of flotation experiments at various parameter levels, the optimal values for the 
parameters were determined. Under the optimal conditions of pH = 11, a concentration of 100 g/t of 
potassium amyl xanthate and 100 g/t of sodium isopropyl xanthate, a concentration of 60 g/t of MIBC 
frother, and a concentration of 1000 g/t of Na₂S, with a particle size of d80= 75μ, the copper grade and 
recovery were obtained as 21.2% and 60.2%, respectively, after two stages of cleaner flotation. 

 

4. Conclusion 

This study investigated the flotation behavior of a complex copper ore from the Bouji region 
containing both sulphide (primarily chalcopyrite) and oxide (notably malachite) minerals, using a 
combination of mineralogical characterization and flotation parameter optimization. The 
mineralogical studies, including XRD, XRF, AAS, and SEM-WDX, confirmed the presence of copper-
bearing minerals and their associations with gangue, revealing critical information about mineral 
liberation and intergrowths, which significantly influence flotation performance. Flotation 
experiments highlighted the importance of key operational parameters such as pH, collector 
concentration, frother concentration, and Na₂S concentration to achieving optimal recovery and grade. 
The results demonstrated that optimal flotation performance was achieved at pH 11, with a collector 
concentration of 200 g/t (equal parts potassium amyl xanthate and sodium isopropyl xanthate), 60 g/t 
MIBC frother, and 1000 g/t Na2S. Under these optimized conditions, the final concentrate achieved a 
copper grade of 21.2% and a recovery of 60.2% after two stages of cleaner flotation. These results 
underscore the necessity of process customization based on ore mineralogy and confirm the potential 
for improving the recovery of mixed oxide-sulphide copper ores through integrated mineralogical 
analysis and flotation optimization. This approach not only enhances resource utilization but also 
provides a methodological framework for similar deposits facing processing challenges due to 
mineralogical complexity. 
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Abstract: 

In this study, Red Mud (RM) (byproduct in alumina production process from bauxite) was used as an 
adsorbent for sulfate contaminant adsorption from acid mine drainage (AMD). AMD discharge lead 
to the acidification of water which has detrimental effects on aquatic life and human health. Analytical 
methods, laboratory studies and molecular simulations were conducted to investigation of sulfate 
adsorption on RM. Thermodynamic calculations were performed after optimizing of existing metal 
oxide structure in RM with the Material Studio software using the dmol3 and DFT method. The 
adsorption energy results by Adsorption locator module were determined -819.09, -561.7, -268.8, -
105.4, and -314.7 kcal/mol for Fe2O3, Al2O3, CaCO3, TiO2 and SiO2, respectively. The most active 
compounds in RM (iron and aluminum oxides) account for 22.5% and 13.3% in the red mud structure, 
respectively. In addition, seawater washing was employed as RM modification method, and it could 
decrease high rates of pH and improve the sorption capacity of raw RM. The effect of this 
modification was investigated by solvent simulation in adsorption environment of sulfate on RM and 
the dielectric constant selection. For water as the primary solvent with a dielectric constant of 78.54, 
adsorption energy for RM was calculated to be -35.68 kcal/mol and it was increased to -56.69 
kcal/mol for the seawater medium with a dielectric constant of 86. Therefore, RM can be considered 
as a potential sulfate adsorbent because of cost-effectiveness and alkaline pH that can lead to the 
neutralization of AMD. 

 

Keywords: Sulfate, Adsorption, Red Mud, Seawater, Molecular Simulation. 

1. Introduction 

Acid mine drainage (AMD) is well-known as an important source of surface and underground water 
pollution all over the world that is produced specially from mining activities (Singh, et. Al. 2020 and 
Manisalidis, et al. 2020). AMD is released when sulfides are exposed to air and water (Alimohammadi, 
et al. 2017). Also, it often contains elevated levels of sulfate (500-2000 mg/L), and it is also produced 
from electroplating, steel pickling, nonferrous smelting, and other related materials or substances 
(Kitadai, et al. 2018). The high sulfate content causes low-pH water and sulfuric acid formation. This 
issue is due to the dissolution of toxic and heavy metals and creates unacceptable levels of these 
metals in water (Halajnia, et al. 2013). The production of AMD results in the death of vegetation and 
aquatic life, mineralization of water, corrosion of reinforced steel, scaling of equipment, damage to 
mammals and endangering human health, and corrosion of mine equipment (Baldwin and Mitchell, 
2012).  

Nonetheless, several methods have been employed to treatment of sulfate-containing wastewater, 
including chemical precipitation, crystallization (Silva, et al. 2012), ion exchange, biological treatment 
(Liang, et al. 2013), electro-dialysis (Lee, et al. 2003), nano-filtration (Galiana-Aleixandre, et al. 2005), 
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adsorption and reverse osmosis (Bodalo, et al. 2004). Most processes have significant disadvantages 
such as need for high energy and costly processes, low efficiency, production of high amounts of 
sludge, high levels of trace elements, and reclamation processes (Halajnia, et al. 2013). Among these 
processes, adsorption is commonly considered to be the most attractive and used technique due to its 
low cost, eco-friendliness, and high performance. An adsorbent can be assumed as low cost if it 
requires little processing, abundant in nature, or a by-product or waste material from another 
industry. 

Red mud (RM) is produced as a by-product during the alkaline leaching of bauxite in the Bayer 
process. According to previous evidence, (He, et al. 2013 and Liu, et al. 2011), the production of 1 ton 
of alumina generally results in the creation of 0.3-2.5 t of RM strongly alkaline (pH = 12-13). High 
alkalinity, large amounts, and fine-grained nature (90% below the size of 75 µm) of RM cause serious 
environmental problems (Zhao, et al. 2012 and Ye, et al. 2015). It is also composed of a mixture of solid 
and metallic oxides. The red color arises from hematite, which can comprise up to 60% of the mass. 
The  red mud is highly basic with a pH ranging from 10 to 13. In addition to iron, the other dominant 
components include silica, unleached residual aluminum compounds, and titanium oxide (Sutar, et al. 
2014 and Burke, et al. 2013). On the other hand, RM is introduced as an unexpansive adsorbent for 
various contaminants due to its high metal oxide content and activated compound (He, et al. 2013, 
Palmer, et al. 2010). Further, various methods of surface modification have been implemented to 
improve the adsorption properties and enhance the adsorption amount of red mud and its pH 
reduction (Schwarz, et al. 2018). These methods are entailed sea water treatment, heat activation, acid 
washing, and granular with bentonite or fly ash and presence of different surfactants (Martins,  et al. 
2020). In this research, aimed to test RM as an alternate sulfate adsorbent and described the results of 
an investigation on the sulfate removing and seawater effects were studied as a natural, low-cost and 
available material on red mud treatment.  

Molecular simulation methods were applied for microscopic analyses and physical phenomena 
investigation at molecular level. In these methods, the constituent species of a system such as: 
molecules and fine particles have been explored. One of the most important software which was 
applied for modeling, visualization, and analysis of material systems is Materials Studio. This 
software was utilized in advanced research about various materials such as: polymers, carbon 
nanotubes, catalysts, and metals. To investigate sulfate ions' adsorption energy and behavior on red 
mud, we studied a new approach for sulfate adsorption by performing theoretical calculations on 
metal oxides in the RM structure. It extends beyond the traditional static DFT (density functional 
theory) calculations, such as molecular quantum simulations, geometry optimization, and vibrational 
frequency calculations. Remarkably, Materials Studio was used for modelling, visualization, and 
analysis of material systems as one of the essential software and Fe2O3, Al2O3, CaCO3, SiO2, MgO, 
Na2O and TiO2 surfaces were used for these calculations (Rahimi and Irannajad, 2024 and Irannajad 
and Rahimi, 2024). In addition, calculations were performed to utilize the continuum solvation model, 
namely COSMO, to simulate modified methods and represent the local environments (water and 
seawater). Finally, the results of the adsorption energies for sulfate were reported and compared in 
diverse local environments. The research has expanded the experimentally reported effects such as 
sulfate removal, adsorption capacity, and computational modelling results.  

 

2. Material and methods 

2.1. Material 

RM samples were provided by the Jajarm mine, which produces RM as a by-product during the 
alkaline leaching of bauxite in the Bayer process. RM was applied as the base material of the adsorbent 
from this mine that is located 5 km from Jajarm in north Khorasan province of Iran. The X-ray 
fluorescence (XRF) results and X-ray diffraction (XRD) studies of RM are provided in table 1 and its 
size distribution is shown in figure 1.  Activated RM by seawater was used to improve the reactivity of 
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RM for the removal of sulfate ions in the solution. The sulfate solution was prepared by sodium 
sulfate (Na2SO4), and the solution of ionic strength was adjusted using NaCl (1M). HCl and sodium 
hydroxide (NaOH) were employed for adjusting the pH of the solution. Also, reagents were used for 
sulfate concentration measurement in solutions by UV-VIS spectrophotometers such as Glycerol and 
Isopropyl Alcohol. All reagents were supplied by Merck and were illustrated in table 2. 

Table. 1. Chemical and mineralogical compositions of the red mud. 

 

Fig.1. Size distribution plot of RM. 

2.2. RM modification 

Employing RM as adsorbent, it was micronized and then sieved through a 100-mesh screen to obtain 
D100 of less than 150 µm. Next RM was suspended in a solution of seawater with a 10% solid 
percentage for 1 hr (RMS) and mixed for 1 hr to decrease its pH. This can lead to the precipitation of 
hydroxide, carbonate or hydroxyl carbonate and a decrease in the pH rate to 8-8.5. Then, it was 
filtered and dried in the oven overnight (100 °C). Finally, RMS was ground and then sieved through a 
75 µm screen (Rahimi and Irannajad, 2024). 
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Chemical composition Mineralogical composition 

Constituent            % (w/w) Minerals Formula 

Fe2O3 22.5                Calcite                                         Ca5.23Mg0.77C6O18 

Al2O3 13.3 Diopside                           Ca3.58Mg3.55K0.29Al0.84Si7.74O24 

SiO2 15.2              Magnetite                                               Fe24O32 

MgO 1.7         Vermiculite                       Si5.53Al3.36Fe0.41Mg4.04Ti0.08O30.32Ca0.86 

K2O 0.53              Ilmenite                                                 Fe6Ti6O18 

TiO2 6.7                Katoite                                            Ca24Al16Si24O96 

MnO  0.104      hematite Fe2O3 

CaO 18.5   Rutile  TiO2 

P2O5 0.14 Sodalite Na2O.Al2O3.1.68 SiO2.1.73H2O 

Na2O 2.57 Cancrinite 3NaAlSiO4.NaOH 

SO3 0.47  

 LOI 16.6 
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Table. 2. Used chemical compositions in adsorption experiments. 

 

2.3. Batch adsorption studies. 

The adsorption experiments were performed using the batch method in a 250 mL Erlenmeyer flask 
with a constant stirring rate of 420 rpm, at a temperature of 25 ºC, and ionic strength of 0.01 M of 
NaCl. The sulfate solution with a desired concentration and contact time was prepared and placed in 
contact with raw and activated RM (0.5- 5 g /L) and underwent stirring. Then the sulfate solution was 
prepared with desired concentrations, followed by placing the raw and activated RM in contact with 
100 mL sulfate solution and stirring. After equilibrium, the solution was filtered by Whatman filter 
paper No. 42 and a clear aliquot of the supernatant was taken accordingly. For sulfate ion 
measurement, by a UV-VIS spectrophotometer (model HITACHI U-2000), they were prepared 
standard and specific solution with 5, 10, 15 and 20 ppm sulfate concentration (Na2 SO4) for instument 
calibration. According to previous research, the sulfate percentage in the solution was determined in 
420 nm and adding sulfate reagents solution. This solution was included Isopropyl Alcohol, Glycerol, 
Hydrochloric acid and Sodium chloride which was added as identifier befor sulfate content 
measurment. Ultimately, the sulfate removal (R) and capacity adsorption of the adsorbent (qe) were 
calculated using the following equation (1 and 2) (Irannajad and Rahimi 2024): 

R=
(C0- Ce)

C0
 ×100 (1) 

qe=
(C0- Ce)

M
 ×V (2) 

Where R is the sulfate removal percentage (%), and C0 is the initial adsorbate concentration (mg/L). 
Furthermore, Ce and qe represent the final adsorbate concentration in the solution after equilibrium 
adsorption (mg/L) and the amount of the adsorbed sulfate per unit of adsorbents (mg/g), 
respectively. Finally, M is the weight of the adsorbent (g), and V denotes the volume solution (L). 

 

2.4. Equilibrium studies 

For equilibrium isotherm investigation, 100 mL of the sulfate solution with various concentrations 
(250, 500, 750, 1000, 1500, and 2000 ppm) were stirred with 2 g of RM and RMS for 60 min (equilibrium 
time) at 420 rpm and at pH rate of 6.5-7. The equilibrium isotherms of sulfate adsorption were 
evaluated by Langmuir, Freundlich, Temkin, and Dubinin -Radushkevich models to study the 
removal amount of sulfate at equilibrium by the unit mass of the adsorbent from the solution at a 

Chemical compound name Formula Application Purity (%) Company 

Distilled water H2O Adsorption solution - Aryateb 

Hydrochloric acid HCl Adjusting pH 37 Merk 

Sodium hydroxide NaOH Adjusting pH 95 Merk 

Sea water - RM modification - - 

Sodium chloride NaCl Adjusting ionic strength 95 Merk 

Sodium sulfate Na2 SO4 Adsorption solution 99 Merk 

Glycerol C3H8O3 Sulfate reagent solution 99 Merk 

Isopropyl Alcohol C3H8O Sulfate reagent solution 99 Merk 
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constant temperature. Equations, Linear expression, and parameters related to these models are 
presented in table 3 (Ye,  et al. 2016). 

 

2.5. Kinetic studies 

The adsorption kinetics of sulfate onto RM, and RMS was evaluated by pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle diffusion kinetic models (table 4) to study the mechanism and 
rate-controlling step of adsorption. The kinetic model parameters were determined using the least-
squares linear regression method. Additionally, the kinetic models of the pseudo-first-order and 
pseudo-second-order were investigated to determine the reaction mechanism (chemical or physical). 
To examine the kinetic isotherms, the sulfate solution with a concentration of 1000 ppm was stirred by 
2 g of the adsorbent at 420 rpm and a pH rate of 6.5-7 for different times (10, 20, 30, 60, and 120 min), 
followed by calculating the parameters and validity of the kinetic models (correlation coefficients). 

 

Table. 3. Isotherm models. 

Isotherm models Equations Linear expression Parameters 

Langmuir q
e
= q

m

b Ce 
1+b Ce 

Ce

q
e

= 
1

q
m

b+
Ce

q
m

 qm:(slope) −1, b: slope/intercept 

Freundlich q
e
= KfCe

1/n log q
e
=logKf+ 

1

n
log Ce Kf: exp(intercept), n:(slope) −1 

Temkin q
e
= 

RT

BT ln AT
+ 

RT

BT lnCe
 q

e
= 

RT

BT ln AT
+ 

RT

BT lnCe
 BT: RT/slope, AT:exp (intercept BT/RT) 

Dubinin–Radushkevich q
e
= q

m 
exp (-βε2) ln q

e
=lnq

m
- β ɛ2 

qm: exp (intercept), β: - slope 

ε=RTln(1+
1

Ce
) 

 

Table. 4. Kinetic models. 

 

2.6. Thermodynamic studies 

To calculate thermodynamic parameters such as Gibbs free energy (∆G), entropy (∆S) and enthalpy 
(∆H), the 250 ml of sulfate solution with 1000 ppm concentration was prepared and stirred with 2 g/L 
adsorbent dosage and pH = 7 for 60 min in different temperatures. The stirring incubator was adjusted 

Kinetic models Equations Linear expression Parameters 

Pseudo-first order q
t
=q

e
[1- exp(-k1p t) ] ln(q

e
-q

t
)=lnq

e
-k1pt qe=exp(intercept), k1p=−(slope) 

Pseudo-second order q
t
=k2pq

e
2 t/(1+q

e
k2pt) t

q
t

=
1

k2pq
e
2

+t/q
e
 

qe=slope−1,k2p=(slope2)/ intercept 

Elovich q
t
=β ln (βαt) q

t
=β ln(αβ)+ β ln t β=slope,α=(slope)−1exp (intercept 

/slope) 

Intraparticle diffusion q
t
=kpt0.5 log q

t
=logkp+0.5 log t kp =exp (intercept) 
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to temperatures of 298, 303, 313, 323, and 333 K, with the constant stirring rate for ∆G, ∆S, and ∆H 
calculations (Equation 3, 4 and 5). 

kd = 
(C0- Ce)V

CeW
 

(3) 

ln kd=
∆Sads

0

R
- 

∆Hads
0

RT
 

(4) 

                   ∆Gads
0 = ∆Hads

0 -T ∆Sads
0  

(5) 

As can be observed in the above Equation, kd is the distribution coefficient (mg/L) that was calculated 
in Equation 3 (Where C0 is initial sulfate concentration (mg/L), and Ce is final sulfate concentration in 
the solution after equilibrium adsorption (mg/L). M and V represent the weight of the adsorbent (g), 
and volume solution (L), respectively. In Equation 4, T denotes solution temperature (K), and R is the 
universal gas constant (8.314 J/mol k). For thermodynamic parameters calculation, kd was plotted on 

a 1/T curve and obtained 
∆Sads

0

R
 and 

∆Hads
0

R
 as intercept elevation and slop curve, respectively (Irannajad 

and Rahimi 2024), were calculated according to Equations 4 and 5. 

2.7. Molecular simulation 

Main oxides were simulated for molecular modeling of sulfate adsorption on RM surface. The main 
oxides in the RM structure were just considered (chemical composition amount > 5%) to simplify and 
minimize the calculation cost. The molecular modeling was applied to the adsorption mechanism of 
sulfate ions on red mud structure. Dmol3 module was used for DFT calculation in Material Studio 
software, version 2020. The iron, aluminum, calcium, silicon and titanium oxides were modeled by the 
generalized gradient functional of BLYP (Becke exchange plus Lee-Yang-Parr correlation). To achieve 
the best possible accuracy, a double numerical method was applied to all atoms, along with p-function 
polarization for hydrogen atoms (DNP). The most essential convergence for geometry optimization is 
summarized in table 5 (Zia, et al. 2019), This work's results were based on "all-electron relativistic" 
calculation without effective core potentials or pseudo-potentials. 

Noteworthy, Fe2O3, Al2O3, CaCO3, SiO2, TiO2, and Na2O were built as crystal structures for adsorption 
energy calculation. The desired elements, the number of atoms, and the appropriate lattice parameters 
for each structure were selected. To investigate the adsorption of sulfate ions on red mud, we used the 
optimized crystal (with DMol3 module) as the basis of building models for red mud. Afterwards, the 
cleavage surface was created, and the 2×1 supercells were expanded. Finally, a vacuum slab was built 
with appropriate thickness for all species of crystals. In table 6, the lattice parameter, the cleavage 
surface, and the cutoff distance for each structure are illustrated. After that, the optimized sulfate ion 
was placed near the crystals' surface, and molecular simulations were performed with the DMol3 
module. The details of the molecular simulations and our study's results are presented in the results 
section. The adsorption energy is calculated using Equation 6 (Wang, et al. 2018). 

Eadsorption= Esurf + adsorbate - (Esurf + Eadsorbate)                                                                 (6) 

Wherever Eadsorption is the adsorption energy, Esurf + adsorbate is the total energy of the surface with the 

adsorbed molecule, Esurf is the total energy of the clean surface, and Eadsorbate is the total energy of the 
isolated adsorbate molecule. 
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Table. 5. Convergence tolerances for geometry optimization calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table. 6. Lattice parameter, cleavage surface and cutoff distance of mineral structures. 

 

As mentioned above, seawater washing was used in the experimental section for RM surface 
modification and improving adsorption. To simulate the modification methods and represent the local 
environment (water, and seawater), calculations were performed utilizing the continuum solvation 
model, namely COSMO (conductor-like screening model). The dielectric constants of the two 
solutions are composed of water, and seawater which were considered 78.54, and 84 respectively. The 
multipolar expansion was used to calculate the solvation energy for the whole model. The geometry 
optimization was validated based on the vibrational frequency analysis (Zia, et al. 2019).  

 

Convergence tolerance parameters  

Energy 1×10-5 Hartree 

Maximum force 2×10-3Hartree/Å 

Maximum displacement 5×10-3Hartree 

Maximum iterations 50 

SCF tolerance 10-6 Hartree (fine) 

Orbital cut-off 4.6 Å 

Core treatment All electron relativistic 

Basis set DNP 

Basis File 4.4 

Integration accuracy Medium 

Mineral 
name 

Crystal system Space group Lattice constant 
Cleave surface 

Cutoff 
distance (Å) 

Hematite Hexagonal R3_C 
a=5.04, b=5.04, c=13.75, α=90, 

β=90 and γ=120 
0 0 1 12.2 

Corundum Trigonal R3_C 
a=4.75, b=4.75, c=12.98, α=90, 

β=90 and γ=120 
0 0 1 8.4 

Calcite Trigonal R3_C 
a=4.99, b=4.99, c=17.061, α=90, 

β=90 and γ=120 
1 0 1 5.5 

α-quartz Trigonal p3_221 
a=4.91, b=5.405, c=4.916, α=90, 

β=90 and γ=120 
0 1 1 12.5 

Rutile Tetragonal p4_2/MNM 
a=4.592, b=4.592, c=2.957, α=90, 

β=90 and γ=90 
0 1 1 12.5 
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3. Results and discussion 

3.1. Effect of seawater modification method 

The effect of RM dosage on sulfate removal from the aqueous solution at the pH of 6.5-7 is illustrated 
in figure 2. As shown, sulfate removal efficiency increases by increasing the RM dosage due to 
increasing the available surface of the adsorbent (Rahimi and Irannajad 2024).  As can be seen, the 
maximum sulfate removal was 6.3, and 29.4% for RM, and RMS in 5 g/L adsorbent dosage. While 
sorption capacity almost decreases with increasing adsorbent dosage this can be due to a reduction in 
the number of sulfate ions in the solution compared to adsorbent sites and the maximum sorption 
capacity is obtained at 15.4 and 3.1 mg/g in 0.5, 2 and 4 g/L adsorbent dosage for RMS and RM, 
respectively. Further, figure 2 confirms that seawater washing rises sulfate adsorption onto the RM 
surface.  

  

Fig. 2. Effect of adsorbent dosage on sulfate removal and sorption capacity by RM, and RMS (contact time of 60 
min, sulfate concentration of 1000 ppm and temperature of 27 °C). 

 

3.2. Adsorption isotherm and kinetic models 

The obtained data from equilibrium tests, da were modeled using the linear regression method of least 
squares and correlation coefficient (R2). The isotherm model parameters were determined by the 
solver add-in function in Microsoft Excel. Linear expressions, parameters and R2 related to each model 
are listed in table 7. 

According to the results of isotherm studies for RM, the order of the best model based on the R2 values 
is Freundlich> Dubinin– Radushkevich> Temkin> Langmuir. For RMS, the matching of the sorption 
isotherm is almost the same as RM; the difference is that the matching of Langmuir is more than the 
Temkin model. There is more matching with the Freundlich model for RM and RMS with R2 values 
0.97 and 0.94. According to Freundlich isotherm results, maximum sorption capacity for RM and RMS 
are obtained at 0.88 and 2.45 mg/g. The Freundlich model indicates that the adsorbent surfaces are 
heterogeneous and the adsorption onto the adsorbent surface is multilayer. Moreover, adsorption is 
reversible. In this model, the favorable range of adsorption intensity (n) is 0 < 1/n < 1, thus adsorption 
is desirable down. The Dubinin-Radushkevich model investigates maximum sorption capacity that it 
indicates 1.37 and 26.3 for RM and RMS. Also, this model determines the energy of adsorption and 
type of the adsorption process (physical adsorption (E < 8), chemical adsorption or ion exchange (E > 
16), and particle diffusion that governs the reaction (E > 16)). Based on this model, the adsorption 
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process occurs with particle diffusion. In this model, it is assumed that the adsorbed amount for any 
adsorbate concentrations follows a Gaussian function of the Polanyi potential. The Temkin model 
evaluates the heat of adsorption and some indirect interactions of the adsorbate/adsorbate in the 
adsorption process. The increase of BT for RMS rather than RM indicates that the seawater washing 
can improve the adsorption process of sulfate on the RM surface (Li, Et al. 2015). In compared to the 
other research for investigation of adsorption isotherm of RM, there was the most consistent with 
Freundlich isotherm (Deihimi, et al. 2019). 

The adsorption kinetics of sulfate on RM, and RMS were evaluated by pseudo-first-order, pseudo-
second-order, Elovich, and Intraparticle diffusion kinetic models (Table 8) to examine the mechanism 
and rate-controlling step of adsorption. The R2 values (0.95 and 0.84 for RM, and RMS) demonstrated 
that the pseudo-second-order model outperformed the other kinetic models for the description of 
sulfate adsorption onto both RMS and RM. These results confirmed that the rate-controlling step in 
the sulfate adsorption process onto RM and RMS was a chemisorption interaction. According to this 
model, two reactions (series or in parallel) are proposed, including the fast reaction that quickly 
reaches equilibrium and the slow reaction that can continue for a long period (Deihimi, et al. 2018). 
The kinetics constants (K) of both pseudo-second-order and intraparticle diffusion models are more 
for RMS compared to RM, indicating a further absorption rate of sulfate onto the RMS surface. 
Contact time for adsorption equilibrium for other applied adsorbents in sulfate adsorption was 60-120 
min, so obtained results for kinetic investigation is in good agreement with other results 
(Sadeghalvad, et al. 2011). 

Table. 7. Isotherm model parameters for sulfate adsorption onto RM and RMS. 

Isotherm Models Parameters RM RMS 

 

Langmuir 

Linear expression Y= -1.135X+755.57 Y= -0.4069X+414.6 

qm 0.88 2.45 

b -0.001 -0.005 

R2 0.62 0.57 

 

Freundlich 

Linear expression Y=2.3411X-5.6369 Y= 2.9026X-7.1636 

Kf 2.29×10-6 6.68×10-8 

N 2.34 2.9 

R2 0.97 0.94 

 

Temkin 

Linear expression Y= 5.4182X-26.981 Y=3.576X-5.5014 

BT 468.2 709.4 

AT 0.006 0.21 

R2 0.69 0.32 

 

Dubinin-
Radushkevich 

Linear expression Y= -21.822X+76.301 Y= -0.0378X+3.27 

qm 1.37 26.3 

β 21.8 0.03 

R2 0.84 0.84 

3.3. Thermodynamic properties 

The simulation of single clusters in the RM structure include: Fe2O3, Al2O3, CaCO3, SiO2, and TiO2   
were conducted in water environment. DFT was applied for geometry optimization of these structures 
in the underground state. Figure 3. shows the optimized structure of these clusters and their bond 
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lengths and bond angles. Furthermore, the main thermodynamic properties were calculated for 
various structures in RM reaction with sulfate ion. The results of a vibrational analysis calculation 
were used to compute important thermodynamic properties such as enthalpy (H), entropy (S), free 
energy (G), total energy (E) and heat capacity at constant pressure (Cp) as a functions of temperature. 
DMol3 can be applied as a tool for the prediction of these thermodynamic properties of molecular 
systems and total energy yields. In this section, the thermodynamic properties of the main chemical 
composition of RM were calculated in separate documents. Table 9 indicates the calculation results of 
thermodynamic properties. In figure 4, the results of computed free energy in molecular simulation 
and obtained free energy from thermodynamic measurements were compared. Results indicated that 
there is a systematic conformity between the calculated free energy in molecular simulation and 
obtained free energy from thermodynamic measurements. 

 

Table. 8. Kinetic model parameters for sulfate adsorption onto RM and RMS. 

Isotherm Models Parameters BRM RMH 

 

Pseudo-first-order 

Linear expression Y= 0.0087X+1.8443 Y= 0.0106X+2.046 

qe 6.32 7.73 

K1 0.008 0.01 

R2 0.51 0.42 

 

Pseudo-second-order 

Linear expression Y= 0.0545X+1.3812 Y=0.0377X+1.2337 

qe 18.34 26.52 

K2 0.19 0.17 

R2 0.95 0.84 

 

Elovich 

Linear expression Y= 4.3641X-4.3701 Y= 6.8858X- 9.9079 

α 0.33 0.23 

β 0.22 0.14 

R2 0.79 0.81 

 

Intraparticle diffusion 

Linear expression Y= 1.6056X Y=0.2365X 

Kp 1.6 0.23 

R2 0.62 0.63 

 

 

 

 
 

 

  

Fe2O3 Al2O3 CaCO3 SiO2 TiO2 
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Fig. 3. Optimized structure of clusters and their bond lengths and angles. 

 

Table. 9. Calculated thermodynamic properties of reactants and products. 

 

Fig. 4. Results of simulated free energy and obtained from thermodynamic measurements. (1:Al2O3, 2: Fe2O3, 

3:CaCO3, 4:SiO2, 5: TiO2, 6: MgO, 7: Al2 (SO4)3, 8:Fe2 (SO4), 9: CaSO4, 10:Si SO4, 11: TiOSO4 , 12: MgSO4, 13: Na2O, 

14: Na2SO4). 

3.4. Adsorption energy calculation 

In the next step, after optimization of crystal oxide components existed in RM structure, Esurf + adsorbate, 
Esurf and Eadsorbate were calculated for sulfate adsorption energy calculation. The optimized crystal 
components in RM structure after sulfate ion adsorption on their surface were demonstrated in figure 
5. Adsorption bond lengths for each component were measured. The results illustrated that the 
shortest bond lengths which belonged to Fe2O3, Al2O3, TiO2, CaCO3 and SiO2 and equal to 2.134, 2.745, 
2.949, 3.194 and 18.229 Å, respectively. Therefore, the lowest bond length is related to Fe2O3, Al2O3 and 
TiO2 that are main metal oxides and exist in RM structure. The results of adsorption energy calculation 
in water environment with dielectric constant =78.54 were brought in table 10. The results illustrated 
that all adsorption energies were negative. This issue showed that all main crystal components in RM 
structure had a great tendency to adsorption of sulfate ions. Among these crystal oxides, the highest 
adsorption energy belongs to Fe2O3, TiO2, Al2O3, CaCO3 and SiO2, respectively. Whereas these 

-17

-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Simulated values Experimental values

Composition 
name 

S (Cal/mol k) Cp (Cal/mol k) H (kcal/mol) G (kcal/mol) 

Al2O3 71.485 19.932 10.818 -10.495 

Fe2O3 77.396 16.756 8.84 -14.236 

CaCO3 72.529 16.287 12.878 -8.746 

SiO2 57.433 11.066 6.725 -10.399 

TiO2 55.549 8.277 4.444 55.549 

MgO 51.12 7.75 3.167 -12.075 
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compounds were main oxides in RM structure, adsorption energy of RM was negative, too. The 
calculated adsorption energy for RM was equal to -35.68 kcal/mol. 

 

  

  

Fig. 5. Optimized crystal components in RM structure after sulfate ion adsorption. 

Table. 10. Results of adsorption energy in water environment for different crystal oxide. 

 

There are various treatment methods for improving adsorption amount and surface modification of 
RM such as: seawater treatment, acid washing with different acids, heat activation, granular with 
bentonite or fly ash and presence of different surfactants (Rahimi and Irannajad, 2024). In this 
research, seawater treatment washing was applied for this aim. To simulate this environment 
(seawater) as solvent, calculations were performed using the continuum solvation model, namely 
COSMO. All simulation steps for main crystal oxides were repeated in seawater environment with 84 
dielectric constants. The results are related to the calculations of simulation in seawater which has 
been brought in table 11. These results show that with increasing of dielectric constant, adsorption 
energies for all main crystal oxides existed in RM structure are raising. The adsorption energy for RM 
structures in seawater environment was equal to -56.69 kcal/mol. These results illustrate that applied 
modification method could improve the adsorption properties of raw RM. It is energetically favorable 
to transfer an ion from the liquid crystal layer with a lower dielectric constant to the alignment layer 
with a higher dielectric constant. So, with increasing the dielectric constant in adsorption 

Mineral name E surface or 
adsorbate 

E SO42- or adsorbent 
E SO42-/Surface or 

adsorbent/adsorbate 
 E Adsorption (Ha) 

E Adsorption 
(kcal/mol)  

Hematite -8304.7 -700.69 -9008.22 -2.79 -64.33 

Quartz -2136.6 -700.69 -2837.97 -0.63 -14.52 

Rutile -5796.6 -700.69 -6497.7 -0.95 -21.9 

Calcite -5115.5 -700.69 -5817.4 -1.23 -28.36 

Corundum -2254.7 -700.69 -2956.8 -1.43 -32.97 

Fe2O3 Al2O3 

CaCO3 TiO2 
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environment, it increases activated sites on surface layer of adsorbent. To increase ion adsorption on 
the alignment layer, an alignment layer with a higher dielectric constant is helpful. In the case of 
inorganic material (metal oxides), this issue is helpful in increasing ion adsorption on the alignment 
layer. 

 

 

Table. 11. Results of adsorption energy in seawater environment for different crystal oxide. 

 

3.5. FTIR analyses 

The FTIR spectra of RM, and SRM after sulfate adsorption are plotted in figure 6. The bands which 
appear at 1410-1470 cm-1 for adsorbents are related to carbonate bands. Besides, the peak at 1431 cm-1 
and 1625 cm-1 for RM samples corresponds to C-O and C-C stretching vibration that could be 
attributed to the existence of cancrinite or calcite in RM structure (Ye, et al. 2015). In addition, the 
bands in the region of 460-590 and 680 cm-1 are the result of the stretching vibrations of the Fe-O bond 
that can be associated with hematite and magnetite as main composition of RM. Additionally, the 
bands at around 995 cm-1 may correspond to the Si-O-Si and Si-O-Al vibrations that could belong to 
alumina, Zhypsyt and Boehmite in RM (Deihimi, et al. 2018). The peak intensity of calcite (1431 cm-1) 
in SRM spectra becomes sharper rather than other adsorbents and peak which can be related to OH- 
(3420 cm-1) reduction due to the neutralized OH- ion with Mg, Al and Ca in seawater. As can be seen, 
there is a sharp intensity absorption around 1100 cm-1 that is related to SO4

2- vibration band in RM, 
and SRM after sulfate adsorption. The intensity of this peak is sharper for SRM than RM, this issue 
shows more adsorption of sulfate on SRM.  

 

Mineral name E surface or 
adsorbate 

E SO42- or adsorbent 
E SO42-/Surface or 

adsorbent/adsorbate 
 E Adsorption (Ha) 

E Adsorption 
(kcal/mol)  

Hematite -8304.48 -700.58 -9009.15 -4.09 -94.31 

Quartz -2136.35 -700.58 -2838.05 -1.12 -25.82 

Rutile -5796.23 -700.58 -6498.75 -1.94 -44.73 

Calcite -5115.42 -700.58 -5817.67 -1.23 -38.51 

Corundum -2254.25 -700.58 -2957.47 -2.64 -60.87 
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Fig. 6. The FTIR spectra of RM, and SRM after sulfate adsorption. 

 

 

 

3.6. BET analyses 

The specific surface area is an effective factor in the adsorption amount of adsorbents. Furthermore, 
the porosity volume per adsorbent mass indicates its specific surface area. For porosity analysis of RM 
samples, the nitrogen gas absorption and desorption in a range of relative pressure by a pore analysis 
device was profoundly investigated. Considerably, this device provides nitrogen gas absorption and 
desorption isotherms along with the dimensional distribution diagram of pores for samples. 
Moreover, it provides a summary for pore analysis report of samples, which includes information 
about specific surface area, surface area of micropores, total pore volume, pore volume of micropores 
and average pore diameter. The textural properties of RM and its modified shape are presented in 
table 12. According to the obtained results, the porosity volume of RMS is 0.034 cm3/g that has 
decreased relative to raw RM (0.0686 cm3/g). The reason may be the precipitation of various salts on 
the RMS surface from seawater. It can be the result of the existence of a positive layer on RMS surface 
and the precipitation of various salts on surface from seawater (Moldoveanu and Papangelakis 2012). 

Table. 12. Textural properties of RM and modified RM. 

3.7. SEM and EDX results 

Scanning electron microscopic pictures related to RM, and RMS are shown in figure 7. in a, and b 
sections, respectively. There are particles of various sizes and amorphous or crystalline structures. 
Metal oxide and primitive minerals especially iron have crystalline structures and large sizes and 
amorph minerals that were formed during the Bayer process including sodium and aluminum 
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minerals are smaller. EDX results in figure 8 illustrate the attendance of iron, calcium, titanium and 
silicon as main constituent elements in RM, and RMS structures. Comparing the EDX result of RMS 
with RM shows increasing calcium ions in RMS composition due to calcite and aragonite precipitation 
during seawater treatment.  

  

Fig. 7. Scanning electron microscopic of RM (a) and RMS (b). 

 

  

Fig. 8. Energy dispersive X-ray of RM (a) and RMS (b). 

 

4. Conclusion 

RM can introduce as an unexpansive adsorbent for sulfate removal from AMD due to its high metal 
oxides content and high level of pH that can increases low pH of this drainage. Experimental 
adsorption results illustrate that RM and its activated type by seawater can remove sulfate ions from 
AMD and sorption capacity by SRM was obtained 15.4 mg/g. Negative adsorption energies for main 
crystal components in RM structure shows that they have great tendency to the sulfate adsorption. 
Among these crystal oxides, the highest adsorption energy belonged to Fe2O3, TiO2, Al2O3, CaCO3 and 
SiO2, respectively. Also, seawater treatment as a modification method was used for reducing pH and 
increasing adsorption capacity of RM. Seawater washing raises sulfate removal from 6.3% for RM to 
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29.4% for SRM. The adsorption energies for RM structure in water, and seawater using COSMO were 
calculated -35.68, and -56.69 kcal/mol. These results illustrate that applied modification method can 
improve the adsorption properties of raw RM. Comparing the EDX results show increasing calcium 
ions in RMS composition due to calcite and aragonite precipitation during seawater treatment. Also, 
there is a sharper intensity absorption related to SO4

2- vibration band in FTIR analyses for SRM than 
RM after sulfate adsorption. Although RM and its activated type do not have high adsorption capacity 
and sulfate removal percentages, applying new activation methods include heating and combination 
with bio absorbent can increase adsorption amount and reduce destructive environmental effects of 
both RM and AMD. Regeneration study revealed the high reusability (>90%) and acceptable stability 
of RM even after five successive cycles. These findings indicate that RM use for pollutants removal 
from wastewater offers a green and environmentally sustainable approach. Although DFT and 
COSMO models are valuable tools for understanding the thermodynamics of sulfate adsorption, their 
lack of consideration for kinetics is a limitation. 
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Abstract: 

The components of low-grade bauxite are 28.4% silica, 34.9% alumina, 16.1% iron oxide as ferric oxide 
and 11.26% loss on ignition. Due to the high silica content of this type of bauxite, it cannot be 
processed by Bayer method. Therefore, a sintering method with limestone and sodium carbonate was 
used for selective extraction of alumina. Experimental design was performed by surface response 
method (RSM) using central composite design. Selected parameters are temperature, soaking time, 
mole ratio of sodium oxide to alumina, mole ratio of calcium oxide to silica. The maximum amount of 
extraction of alumina from low-grade Jajarm bauxite by sintering method is 74.2%, which is obtained 
in the optimal values of the parameters as follows: A temperature of 1157°C, a soaking time of 35 
minutes, a mole ratio of alkaline oxide (K2O + Na2O) of 1.25 and a mole ratio of calcium oxide to silica 
of 1.99. In 31 run experiments, the mixture of materials powder was transferred to an alumina crucible 
and heated in a muffle furnace at temperatures and soaking times determined by the experimental 
design. The sintered material was pulverized. The resulting powder was leached by 150 mL of a 
boiling alkaline solution (20 g/L NaOH + 20g/L Na2CO3) for 30 minutes at a stirring speed of 300rpm. 
Extracted aluminum from the leaching stage was analyzed by atomic absorption spectrometry. 

 

Keywords: Sintering, Alumina, Low Grade Bauxite, Central Composition Design. 

 

1. Introduction 

The worldwide requirement for alumina, an essential precursor in the aluminum manufacturing 
process, has experienced a remarkable increase in recent years. As of the year 2024, the global output 
of aluminum has attained 67 million metric tons, with a projected annual growth rate of 3.3% 
(International Aluminum Institute, 2024). This escalation in the demand for aluminum has directly 
impacted the necessity for augmented alumina production, given that it constitutes the principal raw 
material utilized in the aluminum refining process. Nonetheless, one of the most critical obstacles 
faced by the alumina sector is its dependence on high-grade bauxite ores, which are becoming 
progressively scarce in terms of both availability and quality. Low-grade bauxite, characterized by a 
substantial presence of impurities such as silica, iron oxides, and various other minerals, presents 
formidable challenges in extraction methodologies. In light of these challenges, the Lime Soda 
Sintering Method has garnered attention as a viable alternative to conventional techniques for the 
extraction of alumina from low-grade bauxite ores (Ghaemmaghami et al., 2022). 

The significance of addressing the challenge associated with low-grade bauxite extraction is 
paramount. As high-grade bauxite resources become increasingly depleted, a substantial proportion 
of the world's bauxite reserves is now categorized as low-grade (Sampaio et al., 2023). This transition 
towards low-grade ores has engendered a heightened demand for extraction methodologies that are 
not only more efficient and cost-effective but also environmentally sustainable (Shamroukh et al., 
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2025). The traditional Bayer process, which is extensively employed for the extraction of alumina from 
high-grade bauxite, encounters considerable limitations when applied to low-grade ores, attributable 
to their elevated impurity levels, diminished alumina content, and more intricate chemical 
compositions (Jha et al., 2021). The challenges associated with the efficient processing of low-grade 
bauxite ores underscore the necessity for the development of alternative methodologies, which would 
mitigate dependence on high-grade bauxite and assist in fulfilling the escalating global demand for 
aluminum. 

The Lime Soda Sintering Method presents a potential solution to these challenges. This method 
involves the use of lime and soda to sinter low-grade bauxite at high temperatures, allowing for the 
separation of alumina from the gangue minerals through a series of complex chemical reactions (Shen 
et al., 2022). Several studies have explored the potential of this method, including investigations into 
the optimum temperature conditions, the types and quantities of additives, and the overall efficiency 
of the process. For example, research by Yang et al. (2020) demonstrated the feasibility of the Lime 
Soda Sintering Method in extracting alumina from low-grade bauxite, yielding alumina at high purity 
levels with relatively low energy consumption. Other studies have focused on the effects of different 
sintering parameters on alumina extraction efficiency, such as the influence of sintering time, 
temperature, and chemical additives on the recovery rates (Patel et al., 2021). Despite these advances, 
challenges remain in optimizing the process for a wide range of low-grade bauxite ores, which vary 
significantly in mineral composition. 

While research into the Lime Soda Sintering Method has provided valuable insights, there remain 
notable gaps in the current body of knowledge. The predominant focus of current research has been 
confined to particular bauxite ores, and there exists a deficiency of thorough investigations that assess 
the method's efficacy across a more extensive array of low-grade bauxite resources (Zhou et al., 2023). 
Moreover, the environmental ramifications of this methodology, especially concerning waste 
management and energy utilization, have not been adequately explored. There is an imperative for 
additional research to refine the sintering process, aimed not only at enhancing alumina extraction 
efficiency but also at reducing its ecological footprint. Furthermore, a substantial portion of the 
prevailing literature is concentrated on laboratory-scale investigations, with insufficient attention paid 
to industrial-scale implementations, which are essential for the successful commercialization of this 
approach (Sampaio et al., 2023). 

The purpose of the current research is to investigate the feasibility of the Lime Soda Sintering Method 
for extracting alumina from a variety of low-grade bauxite ores, with a particular focus on improving 
the efficiency of the process and minimizing its environmental footprint. This study aims to optimize 
the sintering parameters and evaluate the economic and environmental implications of the process, 
contributing to the development of more sustainable extraction techniques. The primary research 
question guiding this study is: "How can the Lime Soda Sintering Method be optimized to improve 
the efficiency of alumina extraction from low-grade bauxite ores while minimizing environmental 
impact?" 

The structure of this paper is organized as follows: in the next section, we outline the methodology 
employed in this study, including the selection of bauxite ores, experimental design, sintering 
conditions, and analytical techniques. The results of the experimental work will be presented in the 
subsequent section, followed by a discussion of the findings, which will include a comparison with 
existing extraction methods and an evaluation of the environmental and economic feasibility of the 
optimized Lime Soda Sintering Method. Finally, the paper will conclude with recommendations for 
future research and practical implications for the alumina industry. 
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2. Materials and Methods 

2.1. Materials 

Bauxite and limestone were received from Iran Alumina Company located in North Khorasan 
province (Jajarm County). Table 1 shows the chemical composition of these two minerals. 

Table 1. Chemical composition of minerals  

 Al2O3% SiO2%  CaO% K2O% Na2O% Fe2O3% MgO% LOI 

Bauxite 34.9 28.4  1.27 0.90 0.18 16.1 0.024 11.26 

Limestone 0.15 0.77  52.8 0.024 0.36 0.087 1.39 43.03 

Industrial grade sodium carbonate with a purity of 99% was used in this research work. 

2.2. Instruments 

Atomic absorption spectrometry analysis (Varian 220 Atomic Absorption Spectrometer, Australia) 
was used to determine the aluminium in the pregnant solution resulting from the leaching of sintered 
material. 

Sintering of the dry powder mixture of materials was carried out in an electric furnace with a capacity 
of 60 dm3 manufactured by Sanat Ceram Company (Iran). 

Roller crusher and disc mill manufactured by Danesh Faravaran Company (Iran) were used to crush  

2.3. Experimental design 

The design of experiments was carried out using the response surface methodology (RSM) and the 
Central Composition Design (CCD) technique using version 19 of Minitab software. Four parameters 
affecting the process (the number of factors, k = 4) were defined as RSM factors: sintering temperature, 
soaking time of the reactants at the sintering temperature, the mole ratio of alkaline oxide (K2O + 
Na2O) to alumina and the mole ratio of calcium oxide to silica. In all experiments, 5 g of bauxite were 
used. The yield of alumina leached was selected as the response of the model. 

The evaluation of the obtained model was carried out by analysis of variance (ANOVA). The modality 
of the polynomial equation was assessed statistically by the determination coefficient (R2), and its 
statistical importance was evaluated by F-test. Table 2 shows Actual and coded values of independent 
factors. Table 3 shows the design of the experiments. 
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Table 2. Actual and coded values of independent factors 

Table 3. Design of the experiments 

Run A (T°C) B (min) C D R% 

1 1150 15 0.8 1.5 26.08 

2 1250 15 0.8 1.5 15.07 

3 1150 45 0.8 1.5 27.64 

4 1250 45 0.8 1.5 8.68 

5 1150 15 1.2 1.5 55.07 

6 1250 15 1.2 1.5 39.81 

7 1150 45 1.2 1.5 57.38 

8 1250 45 1.2 1.5 16.53 

9 1150 15 0.8 2.5 42.23 

10 1250 15 0.8 2.5 56.71 

11 1150 45 0.8 2.5 52.76 

12 1250 45 0.8 2.5 49.55 

13 1150 15 1.2 2.5 54.36 

14 1250 15 1.2 2.5 47.56 

15 1150 45 1.2 2.5 64.12 

16 1250 45 1.2 2.5 25.13 

Factor Symbol -α -1 0 +1 +α 

Temperature A 1100°C 1150°C 1200°C 1250°C 1300°C 

Soaking time  B 0 min 15 min 30 min 45 min 60 min 

mole ratio of 
alkaline oxides 
to alumina 

C 0.6 0.8 1 1.2 1.4 

mole ratio of 
calcium oxide 
to silica 

D 1 1.5 2 2.5 3 
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17 1100 30 1.0 2.0 52.71 

18 1300 30 1.0 2.0 5.45 

19 1200 0 1.0 2.0 56.05 

20 1200 60 1.0 2.0 66.31 

21 1200 30 0.6 2.0 28.42 

22 1200 30 1.4 2.0 73.67 

23 1200 30 1.0 1.0 16.23 

24 1200 30 1.0 3.0 55.68 

25 1200 30 1.0 2.0 64.47 

26 1200 30 1.0 2.0 63.07 

27 1200 30 1.0 2.0 63.26 

28 1200 30 1.0 2.0 73.31 

29 1200 30 1.0 2.0 69.25 

30 1200 30 1.0 2.0 65.91 

31 1200 30 1.0 2.0 62.88 

 

2.4. Processing procedure 

 

Bauxite powder, limestone powder and industrial sodium carbonate were mixed according to the 
experimental design (table3). 5 grams of bauxite were used in each experiment. The powder mixture 
of materials was transferred to ceramic crucibles (Figure 1) and the materials were sintered (Figure 2) 
in an electric furnace at the temperatures and times specified in the experimental design (table3). 
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Fig. 1. Mixed materials before sintering 

 

 

 

Fig. 2. Sintered materials 

 

After sintering, the sintered materials were powdered to dimensions below 100 μm and subsequently 
leached. To perform leaching, a leachant solution was first prepared by dissolving industrial sodium 
hydroxide (20 g/L) and industrial sodium carbonate (20 g/L). Each sintered powder sample was 
leached with 150 ml of the leachant solution. The alumina in the leaching solution was determined by 
atomic absorption spectrometry method and the alumina extraction from bauxite was calculated. 

 

3. RESULTS AND DISCUSSION 

Response surface methods are very useful for quantifying and internalizing the relationship between 
parameters and response. The experimental model resulting from these methods consists of second-
order polynomials in the parameters. When the experimenter is relatively close to the optimum point, 
it is usually necessary to approximate the response with a model that has curvature. In most cases, a 
second-order model is obtained by the equation below, where y is the response value of the parameter 
x. 

 In the extraction of alumina from any of the alumina-bearing minerals (in this case bauxite) by 
sintering with limestone and sodium carbonate, the parameters affecting the process are: sintering 
temperature, soaking time of the reactants at the sintering temperature, the mole ratio of sodium oxide 
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to alumina and the mole ratio of calcium oxide to silica. In the CCD (full factorial two-level design) 
experimental design method, the number of experiments is obtained from the equation1: 

N= 2K+2K+C                                                     (1) 

Where N is the number of experiments, K is the number of parameters, and C is the number of central 
point’s repetition. 

3.1. Statistical analysis 

The factor's levels and the experimental conditions are presented in Table 3. In column R%, the 
amount of alumina extracted by leaching the sintered material is entered as the response 
(experimental result). The effects of factors affecting response, including sintering temperature, 
soaking time of the reactants at the sintering temperature, the mole ratio of alkaline oxide (K2O + 
Na2O) to alumina and the mole ratio of calcium oxide to silica by the surface response method using 
the Central Composition Design. Data analysis by RSM provides the following model for the amount 
of alumina extracted (equation 2): 

 

R% = -6488 + 9.86 A + 9.22 B + 1030 C + 55.3 D - 0.003987 A2 - 0.00864 B2 - 111.9 C2     - 33.00 D2 - 
0.00695 A×B - 0.520 A×C + 0.1289 A×D - 0.670 B×C + 0.137 B×D - 63.4 C×D                (2) 

where A, B, C, and D, are sintering temperature (°C), soaking time of the reactants at the sintering 
temperature (min), the mole ratio of alkaline oxide (K2O + Na2O) to alumina and the mole ratio of 
calcium oxide to silica, respectively. 

ANOVA was used to evaluate the significance and quality of the obtained model. The p-values 
smaller than 0.05 at the significance level of 95% indicate the significance of the regression model. For 
the model of alumina extraction, the p-value was equal to 0.000, which is less than 0.05. 

The residual plots (Figure 3) indicate the Gaussian distribution of the residuals and the absence of 
significant bias in the residuals. The maximum amount of extraction of alumina from low-grade 
Jajarm bauxite by sintering method was predicted to be 74.2% The model predicts that the maximum 
amount of alumina extraction will be happened at a temperature of 1157 °C, a soaking time of 35 
minutes, a mole ratio of alkaline oxide (K2O + Na2O) to alumina of 1.25, and a mole ratio of calcium 
oxide to silica of 1.99 (Figure 4). Plotting the predicted alumina extraction versus the actual values 
(Figure 5) is linear (R2 predicted = 0.938). Contour plots (Figure 6) and surface plots (Figure 7) show 
changes in the alumina extraction as a function of factors values. 
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Fig. 3. The residual plots 
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Fig. 4. Factor’s levels at maximum extraction of alumina 

 

 

Fig. 5. Predicted alumina extraction versus the actual values 
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Fig. 6. The contour plots 

 

 

 

Fig. 7. The Surface plots 
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3.2. Comparison of the Bayer Process and Lime-Soda Sintering for Alumina Extraction  

The Bayer process and lime-soda sintering are two main methods for alumina extraction, each suited 
to different ore types. 

Bayer Process: 

This method uses caustic soda to digest bauxite under high pressure and temperature. It is efficient for 
low-silica, high-grade bauxites. 

Advantages: High alumina recovery, industrially mature, lower energy requirement. 

Disadvantages: Ineffective for high-silica ores due to sodalite formation, red mud generation, high-
pressure equipment needed. 

Lime-Soda Sintering: 

In this method, ore is mixed with Na₂CO₃ and CaCO₃ and sintered at 1100–1300°C. Alumina forms 
soluble sodium aluminate, while silica is fixed as inert calcium silicates. 

Advantages: Suitable for high-silica or low-grade ores, minimizes alumina loss, enables recovery of 
by-products. 

Disadvantages: High energy consumption, more complex and costly, produces lime-rich solid waste. 

Accordingly, the Bayer process is optimal for high-grade ores with low silica, while sintering is 
preferred for silica-rich aluminosilicates. Selection depends on ore composition and economic factors. 

 

4. Conclusions 

This study successfully demonstrated the feasibility and efficiency of the Lime Soda Sintering Method 
for extracting alumina from low-grade Jajarm bauxite, which contains high levels of silica (28.4%) and 
is not amenable to the conventional Bayer process. Through response surface methodology and 
central composite design, the optimal conditions for maximum alumina extraction (74.2%) were 
identified as a sintering temperature of 1157°C, a soaking time of 35 minutes, a mole ratio of alkaline 
oxides (K₂O + Na₂O) to alumina of 1.25, and a mole ratio of calcium oxide to silica of 1.99. The strong 
statistical significance of the model (p < 0.05) and a high predicted R² value of 0.938 affirm the model’s 
reliability. These findings confirm that sintering with lime and soda is a technically viable and 
promising alternative for alumina recovery from bauxites with high silica content. 

Laboratory-scale studies on the extraction of alumina from low-grade Jajarm bauxite via the lime-soda 
sintering route have demonstrated promising results. To enable the transition from bench-scale 
experimentation to semi-industrial application, a structured scale-up strategy is essential.  

The transition from laboratory to semi-industrial scale requires an integrated approach encompassing 
process engineering, material science, energy optimization, and environmental stewardship. The 
successful implementation of a pilot-scale operation will be a critical milestone toward the 
industrialization of alumina production from low-grade Jajarm bauxite. 
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Abstract: 

Ozone is an environment-friendly and effective oxidant in oxidizing resistant minerals. Studies show 
its favorable effect on pyrite leaching. However, the effect of ozone from the electrochemical 
perspective is not known. This study aims to investigate the impact of ozone on pyrite oxidation from 
an electrochemical perspective. OCP increased when oxidizing species were present. This increase 
may be attributed to a rise in the concentration of the oxidizing agent in the electrolyte. CV shows the 
formation of a weak anodic peak in the potential range of 0.3 to 0.5 V, indicating incomplete surface 
oxidation in the absence of oxidant. Also, the increase in the intensity of anodic peaks in the pyrite 
oxidation condition and the presence of ozone compared to the absence of oxidant confirms the 
improvement of oxidation conditions. In the absence of ozone, the presence of two cathodic peaks C1 
and C2 at potentials of 0.45 and -0.3 V, respectively, indicates the reduction of oxidation products, and 
it is expected that intermediate species such as FeS and H2S are formed. In the conditions of acidic 
solution saturated with ozone, the cathodic peak C2 is attributed to the reduction of ozone and oxygen 
adsorbed on the pyrite surface. Because ozone and saturated oxygen in the solution are more prone to 
accept electrons compared to oxidation products and intermediate species. Finally, the morphology of 
the pyrite surface remaining from the electrochemical test was examined by FESEM analysis, which 
confirmed the effect of ozone on the corrosion of the pyrite surface. 

 

Keywords: ozone, pyrite, oxidation, electrochemical, cyclic voltammetry 

1. Introduction 

Pyrite is the most abundant sulfide mineral and is frequently found as gangue with other sulfide 
minerals such as chalcopyrite, sphalerite, galena, and cobalt. Pyrite ordinarily contains precious 
metals such as gold and silver[1, 2]. Primary sulfide minerals such as pyrite require the presence of 
oxidants for effective dissolution[3]. Many studies have investigated the oxidation of pyrite and 
observed its behavior in the presence of various oxidants. It has appeared that the oxidation of pyrite 
in acidic media is related to both chemical and electrochemical properties[4, 5]. The nature and extent 
of the reaction between pyrite and oxidants in aqueous media are highly related to the potential and 
pH of the solution, and electrochemical studies can determine the surface properties and the extent of 
dissolution or formation of a passive layer on the surface[4]. Some researchers reported that at a 
potential of less than 0.5 V (vs. SCE), the electrode surface is covered with elemental sulfur and 
Fe(OH)3, which leads to limited penetration of the oxidizing agent to the surface, and by increasing 
the potential to 0.6 V (vs. SCE), the amorphous sulfur-rich layer on the surface is converted to S8, 
which improves the oxidation conditions. Also, increasing the potential to values higher than 0.7 V 
(vs. SCE) leads to the formation of Fe(OH)3 and SO4-2 species, along with polysulfides and an iron-rich 
layer in the form of FeO and Fe2O3 on the surface [6, 7]. In a study, it was reported that at low anodic 
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potential (0.4 to 0.6 V SCE), Fe1-xS2 and Fe(OH)3 species and a layer rich in elemental sulfur were 
formed on the mineral surface, which controlled the diffusion process, and by increasing the potential 
to over 0.7 V, sufficient potential was provided to completely oxidize pyrite and the inhibitory species 
that had already formed on it. At potentials higher than 0.9 V (vs SCE), extensive oxidation of pyrite 
also occurred [8]. Several oxidants have been investigated to provide the potential and improve the 
oxidation conditions of pyrite, the most important of which is Fe III. Fe III can increase the rate of the 
oxidation process, on the other hand, its reaction with sulfide minerals can lead to the formation of an 
inhibitory layer containing polysulfides and elemental sulfur that prevents the penetration of the 
reactant species on the surface and slows or stops the process [2, 8, 9]. Subsequently, the utilization of 
an oxidant with high effectiveness, reasonable energy, and negligible environmental problems is 
essential. Ozone, with its unique properties such as a potential of 2.07 V in acidic medium, may be a 
promising oxidant in the acidic dissolution of pyrite, which can be produced in situ, has suitable 
kinetics, and minimal environmental impacts [3, 10]. Due to its high oxidation power, ozone is 
thermodynamically capable of dissolving pyrite in a sulfuric acid medium and at temperatures close 
to ambient temperature according to equation (1): 

(1) 𝐹𝑒𝑆2 + 2/5𝑂3 + 0/5𝐻2𝑂 → 𝐹𝑒3+ + 2𝑆𝑂4
2− +𝐻+ 

In this paper, the oxidizing behavior of ozone on the dissolution of pyrite surface is investigated using 
electrochemical techniques. For this purpose, the ozone utilized was present as saturated micro-
nanobubbles within an aqueous solution. Cyclic voltammetry is used to detect the reduction reactions 
and possible products formed. In addition, Eh-pH diagrams of pyrite can predict the products formed 
during the oxidation-reduction process at a given temperature and pressure. To better understand the 
oxidation of the mineral, experiments performed with an ozone-saturated solution were compared 
with oxygen-saturated solution and blank solution. Also, to observe the changes of pyrite after 
oxidation, the surface of the mineral was investigated using FESEM analysis. 

 

2. Material and methods 

2.1. Material 

The samples used in this research were high-purity pyrite crystals, which were obtained from the 
Chah Firouze mine in Kerman. Phase identification was performed using X-ray diffraction (XRD) 
from Philips, Netherlands, and analyzed using HighScore Plus software. The XRD results in Fig. 1 
indicated the high purity of the sample. The amount of minerals in the sample was 96.3% pyrite and 
3.6% calcite. Chemical analysis was also performed using an XRF device from Bruker, Germany, and 
the results are listed in Table 1. 
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Fig. 1. X-ray diffraction pattern of the chalcopyrite electrode. 

Table. 1. Chemical analysis of the chalcopyrite sample (%wt) 

Composition SO3 Fe2O3 CaO SiO2 MgO CoO Al2O3 CuO NiO LOI Total 

%wt 46.71 21.46 2.96 0.618 0.209 0.055 0.048 0.029 0.027 27.76 99.88 

2.2. Electrode preparation 

To make the working electrode (WE), intact and cubic pyrite pieces were used. According to Fig. 2, the 
crystal surface was smooth and without defects. To remove impurities and further polish the pyrite 
surface, it was polished on a rotating disc for ten minutes. To prepare the electrode, a copper wire 
with silver soldered at its end was connected to the pyrite by electric welding. 

 

 

Fig. 2. Preparation steps of pyrite (WE) working electrode 

To make the working electrode (WE), intact and cubic pyrite pieces were used. According to Fig. 2, the 
crystal surface was smooth and without defects. To remove impurities and further polish the pyrite 
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surface, it was polished on a rotating disc for ten minutes. To prepare the electrode, a copper wire 
with silver soldered at its end was connected to the pyrite by electric welding. 

2.3. Method 

All the tests were carried out with a potentiostat (Model PARSTAT 2273, USA). This device is 
connected to Power Suite. All tests were performed in a 300 ml cell containing three silver/silver 
chloride (Ag/AgCl) electrodes as reference electrodes, a platinum electrode with a thickness of 1 mm 
and a length of 10 mm as an auxiliary electrode, and a pyrite electrode as a working electrode. Two 
reference electrodes (RE) and a counter electrode (CE) were manufactured by Azar Electrode Co., Iran. 
Ozone was produced by pure oxygen with a flow rate of 2 liters per minute connected to a corona 
discharge ozone generator manufactured by Dantek Iran Company, and the ozone flow rate was 
obtained as 0.2-0.3 liters per minute. The ozone produced by the two-phase vortex pump was in the 
form of ozone micro-nanobubbles, and after 30 minutes of water circulation, the ozone nanobubbles in 
the solution reached a saturated state. To perform electrochemical tests, the open circuit potential 
(OCP) was first recorded for 600 seconds or more until the potential reached a stable state. The tests 
were performed in such a way that the pyrite electrode was placed in an acid solution, an oxygen-
saturated solution, and an ozone-saturated solution, and the open circuit potential and cyclic 
voltammetry results were recorded. 

2.4. Results and Discussion 

2.4.1. Eh-pH diagram 

The Eh-pH diagram is used for thermodynamic studies and stable species in solution or surface 
corrosion analysis in potentials and acidic/alkaline environments. Fig. 3 shows the thermodynamic 
stability range of iron and sulfur components in the pyrite system in solution. The diagram was drawn 
with the HSC.V6 software. According to the diagram, pyrite is stable in a wide range of pH from 1 to 
13 [11, 12]. In a highly acidic environment (pH less than 2), with a decrease in potential from 1 to 0.5 V, 
iron oxidation is possible. The stability potential range of pyrite is in the range of -0.6 V to +0.3 V [13]. 
On the other hand, with an increase in potential to more than 0.7 V, pyrite oxidation will be 
accompanied by the production of Fe III and sulfate. 
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Fig. 3. Eh-pH diagram of pyrite at ambient temperature and pressure 

2.4.2. Open Circuit Potential (OCP) 

Open circuit potential is a parameter that indicates a surface's resistance to corrosion. Decreasing OCP 
to lower values indicates that the surface of the material is more easily corroded, and increasing OCP 
to higher values creates greater resistance to surface corrosion. Fig. 4 shows that the OCP of pyrite in 
acidic solution increases in the first few minutes and then reaches a steady state. 

 

 

 

The open circuit potential of a surface changes when exposed to an electrolyte because, in the initial 
moments of contact with the solution, the surface is further protected from corrosion by the 
spontaneous growth of an oxide layer on the surface, and the OCP increases. Over time, the value of 
the potential becomes stable. The time to reach a steady state depends on factors such as the type of 
mineral and its chemical composition, and the electrolyte resistance. The control potential (sulfuric 
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Fig. 4: Open circuit potential of pyrite electrode in sulfuric acid solution, acid and 
oxygen-saturated solution, and acid and ozone-saturated solution 
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acid solution) reached a steady state of 0.28 V in 10 minutes. Within the case where the electrolyte 
solution was saturated with nano-ozone, the steady state potential increased to 0.3 V, which could be 
due to the increase in the concentration of the oxidizing agent (ozone or oxygen) in the electrolyte. 
According to the Nernst equation, the solution potential is directly related to the concentration of the 
oxidizing agent [14].  

2.4.3. Cyclic voltammetry (CV) 

When the electrode reached a steady state, the open circuit potential was measured, and cyclic 
voltammetry was performed based on the open circuit potential. The voltammetric scan started from 
the negative side to re-identify the species that had previously formed during oxidation. Fig. 5 shows 
the voltammetric curve of pyrite in acidic solution and ozone-saturated acidic solution. In this study, 
the potential sweep was from -500 mV to +900 mV at a scan rate of 10 mV/s within the anodic current 
direction, and then the reverse scan was applied in the cathodic current direction. Each curve was 
scanned in three consecutive cycles, and finally, the results of the last scan cycle, which had less noise, 
were presented. As is clear from Fig. 5, three anodic peaks A1, A2, and A3 were identified in the anodic 
(oxidation) section, and two peaks C1 and C2 were identified in the cathodic (reduction) section. The 
potential values throughout this report are expressed in terms of the silver chloride reference 
electrode. It should be noted that to express the potential in terms of the standard hydrogen reference 
electrode (SHE), the measured values are summed with 222 mV. Also, the saturated electrolyte and 
the control electrolyte were not stirred during the process. 

 

 

 

 

The cathodic peak C1 of the curve according to equation (1 and 2) in the potential range of 0.45 V is 
attributed to the reduction of Fe III and Fe(OH)3 to Fe2+: 

Fig. 5: Cyclic voltammetry of pyrite electrode in sulfuric acid solution and ozone-
saturated sulfuric acid solution and scan rate mV/s10 
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(2) Fe3+ + 3H+ + e− → Fe2+ + 3H2O 

(3) Fe(OH)3 + 3H+ + e− → Fe2+ + 3H2O 

In the cathode peak of C2, according to equation (4) in the potential range of 0.05 to -0.35 V, it is 
expected to see the reduction of pyrite and the formation of FeS and H2S species. 

(4) FeS2 + 2H+ + e− → FeS + H2S 

The cathodic peak C2 is observed to be relatively wider, which could indicate multicomponent 
systems and multi-step charge transfer, or be associated with a combination of processes such as the 
reduction of thiosulfate and metal-deficient polysulfides. In this range, the peak intensity is relatively 
low. According to Timoury et al., the produced H2S gas disperses relatively quickly, resulting in a low 
concentration around the surface[15]. On the other hand, according to equation (5), the C2 peak can be 
attributed to elemental sulfur, which itself leads to the formation of H2S and is thermodynamically 
feasible[16]: 

(5) S° + 2H+ + 2e− → H2S 

At the end of the cathodic scan, the curve at the potential of -0.45 V has a reverse scan to the positive 
side. A mild anodic current peak is observed in region A1. According to Liu et al., the oxidation of 
H2S, which was produced in the C2 region, probably occurs in this region[9]. In the A2 region, 
oxidation of FeII occurs, and ferric hydrate is formed. According to Chen et al., peak A2 is related to 
the oxidation of pyrite and the formation of a sulfur layer on the electrode surface [17]. The anodic 
peaks were not as prominent as the cathodic peaks, which could be due to the low concentration of 
the oxidized species in the solution. The range of cathodic peaks in sulfuric acid solution was between 
0.2 to 0.6 V and -0.45 to -0.05 V [6]. 

By increasing the potential from 0.05 V, partial oxidation of pyrite can lead to the production of 
intermediate sulfur-rich species such as polysulfides. The accumulation of these species on the surface 
of the electrode can lead to the formation of a penetration layer, which according to equations (6 and 
7) can only be removed at higher potentials or favorable oxidation conditions the penetration layer 
[15]. 

(6) FeS2 + 3H2O → Fe(OH)3 + 2S° + 3H+ + 3e− 

(7) FeS2 → Fe2+ + 2S° + 2e− 

In the curve related to acid solution saturated with ozone, the cathodic peak of C2 is attributed to the 
reduction reaction of ozone and oxygen absorbed on the surface of pyrite and with equation (9 and 8). 
Ozone and saturated oxygen in solution are more prone to accept electrons compared to the products 
and intermediate species [2]: 

(8) 4H+ + O2 + 4e− → 2H2O 

(9) O3 + 2H+ + 2e → O2 + H2O 

Peak C2 for pyrite electrode in acidic solution saturated with ozone and oxygen is broader than in 
acidic solution without oxidant. In other words, this peak can be attributed to the difference in the 
increase of ozone and dissolved oxygen concentration on pyrite surface. It has been reported that 
ozone and dissolved oxygen are more effective on pyrite oxidation than intermediate products[2]. 
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Anodic current peaks A1 and A2 were proposed for pyrite oxidation and the activation of intermediate 
surface products. The current increased exponentially during anodic scanning towards the potential of 
0.7 V. At higher potentials, with a slight increase in potential, the current value increased 
exponentially (peak A3); according to studies and examination of the Eh-pH diagram, complete 
oxidation of FeS2 to Fe(OH)3 and SO2

-4 occurs. Additionally, species such as iron-deficient sulfides (Fe1-

xS2), which were previously formed during the partial oxidation of pyrite at a potential of 0.05 V, are 
also extensively oxidized in this potential range according to equations. (10 and 11). 

(10) Fe1−xS2 + 8H2O → (1 − x)Fe3+ + 2SO4
− + 16H+ + 3(5 − x)e− 

(11) S° + 4H2O → SO4
2− + 8H+ + 6e− 

After several stages of CV scanning, a dark layer was visually observed on the surface of the pyrite 
electrode, which can be evidence of the formation of iron hydroxide Fe(OH)3 according to equation 
(12) [6, 16] 

(12) FeS2 + 11H2O → Fe(OH)3 + 2SO4
2− + 19H+ + 15e− 

The anodic peaks of the ozone-saturated acid curve show higher values compared to the acid curve, 
which could be due to the activation of intermediate products on the pyrite surface. In other words, 
the higher the concentration of species, the higher the voltage in the anodic direction, leading to the 
oxidation of intermediate products and a greater electron current is exchanged between the surface 
and the ions. Similarly, in the case of the cathodic current, due to the higher concentration of dissolved 
species, a greater electron current intensity is observed for the reduction of species such as ferric ions 
on the pyrite surface [9]. 

2.4.4. FESEM-EDS analysis  

The morphology of the pyrite surface remaining from the electrochemical test was examined by 
FESEM analysis. According to Fig. 6, the pyrite surface was smooth and clean before the 
electrochemical test, and no roughness or species were observed on its surface. After pyrite was 
exposed to 0.5 M acidic solution, species were observed on its surface that can be attributed to the 
formation of intermediate species. Of course, it cannot be properly discussed whether the formed 
layers are inhibitory [3]. The formed surface could be elemental sulfur or metal-free polysulfide. In the 
Fig, roughness and small holes are observed on the pyrite surface, which could be due to surface 
corrosion of the electrode in the ozone-saturated solution. 

 

a b

 

 a 

 a 
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3. Conclusions 

Ozone (O₃) appears as a strong candidate with several advantages, including fast reaction kinetics 
even at near-ambient temperatures, in situ generation, and minimal secondary pollution. Its ability to 
decompose passive layers and promote complete pyrite oxidation under mild conditions makes it 
especially promising for industrial hydrometallurgical applications. In this article, the effect of ozone 
on pyrite oxidation was investigated by electrochemical test. Due to its high oxidation power, ozone in 
a sulfuric acid environment and at a temperature close to ambient temperature is thermodynamically 
capable of proper oxidation of pyrite and proper removal of intermediate species and products on its 
surface. The increase in the intensity of anodic peaks in the pyrite oxidation condition and the 
presence of ozone compared to the absence of oxidant confirms the improvement of oxidation 
conditions. In the conditions of acidic solution saturated with ozone, the cathodic peak is attributed to 
the reduction of ozone and oxygen adsorbed on the pyrite surface. Because ozone and saturated 
oxygen in the solution are more prone to accept electrons compared to oxidation products and 
intermediate species. By comparing the curves obtained from the voltametric and FESEM tests, the 
positive effect of ozone on the oxidation of pyrite in an acidic medium can be realized. Ozone can 
improve the performance of gold extraction from sulfide deposits by breaking the pyrite crystal 
lattice. 
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Fig. 6: Results of FESEM analysis of pyrite surface before (a) and after exposure to 
sulfuric acid solution (b) and ozone-saturated acidic solution (c) and (d) 
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Abstract: 

The main characteristic of mechanical flotation cells is to have an impeller, which is responsible for 
creating particles suspension, gas dispersion and producing turbulence necessary to create effective 
bubble-particle interactions. For this purpose, in this paper, the conditions for complete gas dispersion 
in a Denver laboratory flotation cell have been investigated. Then, the critical impeller speed has been 
investigated for quartz particles with different size fractions. The effect of complete dispersion of 
introduced gas and critical impeller speed on the flotation rate constant (k) of particles was 
investigated. The results showed that k was the minimum value at impeller speed of 700 rpm in the 
superficial gas velocity of 0.041- 0.125cm/s for all size fractions. The impeller speed of 700 rpm was 
sufficient to keep -106µm quartz particles suspended, but at all superficial gas velocities, the minimum 
impeller speed required for complete gas dispersion was 850 rpm. Therefore, it can be stated that the 
reason for the low k value at a stirring speed of 700 rpm is the incomplete distribution of bubbles and 
particles (+106µm), resulting in a reduced probability of air bubbles colliding with solid particles. By 
increasing the impeller speed to values greater than 700 rpm, the k value increased which is due to the 
complete distribution of particles and air bubbles in the flotation cell (increased probability of particles 
-air bubbles collision). Therefore, it is necessary to provide suitable operating conditions for complete 
dispersion of air bubbles and also to keep solid particles suspended.

 

Keywords: Mechanical flotation cell, Critical impeller speed, Flotation kinetics, Complete gas dispersion 

1. Introduction 

Mechanical flotation cells are one of the most common flotation cells in mineral processing. For this 
reason, any inefficiency in the flotation process leads to significant financial losses in mineral 
processing plants. Therefore, many researchers are seeking to increase their knowledge and 
understanding of the flotation process. Since the flotation process occurs in an aqueous environment, 
the interaction between particles and bubbles is strongly influenced by the hydrodynamic forces 
generated by the surrounding liquid and the relative motion between bubbles and particles. Although 
advances in the understanding of flotation chemistry have improved the flotation process, especially 
the flotation of fine particles, optimizing the flotation hydrodynamic environment can also 
significantly improve the flotation process. The flow regime in mechanical flotation cells is turbulent. 
Turbulence generated by the impeller affects the flotation process in the mechanical cell by affecting 
macroprocesses (particle suspension and gas dispersion) and microprocesses (bubble-particle 
collision, attachment and stability) (Schubert 1999, Darabi et al. 2019, Darabi et al. 2020a). As a result, 
optimizing flotation performance requires a detailed understanding of the effect of turbulence on 
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hydrodynamics, particle suspension, gas dispersion and bubble-particle interactions (Darabi et al. 
2017, Darabi et al. 2020b, Shen, Z. 2021, Darabi et al. 2024). Therefore, the first step in properly 
conducting a flotation experiment is to create suitable agitation conditions for complete dispersion of 
air bubbles and complete suspension of mineral particles in the flotation cell, so that the necessary 
conditions for bubble-particle interactions (bubble-particle collision, bubble-particle attachment and 
stability) and, consequently, flotation process are provided. If the bubbles and particles are not 
completely distributed in the flotation cell, the probability of particle collection is reduced. For this 
purpose, in this paper, the conditions for complete gas dispersion in a Denver laboratory flotation cell 
were investigated.  The critical impeller speed (the lowest impeller speed required to keep all solid 
particles suspended at the bottom of the cell) was investigated to ensure proper agitator conditions for 
particle suspension. Then, the effect of complete gas dispersion conditions and critical impeller speed 
on the flotation rate constant using pure quartz particles at different size fractions was investigated.  

1.1 Complete gas dispersion condition 

In a mechanical flotation cell, air is introduced either by the rotor-stator in a self-aerating system or 
through an external aeration system and is collected in low-pressure cavities behind the agitator 
blades. As the agitator rotates and shears these air cavities, small and large bubbles are produced. 
High turbulence in the impeller zone causes the large bubbles to break into small bubbles. The bubbles 
are then dispersed throughout the cell by the impeller pumping action and fluid circulation. The 
upward movement of the air bubbles causes the turbulence in the cell to change. Energy is introduced 
into the flotation cell in the form of kinetic energy through the impeller. Initially, energy is transferred 
through the primary eddies in the system. As the size of the eddies decreases, the number of eddies 
increases, but the total energy of the eddies decreases. Large scale eddies are known as 
macroturbulence. The energy of these eddies is used to suspend and transport particles and bubbles. 
Smaller eddies, i.e., eddies in the inertial subrange and dissipation subrange, are known as 
microturbulence. The energy of these eddies is used to disperse the air into small bubbles, and to 
cause bubble-particle collisions, attachment, and detachment [1]. The bubbles formed in the area near 
the impeller are carried along with the radial flow generated by the impeller and are dispersed 
throughout the pulp in the flotation cell. The bubbles then rise in the cell due to buoyancy force but 
are randomly dragged around by the turbulence in the cell. In flotation cells, the aeration number and 
the ratio of power consumption under non-aerated to aerated conditions can be used to describe gas 
dispersion and mixing efficiency(Harris 1974, Harris and Mensah-Biney 1977). 

As air bubbles enter the cell with a radial flow impeller, three types of flow patterns are created due to 
the way the bubbles disperse, depending on the impeller speed and the superficial gas velocity. The 
impeller is considered flooded when there is an axial flow of gas through the impeller plane that 
reaches the surface of the free liquid (as shown in Figure 1A). By increasing the impeller speed beyond 
the critical threshold Nf, the impeller is loaded (refer to Figure 1B), with gas moving across the entire 
area above the impeller. If the impeller speed is further raised above the critical level NCD, a greater 
dispersion of gas and liquid occurs both above and below the impeller plane (illustrated in Figure 1C) 
(Paglianti 2002, Lins Barros et al. 2022). Determining the minimum impeller speed necessary for 
complete gas dispersion (NCD) is crucial for gaining insights into the flow pattern in a flotation cell 
(Nienow 1977). The ratio of power input under aerated conditions (Pg) to un-aerated (Pu) conditions 
states typically falls within the range of 30% to 100%, depending on the impeller type and the 
superficial gas velocities applied. This ratio not only indicates actual power input but also sheds light 
on the characteristics of gas dispersion [6]. Analyzing the ratio of unaerated to aerated power input 
(Pg/Pu) in relation to the Aeration number (NQ) is vital for identifying the minimum impeller speed 
needed for complete gas dispersion in the cell. Specifically, at a certain superficial gas velocity, the 
impeller speed that minimizes this ratio is referred to as the NCD. These conditions of complete gas 
dispersion are marked by a bubbly fluid flow pattern, ensuring that there is no flooding around the 
impeller (Yawalkar et al. 2002). 
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Fig. 1. Schematic picture of the bulk flow patterns. 

Aeration number (NQ) can be calculated using following equation:  NQ= Qg/ND3, where Qg denotes 
the total volumetric gas flow rate, N represents the impeller speed, and D is the impeller 
diameter(Harris and Mensah-Biney 1977). 

1.2 Critical impeller speed (Njs) 

Achieving effective solids suspension is crucial for particles collection and depends greatly on the 
hydrodynamic conditions within the cell (Schubert and Bischofberger 1998, Darabi et al. 2017). This 
process consists of two main stages: the first involves lifting solids off the bottom and the second 
involves spreading and distributing them evenly throughout the cell (Arbiter et al. 1969, Harris and 
Mensah-Biney 1977, Shen, Z. 2021,). Consequently, methods for evaluating solids suspension typically 
focus on either the conditions for off-bottom suspension (e.g., the critical impeller speed) or the 
conditions for solids distribution (e.g., the suspension height). In the literature, the critical impeller 
speed, denoted as Njs, is frequently referenced as the primary criterion for assessing the effectiveness 
of solids suspension. This speed is defined as the minimum impeller speed required to fully lift all 
solids off the bottom of the cell (Zwietering 1958, Van der Westhuizen and Deglon 2007, Van der 
Westhuizen and Deglon 2008). 

2. Materials and methods  

The tests were conducted using a Denver flotation cell with a capacity of 10.5 L. The cell bottom's 
square shape was created by its 20 cm by 20 cm dimensions. The stator consisted of 12 blades with a 
diameter of 12 cm, while the impeller was composed of 8 blades with a diameter of 9 cm. 
Additionally, the impeller and cell bottom were separated by 2 cm (off-bottom clearance). The 
impeller's rotational speed, N, was fixed at 700, 850, and 1000 revolutions per minute. The superficial 
gas velocity was 0.041, 0.083 and 0.125cm/s. Studies were conducted on pure quartz particles (particle 
density 2.65 g/cm3). The pure quartz sample was prepared from Technosilis Corporation (Tehran, 
Iran). The sample was screened to obtain seven size classes containing -300+212 and -212+150 µm 
(coarse particles), -106+75 and -150+106 µm (medium particles), -75+53, -53+38, and -38 µm (fine 
particles). All samples were rinsed by distilled water to prevent any coated fine quartz particles. The 
pulp density was considered to be 5%. Under a pH of 9, pure quartz exhibits a robust negative charge 
and achieves complete dispersion. Consequently, quartz suspensions exhibit no yield stresses at low 
solid concentrations (<10% solids by volume) (Ndlovu et al. 2011, Ndlovu et al. 2011). In flotation 
cells, conditions resembling an ideal suspension may be approximately met only when volume 
fractions of solids are below 0.05 to 0.1. Under these circumstances, the impact of particles on 
turbulence can be disregarded (Schubert 1999). The frother concentration of 22.4 ppm (C/CCC = 2) 
methyl isobutyl carbinol (MIBC) was employed. Additionally, dodecyl amine was utilized as the 
collector at a concentration of 2.837×10-5 mol/L at pH =9. Concentrates were collected at consistent 
intervals of 30, 60, 120, 180, 240, 360, and 480 seconds, each collected into separate containers. 
Throughout the process, water was added to sustain the pulp level within the flotation cell. The 
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concentrates and tailings were subjected to drying and subsequent weighing. Following this, the 
recovery (Ri) was calculated as a function of time. It has been established that the lab-scale flotation 
process operates as a first-order rate process (Jameson et al. 1977, Ralston 1992). Hence, the flotation 
rate constant was determined by the following equation:  

𝑅𝑖 = 𝑅𝑚𝑎𝑥(1 − 𝑒−𝑘𝑡)                                                                                                                                           (1) 

where k is the flotation rate constant (1/min), t is time (min) and Rmax is recovery (%) at time infinity 

(ultimate recovery). Non-linear least square regression method was used to calculate k and Rmax for 
each particle size range using Eq. (1). 

2.1 Power input  

In order to finding the ratio of unaerated to aerated power input (Pg/Pu), the torque was measured 
under both unaerated and aerated conditions. Each measurement was repeated three times and the 
average power consumption and standard deviation were determined for each set of test conditions. 
The power input (P) by the impeller at both conditions was calculated as follows (Gui et al. 2013), 

60

2 TN
P


  (2) 

where T is the stirring shaft torque.  

2.2 Critical impeller speed (Njs) 

The critical impeller speed necessary for complete suspension, denoted as Njs, was established by 
incrementally raising the impeller speed starting from 300 rpm while observing the bottom of the 
flotation cell through an inclined mirror illuminated by a light source (Figure 2). The 1s-criterion, 
introduced by Zwietering in 1958 (Zwietering 1958) and widely adopted by other researchers (Van der 
Westhuizen and Deglon 2007, Van der Westhuizen and Deglon 2008, Lima et al. 2009), was utilized to 
visually assess the just-suspended state.  

 

Fig 2. Experimental scheme used to measure the critical impeller speed. 

3. RESULTS AND DISCUSSION  

3.1 Critical impeller speed (Njs) 

The results of the critical impeller speed measurements are presented in Table 1. The minimum 
required impeller speed for particles of -106+74 µm at an aeration rate of 0.041 cm/s is 705 rpm and the 
maximum required impeller speed for particles of -300+212 µm at the superficial gas velocity of 0.125 
cm/s is 1010 rpm. Therefore, the impeller speed range between 700-1000 rpm was selected for the 
experiments. Since the other size classes selected for the flotation experiments are smaller than the -
106+74 µm particles, it can be stated that this impeller speed range is suitable for all selected size 
classes.  
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Table 1. Critical impeller speed (Njs) for particles with different size classes at different superficial gas velocities 

Superficial gas 
velocity (cm/s) 

Particle size (µm) Njs (rpm)  

0 -106+74 660 

0.041 -106+74 705 

0.083 -106+74 765 

0.125 -106+74 880 

0 -150+106 740 

0.041 -150+106 805 

0.083 -150+106 825 

0.125 -150+106 920 

0 -212+150 775 

0.041 -212+150 855 

0.083 -212+150 915 

0.125 -212+150 985 

0 -300+212 935 

0.041 -300+212 970 

0.083 -300+212 985 

0.125 -300+212 1010 

3.2 Complete dispersion of introduced gas 

In Figure 3, the ratio of power consumption under aerated conditions to power consumption under 
non-aerated conditions (Pg/Pu) is plotted as a function of the Aeration number (NQ) at different 
impeller speeds. The Pg/Pu ratio was 0.82 to 1. In this figure, the minimum speed required for 
complete dispersion of introduced gas (NCD) is presented as the impeller speed at which the Pg/Pu 
ratio is minimum at a given superficial gas velocity. At all superficial gas velocities, the NCD was equal 
to 850 rpm. It can be stated that in the superficial gas velocity range of 0.125-0.041 cm/s, impeller 
speed of 700 rpm is not sufficient for complete gas dispersion in the cell. Therefore, flotation 
experiments need to be performed at impeller speeds higher than 850 rpm. 

 
Pg/Pu and Fig. 3. The relationship between NQ 

3.3 Influence of Complete dispersion of introduced gas and Critical impeller speed on the Flotation 
Kinetics 

In order to investigate the relationship between flotation rate constant (k), Njs and NCD, for each of the 
size classes of quartz particles studied in this paper, the flotation rate constant for impeller speeds of 
700, 850 and 1000 rpm at the superficial gas velocities of 0.125-0.041 cm/s is investigated in Figure 4.  
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Fig. 4. The relationship between impeller speed and flotation rate constant at different particle sizes and 
superficial gas velocities 
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The results show that , k has the minimum value at the impeller speed of 700 rpm and the superficial 
gas velocities of 0.125-0.041 cm/s for all size classes. According to the results, the impeller speed of 
700 rpm is sufficient to keep quartz particles smaller than 106 µms in suspension, but at all superficial 
gas velocities, the NCD obtained to be equal to 850 rpm. Therefore, it can be stated that the reason for 
the low k value at the impeller speed of 700 rpm is the lack of complete distribution of air and 
particles (larger than 106µm) in the flotation cell, resulting in a decrease in the bubbles- particles 
collision probability. As can be seen in Figure 4, at impeller speeds of 850 rpm (equivalent to NCD 1.2 
Njs) to 1000 rpm (equivalent to 1.5 Njs), the flotation rate kinetics of particles smaller than 106 µm 
increased beacuse particles have a more uniform spatial distribution in the flotation cell at impeller 
speeds of 1.2 to 1.5 Njs (Darabi et al. 2017). On the other hand, the NCD obtained to be equal to 850 rpm.  
Accordingly, we can say that k values increase because bubbles and particles are uniformly 
distributed throughout the flotation cell, increasing the likelihood of collisions between the two when 
the impeller speed is between 850 and 1000 rpm (Darabi et al. 2019). However, k for particles larger 
than 106µm decreases as the impeller speed increases above 850 rpm because particles and air bubbles 
are more likely to separate from one another, even though the particles and bubbles are still evenly 
distributed (Darabi et al. 2020a). Therefore, it is necessary to provide suitable operating conditions for 
complete dispersion of air bubbles and also to keep solid particles suspended in order to provide 
optimal flotation conditions. 

4. CONCLUSIONS 

This paper investigated the conditions for complete gas dispersion in a Denver laboratory flotation 
cell. The critical impeller speed was investigated to ensure the creation of suitable agitation conditions 
for particle suspension. Then, the effect of complete gas dispersion conditions and critical impeller 

speed on the flotation rate constant using pure quartz particles was investigated. The results of the 

investigation of the conditions for complete gas dispersion showed that in the range of the superficial 
gas velocities of 0.125-0.041 cm/s, the impeller speed of 700 rpm is not sufficient for complete gas 
dispersion in the cell. Therefore, it is necessary to conduct flotation experiments at impeller speeds 
higher than 850 rpm. The minimum critical impeller speed for particles of -106+74 µm at the 
superficial gas velocity of 0.041 cm/s was 705 rpm, and the maximum required impeller speed for 
particles of -300+212 µm at the superficial gas velocity of 0.125 cm/s was 1010 rpm. Since the other 
size classes selected for flotation experiments are smaller than the -106+74 µm particles, it can be 
stated with certainty that this impeller speed range of 700-1000 rpm is suitable for all selected size 
classes. For a impeller speed of 700 rpm in the range of the superficial gas velocity of 0.125-0.041 cm/s 
for all size classes, k has the minimum value. According to the results of the critical impeller speed 
determination experiments, the impeller speed of 700 rpm was sufficient to keep quartz particles 
smaller than 106 µms in suspension, but at all the superficial gas velocities, NCD (the minimum 
impeller speed required for complete gas dispersion) was obtained 850 rpm. Therefore, it can be stated 
that the reason for the low k value at the impeller speed of 700 rpm is the lack of complete distribution 
of bubbles and particles (larger than 106 µms) in the flotation cell, and as a result, the probability of 
bubbles- particles collision is reduced. The flotation rate kinetics of particles smaller than 106µm 
changed at impeller speeds of 850 to 1000 due to the full distribution of air and the more uniform 
spatial distribution of particles in the flotation cell. The likelihood of a bubble-particle collision then 
increased. Despite the overall particle and bubble distribution, K for particles larger than 106µm was 
decreased by increasing the impeller speed to values greater than 850 rpm. The higher detachment 
efficiency of particles and air bubbles may be the cause of this. There fore, it is essential to provide 
suitable operating conditions for complete dispersion of air bubbles and also to keep solid particles 
suspended in order to provide optimal flotation conditions. 
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Abstract: 

The flotation of zinc oxide ores presents significant technical challenges due to their complex surface 
chemistry and fine particle size. This study investigates the flotation behavior of a zinc oxide ore (13–
14% Zn, 3–4% Pb) from the Barmalek deposit using different collector systems—potassium amyl 
xanthate (KAX), cocoalkylamine acetate (Armac C), and a mixed collector system. Comprehensive 
mineralogical and liberation analyses confirmed the oxide-dominated nature of the ore and the 
presence of slime-generating fractions, which negatively affect flotation performance. Systematic 
flotation experiments were conducted using Taguchi design arrays (L8, L12, L18) to evaluate the 
effects of various parameters, including reagent dosages, pH, and flotation time, both with and 
without desliming. Results showed that KAX or Armac C alone provided limited recovery and 
selectivity. In contrast, the mixed collector system significantly enhanced zinc recovery and 
concentrate grade, particularly when combined with desliming. ANOVA and model optimization 
predicted a maximum Zn recovery of 84.3% and Zn grade of 42.1%, with calcium recovery minimized 
to 13.8%. Validation experiments confirmed the model predictions, although actual recoveries slightly 
decreased after accounting for slime losses. The findings demonstrate the synergistic potential of 
mixed collectors and highlight the critical role of desliming and reagent optimization in improving the 
flotation of refractory zinc oxide ores. 

 

Keywords: Zinc oxide flotation, Mixed collectors, Xanthate, Armac C, Desliming, Taguchi design, Reagent 
optimization 

1. Introduction 

Zinc is a critical industrial metal with extensive applications in galvanization, alloy production, 
battery manufacturing, and pharmaceuticals, primarily due to its excellent corrosion resistance and 
favorable electrochemical properties {Nayak, 2022 #5}. Traditionally, the global zinc supply has been 
derived mainly from sulfide ores, particularly Sphalerite (𝑍𝑛𝑆) {Mukherjee, 2024 #2}. However, non-
sulfide zinc-bearing minerals, including Smithsonite (𝑍𝑛𝐶𝑂3) and Hemimorphite 
(𝑍𝑛4𝑆𝑖2𝑂7(𝑂𝐻2). 𝐻2𝑂), have gained increased attention in recent years due to the gradual depletion of 
high-grade sulfide reserves {Maghfouri, 2018 #3}. Despite their abundance, zinc oxide ores are often 
considered complex and less attractive for conventional beneficiation because of their fine particle 
size, intricate mineralogy, and inherently poor floatability {Ejtemaei, 2014 #4}. The recovery of zinc 
from oxide ores presents notable technical challenges. These ores are typically of low grade and often 
associated with high concentrations of gangue minerals such as calcite and dolomite, which interfere 
with separation processes {Nayak, 2022 #5}. Their surface chemistry is significantly different from that 
of sulfides, leading to poor attachment to conventional flotation collectors. As a result, developing 
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efficient and economically viable processing strategies for zinc oxide minerals is crucial for ensuring 
the long-term sustainability of zinc production {Nayak, 2022 #5}. 

Several concentration techniques have been employed for zinc minerals, including gravity separation, 
hydrometallurgical leaching, and froth flotation {Moradi, 2011 #6}. Among these, flotation remains the 
most commonly used method due to its selectivity and scalability. For sulfide ores, flotation using 
xanthate collectors under alkaline conditions is well established. However, oxide minerals resist 
conventional flotation owing to their hydrophilic nature {Abkhoshk, 2014 #7}. To address this, 
sulfidization using sodium sulfide (𝑁𝑎2𝑆) is often applied to convert oxide surfaces into sulfide-like 
phases, making them more amenable to xanthate flotation {Önal, 2005 #8}. While this method is 
widely practiced, it often suffers from variable performance, surface passivation, and excessive 
reagent consumption. Alternative approaches, such as direct flotation using amine collectors, have 
also been explored {Önal, 2005 #8}. Nevertheless, these techniques are frequently hampered by poor 
mineral selectivity and the need for high reagent dosages, leading to increased operational costs. In 
recent years, attention has shifted towards innovative reagent schemes—particularly the use of mixed 
collectors—to improve recovery and grade in challenging ore systems. Mixed collectors offer the 
potential to exploit the synergistic interactions between different reagent types, thereby enhancing 
surface hydrophobicity, improving froth stability, and optimizing mineral separation {Javdantabar, 
2025 #9}. 

The application of mixed collector systems has shown promising results in both sulfide and oxide 
mineral flotation {Chen, 2024 #10}. In sulfide flotation, combining thiol and non-thiol collectors often 
leads to improved performance by targeting different mineral surface sites {Miao, 2021 #11}. Similarly, 
for oxide systems, integrating anionic collectors such as xanthates with cationic agents like amines has 
been reported to enhance collector adsorption and surface activation. Specifically for zinc oxide 
minerals, mixed collector systems such as potassium amyl xanthate (KAX) and Armac C (a cationic 
collector) can produce a more robust hydrophobic layer on the mineral surface, reducing calcite 
entrainment and improving selectivity {Yipeng, 2022 #12}. These systems also allow for reduced 
reagent usage and lower operating costs, which is particularly important when processing low-grade 
ores.  

Building on these developments, this manuscript investigates the synergistic effects of using mixed 
collectors—specifically KAX and Armac C—for the flotation of zinc oxide ore from the Barmalek 
deposit in Iran. The study systematically examines the limitations of single-collector systems and 
demonstrates that a combined approach significantly enhances zinc recovery and selectivity. 
Furthermore, the roles of critical pre-treatment steps such as de-sliming and the use of auxiliary 
reagents (e.g., 𝑁𝑎2𝑆 for sulfidization, sodium silicate for gangue depression, and other depressants) 
are evaluated to optimize overall flotation performance. The findings offer practical insights into the 
design of more effective reagent schemes for complex oxide ores and contribute to the sustainable 
development of secondary zinc resources in the face of declining sulfide reserves. 

2. Material and methods 

2.1. Sample Preparation and Characterization 

A representative sample of zinc-lead oxide ore was carefully homogenized and subjected to sieve 
analysis to evaluate its particle size distribution. The ore, with an average assay of 13–14% Zn and 3–
4% Pb, was dry-sieved using standard ASTM meshes (10 to −200 mesh), and the weight percentage 
retained on each sieve was recorded (Table 1). To assess the distribution of valuable metals across 
different size fractions, each fraction was chemically analyzed for Zn and Pb content using atomic 
absorption spectroscopy (AAS). The results demonstrated a relatively uniform distribution of metals, 
as evidenced by low coefficients of variation (0.074 for Zn and 0.259 for Pb), indicating that grade 
fluctuations were statistically insignificant across the size classes. 
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To further characterize, X-ray diffraction (XRD) analysis was performed (Table 2). The XRD results 
identified calcite (𝐶𝑎𝐶𝑂3, 40.1%) as the predominant gangue mineral, followed by zinc-bearing phases 
such as Hemimorphite (𝑍𝑛4𝑆𝑖2𝑂7(𝑂𝐻)2. 𝐻2𝑂, 17.5%) and Smithsonite (𝑍𝑛𝐶𝑂3, 14.8%). Non-sulfide 
gangue minerals included Magnesite ((𝑀𝑔, 𝐹𝑒)𝐶𝑂3, 17.1%) and quartz (𝑆𝑖𝑂2, 3.5%). This mineralogical 
profile confirmed the oxide-dominant nature of the ore, with calcite posing a key challenge due to its 
floatability interference and similar physicochemical properties to zinc carbonate minerals. The 
presence of Hemimorphite, a zinc silicate, further highlighted the ore’s complexity, necessitating 
tailored beneficiation strategies to address both carbonate and silicate-hosted zinc. 

Table 1. Particle size distribution and Pb/Zn grade variation across sieve fractions of the oxide ore 

Size (µm) Remain Mass (gr) Remain Mass (%) Cumulative passed (%)  Zn (%) Pb (%) 

+2000 44.15 2.23 97.77 23.5 0.7 

+1000 400.82 20.27 77.5 24.79 0.84 

+500 544.84 27.55 49.95 22.96 0.97 

+297 290.83 14.71 35.24 21.1 1.22 

+177 481.38 24.34 10.9 20.35 1.39 

+149 161.94 8.19 2.71 20.58 1.42 

+75 38.46 1.95 0.76 20.68 1.43 

-75 14.98 0.76 0 22.85 1.5 

Bulk S.    21.52 0.98 

Table 2. XRD analysis results 

Mineral name Mineral phase (%) 

Calcite 𝐶𝑎𝐶𝑂3 40.1 

Hemimorphite 𝑍𝑛4𝑆𝑖2𝑂7(𝑂𝐻)2. 𝐻2𝑂 17.5 

Magnesite (𝑀𝑔, 𝐹𝑒)𝐶𝑂3 17.1 

Smithsonite 𝑍𝑛𝐶𝑂3 14.8 

Hemimorphite 𝑍𝑛2(𝑆𝑖𝑂4). 𝐻2𝑂. 2𝑍𝑛𝑂(𝑆𝑖𝑂2). 𝐻2𝑂 7.0 

Quartz 𝑆𝑖𝑂2 3.5 

2.2. Degree of Liberation  

Liberation analysis was conducted through a comprehensive mineralogical assessment using reflected 
and transmitted light microscopy on thin and polished sections prepared from the sieved size 
fractions (−212+150, −150+125, and −125+75 µm). Given the heterogeneous texture and complex 
mineral associations typical of oxidized zinc ores, the liberation degree was quantified for each 
fraction using particle counting methods under 200× magnification. The results revealed that 
smithsonite, the primary zinc-bearing mineral, required grinding to a particle size of ≤75 µm to 
achieve 80% liberation from the gangue matrix (predominantly calcite and quartz). However, this 
degree of comminution risked generating excessive slimes (−20 µm), which could adversely affect 
downstream flotation performance through increased reagent consumption and reduced selectivity. 

Detailed microscopic examination further identified intricate mineral intergrowths, particularly 
smithsonite grains encapsulated within Cerussite (𝑃𝑏𝐶𝑂3) (Figure 1), as well as complex boundaries 
between hemimorphite and iron oxides. These textural relationships indicated that complete 
liberation would require ultra-fine grinding to 20–40 µm, which was deemed impractical for industrial 
flotation due to high energy costs and exacerbated slime-related challenges. Back-scattered electron 
(BSE) imaging coupled with energy-dispersive X-ray spectroscopy (EDS) confirmed these mineral 
associations and provided quantitative phase distribution data. The liberation analysis underscored a 
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critical trade-off: while finer grinding improved zinc mineral exposure, it simultaneously increased 
slime generation and operational costs. This finding highlighted the need for alternative beneficiation 
strategies, such as staged grinding or slime rejection, to optimize the liberation-flotation efficiency 
balance for this refractory ore type. 

  

Figure 1. Entrapment of Smithsonite particles within Cerussite. 

2.3. Bond  Work Index Determination 

The grindability of the ore sample was quantitatively evaluated through determination of the Bond 
work index (𝑊𝑖) using the standardized Bond ball mill test procedure (ASTM G408-93). The calculated 

Bond work index of 10.76 kWh/short ton (equivalent to 𝑊𝑖 = 10.76 (
𝑘𝑊ℎ

𝑠ℎ.𝑡
)) indicates moderately hard 

grinding characteristics, comparable to values reported for similar oxidized zinc ores. This result 
suggests the ore requires approximately 15-20% more energy for comminution than typical sulfide 

zinc ores (≈ 9-10(
𝑘𝑊ℎ

𝑠ℎ.𝑡
)). The relatively high work index can be attributed to the presence of hard, 

abrasive gangue minerals (quartz and magnesite) identified in the mineralogical analysis. 

2.4. Flotation Reagents and Conditions 

The flotation tests employed potassium amyl xanthate (KAX), cocoalkylamine acetate (Armac C), and 
their mixed system, with 𝑁𝑎2𝑆 as a sulfurizing agent. Sodium silicate (dispersant), Calgon 
(depressant), and starch were used to mitigate slime interference. De-sliming was incorporated to 
enhance selectivity. 

3. Results and Discussion 

3.1. Flotation Using Xanthate Collectors 

Xanthates, particularly potassium amyl xanthate (KAX), are among the most widely used collectors in 
the flotation of sulfide minerals. Due to their established efficacy, their application has also been 
explored for oxide zinc ores, despite the significant differences in surface chemistry. The hydrolysis of 
xanthates in aqueous systems results in several decomposition products, including xanthate ions 
(𝐴𝑋−), monothiocarbonates, xanthic acid, carbon disulfide (𝐶𝑆2), and dixanthogen, each contributing 
to the complex chemistry of flotation pulp. In sphalerite-KAX systems, 𝐴𝑋− is the dominant phase at 
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pH values between 8 and 10, while lower pH values favor the formation of other species. Prior to 
designing full-scale flotation tests, a series of preliminary experiments was conducted to assess the 
general flotation behavior of zinc oxide ore using KAX as the primary collector. These trials helped 
determine feasible reagent ranges and minimized the number of tests required by identifying critical 
factors influencing flotation. An L8 Taguchi design was implemented to evaluate seven factors, each at 
two levels, affecting zinc recovery and grade. These factors included pH, KAX dosage, sulfidization 
using 𝑁𝑎2𝑆, and auxiliary reagents such as Calgon, sodium silicate, 𝐶𝑢𝑆𝑂4, and flotation time.  

The results (Table 3) revealed that 𝑁𝑎2𝑆 concentration had the most significant impact on both zinc 
grade and recovery. According to the analysis, 𝑁𝑎2𝑆, 𝐶𝑢𝑆𝑂4, and Calgon concentrations, along with 
flotation time, significantly affected flotation responses. For concentrate grade, pH was also a notable 
factor. Regression plots (Figure 2 and Figure 3) show strong agreement between experimental and 
predicted values (R² = 0.99 for Zn grade, R² = 0.96 for recovery), confirming the reliability of the 
developed models. 

Table 3. Zinc grade and recovery results from flotation experiments using a xanthate collector (KAX) 

N 
Calgon 
(ppm) 

Sodium 
Silicate 
(ppm) 

𝑁𝑎2𝑆 
(ppm) 

𝐶𝑢𝑆𝑂4 
(ppm) 

pH 
KAX 

(ppm) 
Flotation 
time(min) 

Grade 
(Zn)% 

Recovery 
(Zn) % 

1 500 400 800 200 8 300 2 29.3 31.26 

2 500 400 800 400 10 600 4 28.66 36.43 

3 500 800 1600 200 8 600 4 34.26 40.27 

4 500 800 1600 400 10 300 2 31.68 42.16 

5 1000 400 1600 200 10 300 4 30.71 42.64 

6 1000 400 1600 400 8 600 2 33.84 41.83 

7 1000 800 800 200 10 600 2 26.35 34.59 

8 1000 800 800 400 8 300 4 29.59 39.22 

  
Figure 2. Regression plot of actual versus predicted values 
for zinc grade (R² = 0.99). 

Figure 3. Regression plot of actual versus predicted values 
for zinc recovery (R² = 0.96). 
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Despite optimization efforts, the overall zinc recovery using KAX was relatively low, suggesting the 
limited suitability of xanthates for oxidized zinc ores. This limitation is attributed to the instability of 
Zn–xanthate surface complexes and the poor froth stability observed during tests. The froth generated 
was short-lived, rapidly collapsing and releasing attached particles back into the pulp. Notably, froth 
volume appeared unaffected by variations in frother concentration, collector dosage, or sulfidizing 
reagents, implying that collector–mineral interactions are the primary control mechanism. Although 
the presence of slimes negatively impacted flotation efficiency, their effect in xanthate-based flotation 
of oxidized zinc ore was not significant enough to account for the poor performance. Overall, the 
findings confirm that xanthates, while effective for sulfide minerals, are not suitable collectors for the 
flotation of zinc oxide ores. Their poor interaction with oxide surfaces and unstable froth behavior 
necessitate the exploration of alternative or synergistic reagent systems for enhanced flotation 
performance. 

3.2. Flotation Using Cationic Collectors 

Unlike xanthates, which function via chemisorption, cationic collectors such as amines rely primarily 
on electrostatic attraction between their polar head groups and the electrical double layer at the 
mineral surface. These interactions are generally weaker than the covalent bonding observed with 
xanthates, resulting in less robust surface hydrophobization. Cationic collectors are particularly suited 
for the flotation of oxidized, carbonate, and silicate ores, as well as alkaline earth minerals like barite, 
carnallite, and sylvite. Among cationic collectors, primary amines, amine salts, and quaternary 
ammonium compounds are commonly used. Their flotation performance is highly sensitive to the pH 
of the pulp. These reagents tend to be most active in mildly acidic to neutral environments, while 
strong acidic or alkaline conditions can significantly reduce their effectiveness. For instance, 
dodecylamine, a well-studied cationic collector, exhibits solubility and phase behavior highly 
dependent on pH. At neutral pH, the un-ionized amine species predominates, whereas at pH 10.6 and 
above, the equilibrium shifts toward protonated and dimeric forms, reducing collector availability. 

In the present study, the cationic collector cocoalkyl amine acetate, commercially known as Armac C 

with the chemical formula [𝑅– 𝑁𝐻₂] · [𝐶𝐻₃𝐶𝑂𝑂𝐻], was used. Armac C is widely applied in industrial-
scale flotation of oxidized zinc ores. Adsorption of the collector onto smithsonite surfaces, particularly 
after sulfidization with sodium sulfide (𝑁𝑎₂𝑆), is a crucial step in promoting hydrophobicity and 
flotation. To evaluate the influence of various process parameters, a Taguchi L8 orthogonal array 
design was employed, considering seven variables at two levels. These tests assessed the impact of 
Calgon, sodium silicate, 𝑁𝑎₂𝑆, 𝐶𝑢𝑆𝑂₄, pH, Armac C concentration, and flotation time on the grade and 
recovery of zinc. Outcomes (Table 4) clearly show that 𝑁𝑎₂𝑆 concentration had the most significant 
positive impact on both grade and recovery. Increasing flotation time improved zinc recovery but 
simultaneously reduced concentrate grade, likely due to entrainment effects. Among the reagents 
tested, sodium silicate, sodium sulfide, copper sulfate, and Armac C all showed a synergistic effect: as 
their dosage increased, both grade and recovery improved.  

Table 4. Zinc grade and recovery results from flotation experiments using a amine collector (armac c) 
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N 
Calgon 
(ppm) 

Sodium 
silicate (ppm) 

𝑁𝑎2𝑆 
(ppm) 

𝐶𝑢𝑆𝑂4  
(ppm) 

p
H 

Armac C 
(ppm) 

Flotation 
time (min) 

Grade 
Zn (%) 

Recovery 
Zn (%) 

1 500 400 800 200 8 300 2 33.61 34.29 

2 500 400 800 400 10 600 4 31.29 42.32 

3 500 800 1600 200 8 600 4 37.56 44.68 

4 500 800 1600 400 10 300 2 39.98 46.09 

5 1000 400 1600 200 10 300 4 31.01 43.63 

6 1000 400 1600 400 8 600 2 38.52 45.44 

7 1000 800 800 200 10 600 2 32.73 39.67 

8 1000 800 800 400 8 300 4 33.26 43.58 

All flotation tests were conducted without de-sliming. Although recovery and grade were generally 
better with Armac C compared to xanthate-based flotation, the overall performance still fell short of 
industrially acceptable levels. This suggests that while cationic collectors offer some advantages, 
particularly in oxide ore flotation, further optimization—potentially through reagent combinations or 
surface modification strategies—is necessary to achieve satisfactory results. 

3.3. Mixed Collectors  

3.3.1. Without Desliming 

To better understand the flotation behavior of zinc oxide ore with mixed cationic and anionic 
collectors and reduce the number of full-scale experiments, a preliminary series of tests was 
conducted using a Taguchi L12 orthogonal array design. This design included 11 process variables, 
each evaluated at two levels. The selected parameters encompassed pH, reagent dosages, conditioning 
times, and flotation durations, with their roles in the flotation process summarized in Table 5. 

Table 5. Key Factors in the Taguchi L12 Design with 11 Two-Level Factors 

N. Factors Unit Low level High level 

1 pH - 9 11 

2 Sodium Silicate Concentration 1 ppm 500 1000 

3 Starch ppm 400 800 

4 𝑁𝑎2𝑆 concentration 1 ppm 1500 3000 

5 Conditioning time min. 5 10 

6 Xanthate concentration 1 ppm 300 600 

7 Flotation time min. 3 6 

8 Sodium silicate concentration 2 ppm 2000 4000 

9 𝑁𝑎2𝑆 concentration 2 ppm 800 1600 

10 Armac C concentration ppm 100 200 

11 Xanthate concentration 2 ppm 200 400 

Twelve experimental runs were performed based on the L12 matrix, with each test repeated twice to 
enhance statistical reliability and enable calculation of signal-to-noise (S/N) ratios. The flotation 
process was conducted in two sequential stages. In the first stage, starch and sodium silicate were 
introduced into the pulp and mixed thoroughly, followed by sodium sulfide addition and pH 
adjustment. Xanthate was then added and conditioned prior to flotation. In the second stage, 
following froth removal, additional sodium sulfide was added and pH adjusted before sequential 
addition of Armac C and xanthate. Air flow was initiated two minutes later to commence the second 
flotation stage. No frother was used in the second stage. Observations during testing revealed that 
froth characteristics were highly dependent on Armac C concentration. Interestingly, lower Armac 
dosages tended to yield better flotation responses, potentially due to reduced surface tension and 
improved selectivity. The two main response variables were zinc recovery and calcium recovery in the 

251



 IMPRS 2025 19-21 May, Alborz, Iran  

8 

 

concentrate. Since high calcium content increases acid consumption during downstream leaching, 
minimizing calcium recovery while maximizing zinc recovery was targeted. The combined 
concentrates from both flotation stages were analyzed, and the results are presented in Table 6. 

Analysis of variance (ANOVA) for zinc recovery indicated that flotation time, the dosages of sodium 
silicate and sodium sulfide in the first stage, Armac C dosage, and pulp pH had significant effects. 
Calcium recovery ANOVA also revealed notable influences from conditioning time, starch dosage, 
and xanthate addition, particularly in the first stage. Optimization was carried out using Statistical 
method, assigning higher importance to zinc recovery than calcium recovery. The optimal process 
conditions included: pH 10.8, sodium silicate (Stage 1: 997 ppm, Stage 2: 4000 ppm), starch 400 ppm, 
Na₂S (Stage 1: 2193 ppm, Stage 2: 1090 ppm), conditioning time 5 min, xanthate (Stage 1: 434 ppm, 
Stage 2: 375 ppm), Armac C 100 ppm, and flotation time 6 min. Model predictions under these 
conditions yielded a zinc recovery of 63.5% and calcium recovery of 19.1%. Validation tests confirmed 
the general trend, with zinc recovery ranging from 53.2% to 54.4%, and calcium recovery between 
21.8% and 22.7%. The lower-than-expected zinc recovery is likely due to the negative effect of slimes 
and ultra-fine particles in the feed, which were not removed prior to flotation. 

Table 6. Experimental Results Using the Taguchi L12 Method for Cationic Collectors without Desliming 

Experiment N. 
Zn recovery % Ca recovery % 

Response 1 Response 2 Response 1 Response 2 

1 39.28 43.51 6.57 8.26 

2 52.66 61.18 17.93 19.92 

3 53.18 54.97 19.03 24.11 

4 63.53 68.44 22.42 20.09 

5 55.83 58.57 20.27 21.49 

6 57.16 55.14 20.87 23.51 

7 63.46 69.73 22.13 27.84 

8 53.91 52.38 20.05 19.02 

9 46.45 50.27 11.64 18.37 

10 52.75 60.12 14.38 15.64 

11 58.33 64.26 19.17 23.46 

12 66.49 62.49 26.52 25.34 

3.3.2. With Desliming 

To improve flotation performance and reduce interference from ultra-fine particles, desliming was 
carried out by removing particles smaller than 20 μm from the feed prior to flotation. The flotation 
tests were then conducted using mixed collectors under the experimental design of a Taguchi L8 (2¹ × 
3⁷) orthogonal array. This design incorporated eight factors, one at two levels and the rest at three 
levels, as detailed in Table 7. 

Table 7. Key Factors and Their Levels for Flotation Experiments with Desliming 
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N. Factors Unit Level 1 Level 2 Level 3 

1 pH - 9 10 11 

2 Sodium silicate concentration ppm 400 800 1200 

3 Starch ppm 400 700 1000 

4 Na2S concentration ppm 800 1800 2800 

5 Xanthate concentration 1 ppm 250 500 750 

6 Flotation time min 2 4 6 

7 Xanthate concentration 2 ppm 200 400 - 

8 Armac C concentration ppm 100 200 300 

Eighteen experiments were conducted based on the L18 matrix, with a randomized test order to 
minimize systematic error. The factors studied included pulp pH, concentrations of sodium silicate, 
starch, sodium sulfide, xanthate (at two stages), Armac C dosage, and flotation time. The responses 
analyzed were zinc recovery, zinc grade in the concentrate, and calcium recovery in the concentrate. 
The experimental results are summarized in Table 8. To evaluate the influence of each parameter on 
the flotation performance, marginal means and signal-to-noise (S/N) ratio plots were generated for 
each response. Analysis of variance (ANOVA) show that for zinc grade in the concentrate, 𝑁𝑎₂𝑆 
concentration was the most significant factor (p = 0.009), followed by xanthate dosage in the second 
stage (p = 0.034). The overall model was statistically significant (F = 4.54, p = 0.038), with a good 
match between predicted and experimental data. Regarding calcium recovery, starch concentration 
showed a strong effect (p = 0.010), with additional contributions from xanthate 1, flotation time, and 
Armac C (p < 0.1). The model was significant (F = 4.52, p = 0.038), and the predicted vs. actual calcium 
recovery values confirmed the model's validity.  

Table 8. Experimental Responses for Each Flotation Test with Desliming 

Experiment 

N. 

Zn recovery % Zn grade% Ca recovery % 

Response 1 Response 2 Response 1 Response 2 Response 1 Response 2 

1 73.80 74.58 31.59 30.29 29.69 20.29 

2 74.86 71.09 29.49 28.39 19.29 21.19 

3 82.19 80.78 41.08 40.78 13.19 15.28 

4 81.94 82.39 34.79 35.58 24.89 14.39 

5 76.34 77.58 39.89 38.49 30.59 24.39 

6 75.60 71.98 34.79 35.28 19.89 15.98 

7 76.16 79.29 34.18 36.69 25.78 22.09 

8 76.57 74.68 32.59 33.09 18.08 16.88 

9 80.11 80.58 36.59 35.19 28.48 28.49 

10 76.19 75.19 41.69 41.18 16.89 15.19 

11 71.57 71.79 36.29 32.89 34.19 34.98 

12 80.27 79.88 39.98 38.98 24.28 26.59 

13 78.64 77.89 40.89 36.58 28.09 21.69 

14 83.74 82.58 34.49 38.29 20.09 23.29 

15 72.16 72.59 36.18 36.58 27.98 25.89 

16 80.13 81.29 39.19 34.39 22.58 26.68 

17 82.46 82.69 37.48 36.18 26.29 15.79 

18 77.38 77.88 35.69 35.94 20.29 19.88 

Overall, desliming significantly improved flotation performance, yielding zinc recoveries above 80% 
and higher zinc grades, while maintaining acceptable levels of calcium recovery in the concentrate. 
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These results highlight the importance of proper feed preparation and optimization of reagent 
dosages in flotation of zinc oxide ores. 

3.4. Optimized condition 

The flotation process was optimized to maximize zinc recovery and grade and minimize calcium 
recovery in the concentrate. Using design constraints within selected factor ranges and assigning 
importance levels to each parameter, the software predicted 10 optimal conditions ( 

 

 

 

 

 

Table 9), all leading to improved Zn recovery and grade while reducing Ca contamination. Case 1 was 
identified as the most optimal, with predicted Zn recovery of 84.27%, Zn grade of 41.52%, and Ca 
recovery of 13.85%. Confidence intervals confirmed the reliability of the predictions. Experimental 
tests under these optimal conditions confirmed the model’s accuracy, although actual recoveries were 
slightly lower after adjusting for desliming losses. Corrected values accounted for the loss of fine 
particles, which contained significant amounts of zinc and calcium. After correction, Zn recovery 
ranged from 64.7% to 74.2%, indicating a trade-off between desliming benefits and overall recovery. 

 

 

 

 

 

 

Table 9. Ten Predicted Optimal Conditions 

 Xanthate 2 pH Sodium silicate. Starch Na2S Xanthate 1 Flotation time Armac C 

1 400 11 400 1000 2800 500 4 300 
2 400 11 1200 1000 2800 500 4 300 
3 400 10 400 1000 2800 500 6 300 
4 400 11 400 1000 2800 500 6 300 
5 400 10 1200 1000 2800 500 6 300 
6 400 11 1200 1000 2800 500 6 300 
7 400 10 400 1000 2800 500 4 300 
8 400 10 1200 1000 2800 500 4 300 
9 400 9 400 1000 2800 500 6 300 
10 400 9 1200 1000 2800 500 6 300 

Table 10. Ten Predicted Optimal responses and Their Corresponding real Responses 
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Number 
Predicted   Test Result 

Zn recovery Zn grade Ca recovery 
Zn 

recovery 
Zn grade 

Ca 
recovery 

1 84.27 41.52 13.85 81.87 38.24 13.09 
2 84.27 42.05 13.85 79.30 39.46 14.32 
3 84.91 41.52 14.65 77.29 40.16 16.19 
4 86.23 41.52 14.65 80.19 41.08 13.64 
5 84.91 42.05 14.65 81.43 38.97 14.08 
6 86.23 42.05 14.65 80.74 39.37 12.93 
7 82.96 41.52 13.85 72.38 40.60 14.57 
8 82.96 42.05 13.85 74.85 41.53 15.94 
9 83.14 41.52 14.65 81.26 40.03 15.69 
10 83.14 42.05 14.65 77.47 42.19 15.38 

4. Conculding Remarks 

This study evaluated the flotation performance of a complex zinc oxide ore using single and mixed 
collector systems under various operational conditions. Key findings include: 

 Single Collectors Underperform: Both xanthate (KAX) and amine (Armac C) collectors alone 
failed to deliver satisfactory zinc recoveries and selectivity due to limited interaction with 
oxide surfaces and unstable froth behavior. 

 Mixed Collector System Enhances Performance: Combining KAX and Armac C significantly 
improved zinc recovery and concentrate quality. The mixed system provided a more robust 
and stable hydrophobic layer on mineral surfaces, enhancing flotation efficiency. 

 Desliming is Crucial: Removing slimes (<20 µm) prior to flotation improved both zinc 
recovery and grade, minimizing the adverse effects of fine particles on reagent interaction and 
froth stability. 

 Optimization Validated: Statistical modeling using Taguchi and ANOVA techniques 
identified optimal flotation conditions. Predicted results closely matched experimental values, 
with Zn recovery reaching up to 84.3% and Zn grade above 42% under optimal conditions. 
Adjusting for slime losses, real recoveries ranged between 64.7% and 74.2%. 

 Practical Implications: The combined use of desliming and mixed collector strategies presents 
a viable solution for processing refractory zinc oxide ores. These findings are especially 
relevant for complex ores with high gangue content and could guide future reagent scheme 
development in industrial applications. 
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Abstract: 

Rare earth elements (REEs) have an increasingly wide range of applications in various industries. This 
study investigates the dissolution of REEs using two methods: direct atmospheric leaching and 
digesting with sulfuric acid, aiming to compare the efficiency of both approaches. Prior to leaching 
experiments, magnetic and gravity pre-concentration processes were applied to the sample to enhance 
the grade of rare earth elements. The total concentrations of REEs, titanium, and iron in the monazite 
low-grade sample were 0.88%, 3.88%, and 8.25%, respectively. In the direct leaching method, the 
effects of various parameters such as temperature, time, acid concentration, and the liquid-to-solid 
ratio on the recovery of REEs and associated metals were examined. Based on the experiments, the 
optimal conditions for these parameters were found to be an acid-to-solid ratio of 1.5, a liquid-to-solid 
ratio of 1.5, a temperature of 125°C, and a duration of 3 hours. Under these optimal conditions, the 
recovery rates for REEs, titanium, and iron were 80.1%, 89%, and 81.2%, respectively. For the digesting 
method using sulfuric acid, influential factors such as digesting temperature, sulfuric acid-to-solid 
ratio, water leaching time, water leaching-to-solid ratio, water leaching temperature, and water 
leaching duration were investigated. The optimal conditions for digesting and subsequent leaching 
were determined to be a sulfuric acid-to-solid ratio of 1.2, a digesting temperature of 220°C, a 
digesting time of 1 hour, a water-to-solid ratio of 1.5 during leaching, a leaching time of 1 hour, and a 
leaching temperature of 30°C. Under these optimal conditions, the recovery rates for REEs, titanium, 
and iron were 91.4%, 88.2%, and 72.4%, respectively.

 

Keywords: Rare earth elements (REEs), leaching, digesting, sulfuric acid, titanium 

1. Introduction 

Rare earth elements (REEs) are a group of 17 metallic elements, including the lanthanides, scandium, 
and yttrium that play a crucial role in modern technologies (Echeverry-Vargas & Ocampo-Carmona, 
2022). Their unique electronic, magnetic, and optical properties make them essential in high-
performance magnets, electric vehicle batteries, wind turbines, catalysts, and advanced electronic 
devices (Mwewa et al., 2022). The increasing global demand for REEs, particularly in clean energy and 
high-tech industries, has intensified research efforts to develop efficient and sustainable extraction and 
recovery methods. However, REE extraction presents significant challenges due to their complex 
mineral associations and the environmental concerns associated with traditional processing 
techniques (Julapong et al., 2023; Kusrini et al., 2018). 

Monazite is one of the primary sources of REEs and is commonly processed using sulfuric acid 
digestion or direct atmospheric leaching. However, other REE-bearing minerals, such as bastnäsite, 
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xenotime, loparite, allanite, parisite, apatite, and gadolinite, have also been studied for their potential 
in REE extraction (Kumari et al., 2015). Among these, monazite is widely utilized due to its relatively 
high REE content and established processing methods. However, the presence of radioactive elements 
such as thorium and uranium in monazite complicates its processing and requires careful waste 
management strategies (Alves et al., 2021). 

Several studies have focused on improving the efficiency and environmental sustainability of REE 
extraction from monazite. Sulfuric acid digestion, one of the most widely used methods, involves 
treating monazite with concentrated sulfuric acid at high temperatures (200–300°C) to convert REEs 
into soluble sulfates. However, this method presents challenges such as incomplete REE conversion 
and the generation of hazardous waste. Alternative leaching techniques, including direct leaching 
with sulfuric acid, have been explored to enhance dissolution rates and reduce processing 
temperatures, thereby improving both efficiency and safety. Additionally, hydrometallurgical 
processes, such as sulfuric acid baking and alkaline digestion, have been compared to determine the 
most effective method for different grades of monazite. Studies indicate that lower-grade monazite 
concentrates are often processed using sulfuric acid digestion, whereas alkaline digestion is more 
suitable for higher-grade materials (Berry et al., 2018; Demol et al., 2018). 

In sulfuric acid digestion, after monazite reacts with sulfuric acid, the resulting rare earth sulfates 
must be separated from impurities through a water leaching step. Water leaching plays a critical role 
in REE recovery by dissolving the REE sulfates into solution while leaving insoluble residues, such as 
thorium and iron, behind (Sadri et al., 2017). The efficiency of this step depends on factors such as the 
water-to-solid ratio, leaching temperature, and leaching duration, which influence REE recovery and 
impurity separation. Optimizing these conditions enhances overall REE extraction efficiency and 
reduces contamination from non-REE elements (Jha et al., 2016). 

Another method for REE recovery is direct atmospheric leaching, in which monazite is treated with 
sulfuric acid under atmospheric pressure conditions to dissolve REEs selectively while minimizing 
impurity dissolution (Al Sheidi et al., 2024). The direct leaching reaction with sulfuric acid can be 
represented as follows (Equation 1): 

REEPO4 + 3H2SO4 → REE2(SO4)3(aq) + H3PO4  (1) 

This reaction indicates that monazite's phosphate structure is broken down under acidic conditions, 
releasing REEs into solution while phosphoric acid (H₃PO₄) is generated as a byproduct. The 
efficiency of this process depends on various factors, including acid concentration, temperature, 
leaching time, and the liquid-to-solid ratio (Hou et al., 2025; Peelman et al., 2016). 

The chemical reactions involved in sulfuric acid digestion and subsequent water leaching include the 
breakdown of the phosphate structure in monazite to form rare earth sulfates and phosphoric acid 
(Equation 1, 2 and 3): 

REEPO4 + 3H2SO4 → REE2(SO4)3(s) + H3PO4  (1) 

ThPO4 + 3H2SO4 → Th(SO4)2(s) + H3PO4 (2) 

REE2(SO4)3(s) + H2O → REE2(SO4)3(aq) (3) 

To enhance REE recovery, key parameters such as the acid-to-solid ratio, reaction temperature, 
reaction time, and water leaching conditions must be optimized. Higher temperatures generally 
improve digestion efficiency, but excessive heating can lead to unwanted byproducts. Similarly, the 
choice of water leaching parameters affects the final recovery rates of REEs and the purity of the 
extracted solution (Berry et al., 2018; Zhang et al., 2016). 

This study investigates and compares direct atmospheric leaching and sulfuric acid digestion for REE 
recovery from low-grade monazite sources. By systematically optimizing key processing parameters, 
the research aims to enhance REE extraction efficiency, reduce environmental impact, and contribute 
to the development of more sustainable and economically viable REE recovery technologies. 
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2. Material and methods 

2.1. Mineralogical Studies and Sample Analysis 

To conduct mineralogical studies, polish and thin sections of a low-grade monazite ore sample from 
Central Iran (Saghand) were prepared and examined using a ZEISS Axioplan 2 polarized light 
microscope with transmitted and reflected light (Figure 1). Prior to these studies, magnetic and gravity 
pre-concentration processes were applied to the sample to enhance the grade of rare earth elements. 
The studies revealed that plagioclase, accompanied by tremolite and phlogopite, is the most 
significant mineral in the sample. Other observed minerals include chlorite, titanite, quartz, pyrite, 
and dolomite. Ilmenite and magnetite are the primary metallic minerals, comprising approximately 
2% to 4% of the sample. The ilmenite mineral was predominantly found interlocked with titanite. 
Trace elements such as cerium, lanthanum, and yttrium were present in very small amounts and 
appeared as bright zones within the ilmenite and titanite. 
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Figure 1.  Microscopic images depicting the interlocking of magnetite, hematite, ilmenite, and titanite with 

gangue minerals 

Further analyses were conducted using a scanning electron microscope (SEM) and SEM/EDX 
analysis, revealing that rare earth elements (REEs) occur as monazite minerals in extremely fine 
particles (smaller than 5 microns), interlocked with titanite and ilmenite. 
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EDS1- Ce, La, Y 

 

EDS2-Ce, La, Y, U 

 

EDS3-Ilmenite 
 

EDS4-Titanite 

Figure 2. SEM image and SEM/EDX results of Ilmenite, Titanite and Monazite ores 

The sample, labeled as LP12, was analyzed using an ICP-OES device to determine the grade of rare 
earth elements and other metals. The total REE and other metal contents in sample LP12 are shown in 
Table 1. 

 

 

Table 1. The total grade of rare earth elements and the metals titanium and iron in sample LP12 

Sample ∑REE(ppm) Ti(%) Fe(%) 

LP12 8837 3.875 8.25 

After grinding, the sample had a d80 particle size of 23 microns, which was used for leaching and 
digestion experiments. The particle size distribution analysis of sample LP12 is depicted in Figure 3. 
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Figure 3. The particle size distribution of sample LP12 using a Laser Diffraction Particle Size Analyzer. 

2.2. Direct Leaching Method 

The direct leaching of REEs from the sample was conducted using sulfuric acid under stirring conditions. After 

leaching, the pregnant leach solution (PLS) was separated from the solid using vacuum filtration, followed by 

washing the solid residue with water. The leach residue and the volume-adjusted PLS were sent for chemical 

analysis to calculate the recovery rates. The leaching experiments were carried out in 500 mL Erlenmeyer flasks 

with condensers to prevent water evaporation. 

The effects of key factors, such as leaching time, temperature, solid-to-liquid ratio, and sulfuric acid 
concentration, were investigated using the Taguchi experimental design method. The leaching test 
conditions and their results are summarized in Table 2. 

Table 2. The direct leaching test conditions and their results 

Num 
Acid Concentration 

(M) 

Temperature 

(˚C) 
Time 

(h) 

Solid to 
Liquid 

ratio (mL/g) 

∑REE Recovery 
(%) 

Recovery Ti 
(%) 

L11 8 90 3 5 62.1 68.9 

L12 4 60 3 5 12.7 16 

L13 4 60 3 2.5 11.3 13.5 

L14 8 60 6 5 24.2 28 

L15 8 60 6 2.5 17.3 20 

L16 8 90 3 2.5 71.7 80.8 

L17 4 90 6 2.5 61.3 66.5 

L18 4 90 6 5 72.4 75 

2.3. The digestion method using sulfuric acid and leaching. 

Unlike leaching, which is a single-step process, the digestion of rare earth elements involves two 
distinct stages. In the first stage, the sample is thoroughly mixed with concentrated sulfuric acid at 
room temperature. Then, the temperature is increased to promote the digestion process. After the 
digestion is completed, the second stage involves water leaching of the digested material to transfer 
the rare earth elements into the aqueous phase. To evaluate the efficiency of digestion using sulfuric 
acid, various digestion experiments were conducted on the sample using sulfuric acid. The key factors 
influencing the digestion process were examined, including digestion temperature, leaching time, 
sulfuric acid-to-solid ratio, water leaching-to-solid ratio, water leaching temperature, and water 
leaching time. 
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The experimental conditions for digestion and the values for each factor are presented in Table 3. The 
experiments were designed using the Taguchi experimental design method. 

Table 3. The conditions for conducting digestion experiments using the Taguchi experimental design method. 

Num 
Acid to Solid 

ratio (gr/gr) 

Digestion 
Time (h) 

Digestion 
Temperature 

Water to Solid ratio in 
Leaching (ml/gr)  

Leaching 
Temperature  

Leaching 
Time (h) 

1 1 5 220 6 50 3 

2 1.2 1 260 6 50 1 

3 1 3 180 8 50 1 

4 1 3 180 6 30 3 

5 0.8 1 220 8 50 5 

6 1 1 180 6 70 5 

7 1.2 1 220 4 70 3 

8 0.8 3 220 6 70 1 

9 1 3 220 4 30 5 

10 1.2 5 180 4 50 5 

11 0.8 5 180 8 70 3 

12 1 1 260 8 30 3 

13 0.8 5 260 6 30 5 

14 0.8 3 260 4 50 3 

15 1.2 3 260 8 70 5 

16 1.2 5 220 8 30 1 

17 0.8 1 180 4 30 1 

18 1 5 260 4 70 1 

3. Results and Discussion 

3.1. Direct Leaching Method 

In Figure 4, the average effect of each factor is shown while keeping other factors at their average 
levels. Based on the average effects, it is determined that temperature has the greatest impact on the 
recovery of rare earth elements. Additionally, after temperature, acid concentration has a greater 
influence on the recovery of rare earth elements compared to other factors. 
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Figure 4. The average effect of leaching factors on the recovery of rare earth elements 

Based on the results obtained from laboratory activities, it was determined that temperature is the 
most influential factor in the recovery of rare earth elements. Therefore, for subsequent experiments, 
an increase in temperature to higher levels was examined. 

The results also indicate that increasing the temperature from 90°C to 125°C under identical 
conditions enhances the recovery of rare earth elements from 72% to an average recovery of 81%. 
Based on the conducted leaching experiments, it was determined that temperature has the most 
significant impact on the recovery of rare earth elements. The highest recovery was observed at the 
boiling point of the solution (110–125°C). Additionally, factors such as acid concentration, liquid-to-
solid ratio, and leaching time also influence the recovery process. 

According to the experiments, the optimal conditions for these factors were found to be an acid-to-
solid ratio of 1.5, a liquid-to-solid ratio of 1.5, and a leaching time of 3 hours at 125°C. Under these 
optimal conditions, the recovery rates for rare earth elements, titanium, and iron were 80.1%, 89%, and 
81.2%, respectively. 

3.2. Direct Leaching Method 

The results of the digestion experiments conducted (Table 3) are presented in Table 4. This table 
includes the recovery rates of rare earth elements, titanium, and iron. 

Table 4. The results of the digestion experiments designed using the Taguchi experimental design method. 
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Num ∑REE Recovery (%) Ti Recovery (%) Fe Recovery (%) 

1 84.6 83.8 73.6 

2 87.0 88.0 75.2 

3 83.7 85.7 83.7 

4 88.2 85.3 85.2 

5 66.3 62.0 61.3 

6 67.0 63.4 69.6 

7 53.8 51.1 58.1 

8 64.7 60.9 68.3 

9 75.7 72.2 75.6 

10 84.6 89.8 84.9 

11 77.7 38.4 69.5 

12 69.8 62.4 65.9 

13 70.5 61.4 69.9 

14 59.0 53.8 62.2 

15 85.6 79.3 80.9 

16 64.8 46.1 55.5 

17 43.1 28.1 43.4 

18 86.8 84.4 77.0 

The results obtained from the digestion and leaching experiments, analyzed using Dx7 software, 
indicate that the absence of a condenser and the drying of the pulp have the greatest impact on the 
recovery of rare earth elements, leading to an increase in their recovery. After the effect of the 
condenser, the sulfuric acid-to-solid ratio has the next highest impact, where increasing the acid ratio 
enhances the recovery of rare earth elements. The effect of each factor on the recovery of rare earth 
elements is shown in Figure 7. Other factors have a lesser impact on the recovery rate, with their 
effects summarized as follows: 
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 Increasing the digestion time slightly increases the recovery of rare earth elements. 

 Increasing the digestion temperature also slightly increases the recovery of rare earth 
elements. 

 Increasing the leaching time does not affect the recovery of rare earth elements within the 
selected time range. 

 Leaching temperature has an inverse effect, where increasing the temperature slightly 
reduces the recovery. 

 Increasing the water-to-solid ratio during leaching slightly increases the recovery of rare 
earth elements. 

1.1.  
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Figure 5. the effect of digestion and leaching factors on the recovery of rare earth elements. 

Based on the analysis of the digestion experiment results, the conditions for maximum recovery of 
rare earth elements were determined. The optimal experimental conditions include a digestion 
temperature, a leaching time of 1 hour, a sulfuric acid-to-solid ratio of 1.2, a water leaching-to-solid 
ratio of 4, a water leaching temperature of 30°C, and a leaching time of 1 hour. 

For further investigation, the effects of digestion temperature and the sulfuric acid-to-solid ratio were 
examined. In these experiments, temperatures of 220°C and 260°C and acid-to-solid ratios of 1.2 and 
1.5 were evaluated. Additionally, in another experiment, the effect of increasing the digestion time 
from 1 hour to 2 hours was assessed. 

The results of these experiments, comparing digestion and leaching conditions with the optimal 
conditions, showed that increasing the temperature from 200°C to 260°C and increasing the sulfuric 
acid-to-solid ratio from 1.2 to 1.5 did not enhance the recovery of rare earth elements. Furthermore, 
the results indicated that extending the digestion time from 1 to 2 hours had no effect on the recovery 
of rare earth elements. 

The effect of reducing the water-to-solid ratio in leaching and the sulfuric acid-to-solid ratio was also 
investigated in other experiments. In these tests, water-to-solid ratios of 4 and 1.5 in leaching and acid-
to-solid ratios of 1.2 and 1 were examined. 
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The results indicate that reducing the acid ratio from 1.2 to 1 leads to a decrease in the recovery of rare 
earth elements and titanium. However, it was also found that reducing the water-to-solid ratio in 
leaching does not reduce the recovery of rare earth elements. Therefore, to increase the concentration 
of rare earth elements in the PLS (Pregnant Leach Solution), the water-to-solid ratio can be reduced. 

In another experiment, the effect of increasing the digestion temperature was investigated, where the 
digestion temperature was set at 400°C. The other conditions for digestion and leaching remained the 
same as the optimal conditions. 

The results show that increasing the temperature to 400°C does not result in a significant increase in 
the recovery of rare earth elements, and the optimal digestion temperature can be considered 220°C. 
However, increasing the digestion temperature reduces the recovery of iron. 

The results of the digestion experiments show that not using a condenser and allowing the pulp to dry 
has the greatest impact on increasing the recovery of rare earth elements. Following the effect of the 
condenser, the sulfuric acid-to-solid ratio has the next highest influence, where increasing the acid 
ratio improves the recovery of rare earth elements. 

 

4. Conclusions 

Based on the experiments conducted at this stage, the optimal conditions for digestion and subsequent 
leaching were identified. These conditions include a sulfuric acid-to-solid ratio of 1.2, a digestion 
temperature of 220°C, a digestion time of 1 hour, a minimum water-to-solid ratio of 1.5 during 
leaching, a leaching time of 1 hour, and a leaching temperature of 30°C. Under this optimal digestion 
and leaching conditions, the recovery rates of rare earth elements, titanium, and iron are 91.4%, 88.2%, 
and 72.4%, respectively. 

For direct leaching, the optimal conditions include a sulfuric acid-to-solid ratio of 1.5, a liquid-to-solid 
ratio of 1.5, and a leaching time of 3 hours at 130°C. Under these conditions, the recovery rates of rare 
earth elements, titanium, and iron are 80.1%, 89%, and 81.2%, respectively. 

The recovery achieved using the digestion and leaching method is higher than that obtained through 
sulfuric acid leaching at high temperatures. Moreover, the digestion method consumes less acid 
compared to high-temperature sulfuric acid leaching. Therefore, the digestion and leaching method 
has been identified as a more suitable approach for the dissolution of rare earth elements and 
titanium. 
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Abstract: 

In our country, a massive volume of slag is generated annually from steel production facilities, 
amounting to about 20 percent of the total steel produced. This slag is an important and valuable 
source for extracting vanadium, with 67 percent of the world's vanadium production sourced from 
slag. Iran ranks among the top five countries that possess this vital metal; however, vanadium 
extraction from slag has not been carried out to date. Moreover, due to the unstable quality of the slag, 
its utilization in other industries has not been feasible. To prevent the environmentally harmful effects 
of accumulating slag and the inability to utilize it in various industries, it is essential to implement an 
economic solution for recovering the components present in steel-making slag. In the present project, 
after sampling from the stored slag deposits at Mobarakeh Steel Company, comprehensive laboratory 
and pilot-scale studies were conducted on the representative samples. Through processes involving 
roasting with sodium carbonate, acid leaching with 2 M sulfuric acid, iron cementation, solvent 
extraction using DEHPA, stripping, and scrubbing, we successfully extracted pentoxide vanadium 
with high purity suitable for producing ferrovanadium. 

 

Keywords: slag of steel production, Vanadium oxidation in stripping, pentoxide vanadium 

1. Introduction 

Vanadium holds significant importance in the steel manufacturing industry. It is a crucial alloying 

element in many types of steel, particularly in high-strength low-alloy steels. The impact of increasing 

vanadium content leads to improved hardness and wear resistance. Iron alloys containing vanadium 

are harder and stronger than regular iron, exhibiting greater resistance to rust and corrosion. 

Furthermore, vanadium is utilized in non-ferrous alloys, especially in titanium-vanadium alloys and 

nickel-based superalloys, which are essential for the aerospace industry. Another application of 

vanadium is its role as a catalyst, which plays a special position in the chemical industries. One of the 

compounds used for this purpose is vanadium pentoxide (V2O5), which is employed in processes such 

as the oxidation of SO2 to SO3 in sulfuric acid production, the removal of sulfur from crude oil, and in 

the dye and ink manufacturing industries (Lindvall M., 2017; Diao J and et al., 2009; Coetsee T and 

Pistorius C, 2000; Zhang Y L and et al.,2011). 

Vanadium extraction from steel plant slag is generally carried out by two methods: hydrometallurgy 

and pyrometallurgy. The pyrometallurgical method typically has higher energy consumption and 

economic capacity compared to the hydrometallurgical method. In this process, ferrovanadium (FeV) 

is produced directly through smelting. However, the ferrovanadium produced by this method has a 

lower grade (40 to 50 percent), resulting in a lower vanadium recovery rate compared to 

hydrometallurgy. Additionally, the pyrometallurgical method requires higher investment than 
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hydrometallurgy and is less environmentally friendly due to the generation of toxic gases as 

byproducts (Howard. R.L. and et al., 1992; Xiao.Y. and et al, 2010). 

The hydrometallurgical method is more environmentally friendly with lower investment costs. One 

advantage of the hydrometallurgical method for extracting vanadium from slag is that it allows for 

the production of high-grade vanadium pentoxide, which can then be reduced with aluminum in 

combination with scrap and lime to obtain high-grade ferrovanadium (around 80 percent). In 

hydrometallurgy, if the vanadium content in the slag changes, it offers better flexibility compared to 

pyrometallurgy. Hydrometallurgical methods include salt roasting and aqueous, acidic, or alkaline 

leaching. The elements constituting the slag content from steel plants determine the effective 

hydrometallurgical method for extracting vanadium from iron slag (Tavakolikhaledi, M.R., 2014; 

Gupta C.K. and Krishnamurphy N., 1992).  

The calcium content present in the iron slag plays a significant role in process selection (Fang, H. X. 
and et al., 2015). The salt roasting-leaching with water method is applicable when the calcium content 
in the slag is very low. For every one percent increase in CaO, the percentage of V2O5 extraction 
significantly decreases. In 2012, Mr. Sheng Li and Bing Zhi, and also in 2015, Mr. Zhao Manyan and 
colleagues conducted hydrometallurgical studies to extract vanadium from iron slag. The slag 
contained a lot of calcium, so they recovered vanadium in the leaching solution by direct roasting 
without adding salt and then alkaline leaching(Xiao-Man Yan, and et al.,2015 ; Xin-sheng and Bing 
Xie, 2012).  

As mentioned, depending on the elements in the vanadium feed, either acidic or alkaline leaching can 

be used to extract vanadium. Mr. Deng studied the sample in the year of 2010 which used acidic 

leaching applying sulfuric acid (Deng, Z., Wei and et al., 2010).  

Furthermore, In 2017, research by Mr. Jiang et al. (Rare Metal Technology, 2017) focused on recovering 

vanadium using acid leaching after the roasting process. Acid leaching dissolves complex vanadium 

compounds formed during roasting, improving leaching efficiency. The research optimized the 

parameters of this acid leaching process to enhance vanadium recovery from the leaching solution, as 

also supported by other studies involving acid leaching and solvent extraction for vanadium recovery 

from various sources like clay vanadium ore and oil-fired boiler slag. This approach addresses the 

challenge of extracting valuable vanadium from complex matrices. 

Following the leaching process, solvent extraction process is vital to transfer vanadium from aqueous 

phase to organic phase. Depending on the associated elements and primary leaching, various types of 

solvent extractors can be used (Bal Y., and et al, 2004; El-Nadi, Y.A., and et al, 2009; Biswas R.K. and 

Mondal M.G.K., 2003; Hughes M.A., 1991) 

In 2021, Liu Y. and his colleagues obtained a new aproach of stripping process via transferring 

vanadium from the organic phase to the aqueous phase using only the vanadium oxidation method 

(Liu Y., and et al., 2021) 

In our country, a huge volume of slag is obtained annually from steel manufacturing plants. The 

amount of slag is approximately 20 percent of the steel produced and is the most important valuable 

source for the extraction of vanadium, accounting for 67 percent of the world's vanadium production. 

Despite having significant vanadium reserves, Iran is classified among the top five countries 

possessing this vital metal; however, vanadium extraction has not been carried out so far. 

Furthermore, due to the unstable quality of the slag, its use in other industries has not been feasible. 

Therefore, the aim of this project is to enable the production of vanadium pentoxide from slag as a 

valuable source of vanadium under optimal technical and economic conditions. Additionally, the 
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waste generated from the processes of this project contains minimal harmful materials and can be 

utilized in other industries. 

2. Material and methods 

2.1. Sample preparation and comminution 

In order to study the slag of the Isfahan Steel Plant, samples were first taken from the slag depot. The 
slag generated from several years of steel production has been collected in multiple depots at the 
Mobarakeh Steel Company site. Sampling from the depots was carried out to select a representative 
sample, in consultation with colleagues from Mobarakeh Steel Company, as follows: Initially, three 
samples, each weighing approximately 100 tons on average, were selected under the careful 
supervision of IMPRC experts from different points within the new slag depots. These samples were 
then transferred to another location using specialized machinery. After several rounds of division and 
homogenization of the samples, approximately 15 tons of the sample were sent to the Iran Mineral 
Processing Research Center as the representative sample. 

The sent slag sample was crushed to under one inch using a jaw crusher. After homogenizing the 
sample manually, a control sample was selected and stored using a conical method in a single step. 
The remaining sample was crushed using a cone crusher with an output aperture size of 3 millimeters 
in a closed circuit with a 3-millimeter sieve for control. The sample was then divided into 1-kilogram 
representative sample packages using a rotary splitter.  

2.2. Sample Identification 

complete chemical analysis and XRF studies were conducted on the representative sample. 
Mineralogical studies were also performed on it. These mineralogical studies included X-ray 
diffraction (XRD), microscopic studies, and SEM. The results of the complete chemical analysis are 
presented in Table 1. Additionally, the results of the XRF studies are provided in Table 2. 

Table 1. Results of the full Chemical Analysis of the Mobarakeh Steel Slag Sample 

Ag 
(ppm) 

Al 
(%) 

As 
(ppm) 

Be 
(ppm) 

Bi 
(ppm) 

Ca 
(%) 

Cd 
(ppm) 

Ce 
(ppm) 

Co 
(ppm) 

Cr 
(ppm) 

<1 1.51 <10 <2 <20 14.93 <1 101 8 119 

Cu 
(ppm) 

Fe 
(%) 

K 
(%) 

La 
(ppm) 

Mg 
(%) 

Mn 
(ppm) 

Mo 
(ppm) 

Na 
(%) 

Ni 
(ppm) 

P 
(%) 

8 27.93 0.16 71 4.41 1325 <2 0.47 <10 0.2 

Pb 
(ppm) 

S 
(%) 

Sb 
(ppm) 

Sc 
(ppm) 

Sr 
(ppm) 

Ti 
(%) 

V 
(ppm) 

Y 
(ppm) 

Zn 
(ppm) 

 

36 <0.1 <20 <5 86 0.47 6037 27 39 

Table 2. XRF study results of the Mobarakeh Steel Slag Sample 

SiO2 
(%) 

Al2O3 
(%) 

CaO 
(%) 

MgO 
(%) 

TiO2 
(%) 

Fe2O3 
(%) 

MnO 
(%) 

SO3 
(%) 

17.03 3.65 27.65 5.49 .78 39.93 0.32 0.06 

P2O5 
(%) 

Na2O 
(%) 

K2O 
(%) 

V2O5 
(%) 

SrO 
(%) 

Cl 
(%) 

L.O.I 
(%)  

0.32 0.59 0.18 1.08 <.1 <.1 - 
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-XRD studies result 

XRD studies were conducted on several different samples taken from various slag deposition areas, 
and it was determined that the majority of the contained minerals include merwinite, wuestite, 
fayalite, gehlenite, perovskite, and magnetite. Quartz, calcite, hedenbergite, monticellite, dolomite, 
grossular, diopside, anorthite, hematite, and akermanite were identified as minor minerals in some 
samples. Figure 1 shows the results of the XRD study. 

 

Fig1. XRD studies on the slag sample 

-Microscopic studies result 

The results of microscopic studies on the reference sample also indicated that the sample is composed 
of two phases: metallic and silicate. The metallic phase of the sample is predominantly made up of 
iron metal and both divalent and trivalent iron oxides. The silicate phase consists mainly of quartz 
(high-temperature silica), cristobalite, fayalite, which is the most significant constituent of the silicate 
in the slag, and pyroxene (mainly diopside). The texture of most slag particles is flow-like, sometimes 
displaying a glassy and shiny texture. Porosity is observed on the surface of most grains. The iron 
present in the sample is seen in the form of wuestite, a divalent iron oxide, which is the final reduction 
product of iron. However, in most cases, trivalent iron (magnetite) is also observed, exhibiting 
idiomorphic and dendritic textures. The approximate abundance of magnetite can be estimated at 10 
to 15 percent. Magnetite is fully embedded within the silicate phases (quartz, fayalite, and pyroxene). 
Magnetite has been oxidized to hematite and, in some cases, to goethite, which is observed in the 
sample. Other minerals present in the sample, estimated at approximately 3 to 5 percent in crystalline 
form, include calcite and dolomite. 

-SEM studies result 

SEM studies were conducted on samples with fractionation (0.106+0.031-), (0.038+0.075-), and 
(0.075+0.106-). The results of the SEM studies indicated a significant amount of iron oxides (primarily 
magnetite and occasionally hematite) present in the sample, with the interaction of magnetite with 
perovskite and pyroxene observable in various parts of the sample. The ragged texture of magnetite is 
evident in the sample. Some dendritic iron formations are also present in the sample, which are, in 
some areas, associated with magnetite and pyroxene. Additionally, several phases containing iron, 
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titanium, vanadium, and aluminum were identified. The identified minerals in the sample include 
some calcite, minor chalcopyrite, chlorite, quartz, albite, and diaspor. 

2.3.  Processing studies  

The following processes were carried out to extract vanadium from slag; which includes roasting with 
sault, Acid Leaching, solvent extraction, stripping and precipitation.  

2.3.1. Roasting and Acid Leaching 

In the roasting processes, sodium carbonate (Na2CO3) was used. It is worth mentioning that, in 
addition to this salt, other salts such as sodium sulfate (Na2SO4) and sodium chloride (NaCl) were also 
tested. However, nowadays, the use of sodium carbonate is more common due to its environmental 
compatibility, and the recovery of vanadium using sodium carbonate is greater than that achieved 
with the other mentioned salts. 

Roasting with salt leads to the formation of sodium vanadate (NaVO3), which is soluble in water. In 
the next stage, the sodium vanadate obtained from the roasting process can be recovered using a 
leaching process. Leaching has been studied in both acidic and alkaline forms. In both cases, the 
investigated parameters were optimized, and it was found that the vanadium recovery from the 
roasting and alkaline leaching process was lower than that from the roasting and acidic leaching 
process. Therefore, acidic leaching was selected, and the factors under investigation and optimization 
will be described further.  

-The Effect of Salt Weight Percentage in the Roasting Process on Vanadium Recovery 

The effect of Na2CO3 salt at weight percentages of 0, 10, 15, 20 and 30 on vanadium extraction from 
slag was evaluated during the roasting process. Since sodium vanadate begins to form at 
temperatures above 500 degrees, the initial roasting temperature was set at 600 degrees for 150 
minutes for all experiments. The conditions for the roasting and acidic leaching processes are 
presented in Table 3. Except for the weight percentage, the other parameters were kept constant. 
Figure 2 illustrates the vanadium recovery as a function of the salt weight percentage in the roasting 
process. It can be observed that as the percentage of sodium carbonate salt increases from 0 to 15 
percent during the roasting process, the percentage of vanadium recovery in the leaching solution 
increases from 86.4 percent to 95.6 percent. However, when the weight percentage of sodium 
carbonate salt in the roasting process was raised to 30%, the vanadium recovery stabilized and even 
experienced a slight decrease. Therefore, a weight percentage of 15 percent was selected as the optimal 
percentage for subsequent stages. Additionally, in examining the effect of Na2CO3 salt in the roasting 
and acidic leaching processes on iron dissolution, it was observed that at a salt weight percentage of 
15 percent, the maximum iron dissolution reached 87.6%.  

Table3. Conditions of conducted experiments to evaluate the effect of sault additive 

Particle 
size 

(d80 µm) 

Roasting Condition Leaching Condition 

Additive 

(%W) 

Temp 

(°C) 

Time 

(min) 

Agent 
Name 

Agent 
(Molarity) 

S/L 
Time 

(min) 

Temp 

(°C) 

75 0,10,15,20 600 150 H2SO4 2 1/10 150 90 
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Fig2. The effect of sault additive on vanadium recovery 

-The Effect of Roasting Temperature on Vanadium Recovery 

The roasting temperature was evaluated at four levels: 600, 800, 1000, and 1100 degrees Celsius for 
vanadium extraction from slag, according to the experimental conditions outlined in Table 4. Figure 3 
shows the vanadium recovery as a function of roasting temperature. It can be observed that as the 
roasting temperature increases from 600 degrees Celsius to 1000 degrees Celsius, the percentage of 
vanadium recovery in the leaching solution increases; however, beyond this, at 1100 ºC, it decreases 
from 95 percent to 88 percent. Therefore, a roasting temperature of 1000 ºC was selected as the optimal 
roasting temperature for subsequent stages. It is noting that at the roasting temperature of 1000 ºC, 
where vanadium recovery is maximized, the iron dissolution is also maximized.  

Table 4.the conditions of conducted experiments to evaluate the effect of roasting temperature 

Particle 
size 

(d80 µm) 

Roasting Condition Leaching Condition 

Additi
ve 

(%W) 

Temp 

(°C) 

Time 

(min) 

Agent 
Name 

Agent 
(Molarity) 

S/L Time 

(min) 

Temp 

(°C) 

75 15 600,800,1000,1100 150 H2SO4 2 1/10 150 90 

 

Fig3. The effect of roasting temperature on vanadium recovery  

 

-The Effect of Roasting Time on Vanadium Recovery 

The effect of roasting time on vanadium extraction from slag was evaluated according to the 
experimental conditions outlined in Table 5. Figure 4 illustrates the vanadium recovery as a function 
of roasting time. In Figure 4, it can be observed that as the roasting time increases from 45 minutes to 
90 minutes, the percentage of vanadium recovery in the leaching solution remains relatively stable at 
about 92 percent. However, as the roasting time increases from 90 minutes to 150 minutes, the 
percentage of vanadium recovery in the leaching solution increases from 92 percent to 95.73 percent. 
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Therefore, a roasting time of 150 minutes was selected as the optimal roasting time for subsequent 
stages.  

Table5. the condition of conducted experiments to evaluate the effect of the roasting time 

Particle 
size 

(d80 µm) 

Roasting Condition Leaching Condition 

Additive 

(%W) 

Temp 

(°C) 

Time 

(min) 

Agent 
Name 

Agent 
(Molarity) 

S/L Time 

(min) 

Temp 

(°C) 

75 15 1000 45,90,150 H2SO4 2 1/10 150 90 

 

 
Fig4. The effect of roasting time duration on vanadium recovery  

 

-The effect of sulfuric acid concentration on vanadium extraction 

The effect of sulfuric acid concentration on the extraction of vanadium from slag was evaluated 
according to the experimental conditions stated in Table 6. Figure 5 shows the vanadium recovery 
curve relative to acid concentration. It can be observed that as the concentration of sulfuric acid 
increases from 1 molar to 2 molar, the percentage of vanadium extraction in the leaching pregnant 
solution increases from 62% to 95.6%. However, with a further increase in acid concentration from 2 
molar to 3 molar, the percentage of vanadium extraction in the leaching pregnant solution remains 
almost constant, with only a slight increase from 95.73% to 96%. Therefore, the 2 molar acid 
concentration was selected as the optimal concentration for subsequent stages. Additionally, at a 3 
molar sulfuric acid concentration, where the dissolution of vanadium is maximized, the dissolution of 
iron is also at its maximum, equal to 93.83%. In contrast, at a 2-molar sulfuric acid concentration, the 
dissolution of iron is lower, at 87.7%. 

Table 6. the condition of conducted experiments to evaluate the effect of acid molarity in leaching process 

Particle 
size 

(d80 µm) 

Roasting Condition Leaching Condition 

Additive 

(%W) 

Temp 

(°C) 

Time 

(min) 

Agent 
Name 

Agent 
(Molarity) 

S/L Time 

(min) 

Temp 

(°C) 

75 15 1000 150 H2SO4 1,2,3 1/10 150 90 

91

92

93
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95

96

45 95 145

276



 IMPRS 2025 19-21 May, Alborz, Iran  

8 

 

 
Fig5. The effect of acid molarity in leaching process on vanadium recovery  

-The effect of the liquid-to-solid ratio on vanadium extraction 

The effect of the liquid-to-solid ratio at ratios of (5, 10, 15) in the leaching process on the extraction of 

vanadium from slag was evaluated according to the experimental conditions stated in Table 7. Figure 

6 shows the vanadium recovery curve relative to the liquid-to-solid ratio in the leaching process. As 

seen in Figure 6, with an increase in the liquid-to-solid ratio from 5 to 10, the percentage of vanadium 

extraction in the leaching pregnant solution increases from 68% to 95.6%. However, with a further 

increase in the liquid-to-solid ratio from 10 to 15, the percentage of vanadium extraction in the 

leaching pregnant solution remains constant. Therefore, a liquid-to-solid ratio of 10 was selected as the 

optimal ratio for subsequent stages. 

Table7. the condition of conducted experiments to evaluate the effect of L/S in leaching process 

Particle 
size 

(d80 µm) 

Roasting Condition Leaching Condition 

Additive 

(%W) 

Temp 

(°C) 

Time 

(min) 

Agent 
Name 

Agent 
(Molarity) 

L/S Time 

(min) 

Temp 

(°C) 

75 15 1000 150 H2SO4 2 5,10,15 150 90 

 
Fig6. The effect of L/S ratio in leaching process on vanadium recovery 

 

 -The effect of acid leaching time on vanadium recovery 

The effect of acid leaching time on vanadium recovery was examined according to Table 8. The results 

are presented in Figure 7. As shown in Figure 7, with an increase in leaching time from 60 to 90 

minutes, the vanadium extraction in the leaching pregnant solution increases from 89.79% to 92%. 

Furthermore, with an increase in leaching time from 90 to 150 minutes, the percentage of vanadium 
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extraction in the leaching pregnant solution rises from 92% to 95.6%. Furthermore, at a leaching time 

of 150 minutes, where the dissolution of vanadium is maximized, the dissolution of iron is also at its 

maximum, equal to 87.87%. 

 

 

 

Table 8. the condition of conducted experiments to evaluate the effect of leaching time duration 

Particle 
size 

(d80 µm) 

Roasting Condition Leaching Condition 

Additive 

(%W) 

Temp 

(°C) 

Time 

(min) 

Agent 
Name 

Agent 
(Molarity) 

S/L Time 

(min) 

Temp 

(°C) 

75 15 1000 150 H2SO4 2 1/10 60,90,150 90 

 

Fig7. The effect of leaching time duration on vanadium recovery  

-Optimized condition  

The optimal conditions for roasting with sodium carbonate and leaching with sulfuric acid, as well as 

the amount of vanadium recovery in the leaching solution, are shown in Table 9.  

Table 9. the optimized condition of roasting and leaching processes 

Particle 
size 
(d80 
µm) 

Roasting Condition Leaching Condition 
V-

Recovery 

(%) 

Additiv
e 

Temp Time Agent 
Name 

Agent 
(Mollar) 

S/L 
Time Temp 

(%W) (°C) (min) (min) (°C) 

75 15 1000 150 H2SO4 2 1/10 150 90 95.6 

After vanadium has entered the leaching solution, it must be transferred from the aqueous phase to 

the organic phase using a solvent extraction process. 
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2.3.2.  Iron cementation process and its necessity before solvent extraction with D2EHPA 

The leaching solution content is mostly in the form of ferric ions (Fe3+), which compete with vanadium 

for transfer to the organic phase. To prevent iron from entering the organic phase, Fe3+ should be 

converted to Fe2+ as much as possible. Using the cementation process, ferric iron can be converted to 

ferrous iron by adding iron powder (reaction 1) under the following conditions as shown in Table 10.  

(1) Fe0 + 2Fe3+ = 3Fe2+ 

 

 

 

Table 10. condition of Fe cementation process 

Ambient Temp. Temperature 

1 hour Time duration 

15 minutes of argon gas blowing into the solution before adding 
metallic iron – 0.5 liters/minute of argon gas blowing during the test 

 

Deoxygenation 

Iron powder – 1.2 times the stoichiometric amount of total iron in the 
leaching solution 

 

The amount of Fe 
powder 

2.3.3. Solvent extraction process 

After the cementation process and the conversion of ferric ions to ferrous, the solvent extraction 

process was carried out with a ratio of organic phase to aqueous phase of one to one under optimal 

conditions. By using an organic phase containing 10% D2EHPA and a kerosene diluent, it was 

possible to transfer about 96% of the vanadium content to the organic phase and only 2% of the iron to 

the organic phase. It is noted that the suitable pH for leach solution in solvent extraction is 1; 

therefore, some amount of NaOH was added before that. 

2.3.4. Investigation of the effect of vanadium concentration in the organic phase on the 
extraction rate of vanadium 

In order to investigate the effect of vanadium concentration in the organic phase on the extraction rate 

of vanadium, solvent extraction experiments were conducted in several stages. In the first stage, the 

leaching solution after cementation was contacted with the fresh organic phase (Step1). In the second 

stage, the leaching solution after cementation was contacted with the fresh organic phase of the first 

stage (Step2). These stages continue until the crud is formed. The experiments showed that the crud 

was formed after three stages. In the first stage, 95% of vanadium was extracted from the leaching 
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solution; in the second stage, 56%; and finally, in the third stage, only 11% of vanadium was extracted 

(Fig8).  

 

Fig8. the effect of vanadium concentration in the organic phase on the extraction rate of vanadium 

Since it is difficult to separate the valuable material from the organic phase, it is necessary to transfer 

the valuable material back to the aqueous phase. Therefore, in the stripping process, the aqueous 

phase is contacted with a charged organic phase to allow the transfer of vanadium metal from the 

organic phase to the aqueous phase. 

2.3.5. Stripping process 

The stripping process often takes longer than the solvent extraction process because the kinetics of the 

stripping process are slower than that of solvent extraction. 

Different aqueous phases were evaluated for the stripping process. 

First, acid was used in the aqueous phase. The recovery of vanadium was very low when using 

hydrochloric and sulfuric acids. In the case of nitric acid (in aqueous phase conditions of 4M, VO/VA = 

4.1), the recovery was about 50%, and in the saturated state, the vanadium content was only 1 g/l, and 

during the precipitation stage, vanadium was not precipitated. 

In the second study, alkali was also used in the organic phase. In the first stage (in aqueous phase 

conditions of 4M, VO/VA = 4.1), the recovery was about 50%, but in the concentration stage, a huge 

volume of viscous precipitate was formed in the aqueous phase, which could not be separated. 

Direct precipitation from the organic phase was also investigated. In this method, a solution of 

ammonium sulfate in water is selected as the aqueous phase. The amount of ammonium sulfate is 2 

times the stoichiometry of the vanadium content in the organic phase. The stripping process was 

carried out for 4 hours at a temperature of 50 ° C with a ratio of organic phase to aqueous phase of 3 to 

1. After separating the two phases from each other, it was determined that no precipitation had 

occurred. 

But in the end, the solution to the vanadium stripping process was obtained; That was the oxidation of 

vanadium. In this way, the aqueous phase consists of water with a pH of about 6.5 to 8 and 2% by 
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volume of hydrogen peroxide. The ratio of organic phase to aqueous phase is 3 to 1 and the duration 

of its execution is less than 2 minutes.  In order to concentrate vanadium in the aqueous phase, a three-

step stripping process is performed with fresh organic phase. Then, the color of the aqueous phase 

solution becomes ochre, containing 8 g/L of vanadium (Figure 9). 

 

Fig9. the aqueous phase containing 8 g/L vanadium 

2.3.6. Precipitation process 

At this stage, the stripped solution is kept around 90°C for 6 hours and then under 60°C for 24 hours 
with a condenser. After filtering, 75% of the vanadium in the solution has precipitated. The results of 
this experiment show that heat and time duration of heating are an important and effective factors in 
the precipitation of vanadium. After calcination at 550°C for 2 hours, V2O5 containing 75% vanadium 
with the purity of 86.2% was obtained  

3. Result and Disscution  

3.1. Operational flowsheet 

After doing full study at laboratory scale, the flowsheet for the process of extracting vanadium from 

steel plant slag is obtained which is shown in the figure 10.  By performing a set of effective technical 

processes, vanadium extraction from steel plant slag under optimal conditions has become possible 

which leads to vanadium pentoxide production with a grade of 86.2%.  
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Fig10. flowsheet of processes to product V2O5 from slag 

3.2. Semi-industrial implementation 

Vanadium pentoxide flowsheet was implemented on pilot scale thorough these processes: 

-100 kg of steel slag sample was crushed to less than one inch by jaw crusher. It was then crushed by a 

cone crusher with an outlet size of 3 mm in a closed circuit with a 3 mm control screen. Then it 

was milled in a closed circuit to a size of d80=75 mµ. 

-Roasting and acid leaching process was performed on 100 kg of material. To avoid adding NaOH 

solution to adjust pH, the sodium carbonate salt was increased by 30% in the roasting process to bring 

the pH of the leaching solution to approximately 1, thus preventing its dilution. Roasting conditions 

included temperature of 1000 degrees for 150 minutes with addition of 30% by weight of sodium 

carbonate salt. Acid leaching was also performed under temperature conditions of 90 ºC, solid to 

liquid ratio of 1 to 10, for 150 minutes with 2 molar sulfuric acid. 

-The solvent extraction, stripping and scrubbing processes were carried out in a continuous circuit as 

follows: The organic phase consists of 10% D2EHPA and kerosene diluent. The solvent extraction 

process was carried out with a ratio of aqueous to organic phase of 1:1 for 40 minutes. After the 

solvent extraction process was completed and stabilized, the stripping process was carried out. In the 

stripping process, the aqueous phase consists of water (pH=6-8) and 2% by volume of H2O2. The 

stripping process was performed in 6 steps with a ratio of aqueous to organic phase of 1:1 for 2 

Comminution 

Roasting and Acid Leaching 

Stripping 

Precipitation and calcination 

V2O5 Product with purity of 86.2% 

Fe Cementation and solvent 

extraction 
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minutes. The organic phase was scrubbed with 2 molar sulfuric acid for 20 minutes after loading, and 

then 70% of it was mixed with 30% of the organic phase of the carpet and returned to the beginning of 

the circuit. 

-The aqueous phase containing vanadium from the stripping process was heated at 90°C for 6 hours, 

then at 60°C for 48 hours. After filtration, the calcination process was carried out at 550°C for 2 hours, 

and vanadium pentoxide was obtained with a purity of 86.2%. 

The final product of vanadium pentoxide is shown in Figure 11, and its full analysis is also given in 

Table 11.A semi-industrial scale operational flowsheet along with a mass balance is illustrated in 

figure 12. The overall recovery of the processes is 70%.  

 

Fig11. Pentaoxide vanadium product  

Table11. Full analysis of Pentaoxide vanadium product 

Ag(ppm) Al(%) As(ppm) Be(ppm) Bi(ppm) Ca(%) Cd(ppm) Ce(ppm) Co(ppm) Cr(ppm) 

<1 0.09 15 <1 <20 0.62 <1 31 15 16 

Cu(ppm) Fe(%) K(%) La(ppm) Mg(%) Mn(ppm) Mo(ppm) Na(%) Ni(ppm) P(%) 

779 0.26 0.08 11 0.23 85 498 1.2 116 2.01 

Pb(ppm) S(%) Sb(ppm) Sc(ppm) Sr(ppm) Ti(%) V(%) Y(ppm) Zn(ppm) 

80 <0.1 <20 <5 106 0.1 48.29 7 526 

3.3. Environmental study on leaching waste 

After acid leaching and filtering, leaching cake (waste) is produced. (About 900 grams of waste per 
kilogram of leaching feed). According to the information of Table12, the levels of iron, magnesium, 
and other interfering elements in the leach cake are minimized (Environmental Protection 
Agency,2023). Concequently, The waste is free of harmful heavy metal elements in nature and it is 
unobstructed in terms of water pollution standards. 
By adding appropriate additives and without the need for crushing, it is possible to use the waste in 
the cement and road construction industries 

Table12. Environmental study of waste generated from the acid leaching process 

  
Ag  

(ppm) 
As  

(ppm) 
Cd 

(ppm) 
Co 

(ppm) 
Cr  

(ppm) 
Cu  

(ppm) 
Mo 

(ppm) 
Ni  

(ppm) 
Pb  

(ppm) 
Sb 

(ppm) 
V 

(ppm) 
Zn  

(ppm) 

Leaching waste 
2 14 1> 5 76 157 28 38 32 20 208 19 

Soil Pollution 
Standard Values 
-Environmental 

Protection 
20 17 3.9 20 64 63 4 50 300 20 130 200 
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Soil 
Contamination 

Standard Values 
-Groundwater 

Protection 
100 100 20 1000 3000 1500 100 600 300 12 500 3000 

 

4. Conclusions 

The extraction of vanadium from the steelmaking slag of the Isfahan Steel Company has been studied 
at laboratory and semi-industrial scales under optimized conditions. The slag from the Isfahan Steel 
Company contains 0.6% vanadium and 28% iron. In this study, a combination of mineral processing 
methods such as roasting with salt, acid leaching, solvent extraction, stripping, and precipitation was 
employed to obtain vanadium pentoxide (V2O5) concentrate with a grade of 86.2%. Furthermore, the 
vanadium recovery after the entire process was 70%.  

It is noteworthy that in the stripping stage, nearly complete extraction of vanadium from the organic 
phase was achieved solely using an oxidation process in a neutral pH aqueous phase. Another 
important point is that after acid leaching in this process, the levels of iron, magnesium, and other 
interfering elements in the leach cake are minimized, allowing for its utilization in other industries, 
such as the cement industry. 
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Fig12. Semi-industrial implementation with mass balance 
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Abstract: 

Mining is crucial for the development of human society. A significant amount of iron ore tailings, a key 
secondary mineral resource, is generated globally. This study investigated the liquid-liquid extraction 
of iron (III) from tailings produced by the Sangan Khorasan Steel Mining Industries Company's 
concentration process, using hydrochloric acid leaching combined with a tributyl phosphate (TBP)-
methyl isobutyl ketone (MIBK) mixture in kerosene. The effects of parameters such as contact time, 
hydrochloric acid concentration, and TBP-MIBK concentration on extraction efficiency were examined. 
Under optimized conditions – a 3:1 TBP-MIBK ratio, 9 M hydrochloric acid, and a 3-minute contact time 
at 20 °C – the extraction efficiency of iron (III) exceeded 98%."

 

Keywords: Liquid-liquid extraction, Leaching process, Iron Ore Tailings, Tributyl Phosphate, Methyl Isobutyl 
Ketone 

1. Introduction 

Iron ore processing involves operations to modify the particle size distribution and increase the iron 
content, without changing the chemical or physical identity of the minerals (Lima and Abreu, 2020). 
During mining, iron ore tailings are produced. The production of iron ore tailings (coarse or fine 
tailings) is estimated to be 20–40% of the total mining weight (Lima and Abreu, 2020). Iron ore tailings 
occupy huge areas of land and cause environmental pollution, therefore, the recovery and utilization of 
the iron remaining in iron ore tailings is very important to save iron resources (Dauce et al., 2019). 

The solvent extraction technique is known as an excellent separation method due to its ease, simplicity, 
speed, and wide scope (Morrison, 1950). The solvent extraction method is more effective and attractive 
for the separation of metals than the precipitation method, because in this method, the separation is 
almost complete and the operation time is much shorter compared to the precipitation method. The iron 
ore tailings can be used to recover pure iron by the liquid-liquid extraction process. The use of 
hydrochloric acid to dissolve iron ore generally results in a solution with a high iron concentration 
(Alafara et al., 2005). Iron (III) has a high tendency to form complexes that can be selectively extracted 
by TBP-MIBK (Saji et al., 1998). 

In this study, iron (III) in iron ore tailings produced in the concentration process of Sangan Khorasan 
Steel Mining Industries Company was separated by liquid-liquid extraction and the effect of various 
factors including contact time, hydrochloric acid concentration, and tributyl phosphate methyl isobutyl 
ketone concentration on the extraction efficiency was investigated. 
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2. Material and methods 

2.1. Material 

2.1.1. Commercial extractant tributyl phosphate (TBP) 

2.1.2. Methyl isobutyl ketone (MIBK) 

2.1.3. Kerosene 

2.1.4. Distilled water 

2.1.5. Hydrochloric acid (HCl) 

2.2.  Laboratory Equipment 

2.2.1. Laboratory shaker 

2.2.2. decanter funnel 

2.2.3. spectrophotometer 

2.2.4. common laboratory glassware 

2.3. Methods 

First, a tailings sample was obtained from the iron ore tailings dam of the Khorasan Sangan Steel Mining 
Industries Company and prepared according to the ISO 3082 standard (ISO 3082, 2017). Then, 10 grams 
of the tailings sample were dissolved via hydrochloric acid leaching at 100°C, and the iron(III) 
concentration in the resulting solution was determined. The extraction experiments were performed by 
mixing equal volumes (25 mL) of the aqueous phase (leaching liquid) with the organic phase containing 
TBP-MIBK. The TBP-MIBK was prepared at molar ratios of 1:1, 2:1, 3:1, and 4:1, diluted in kerosene, and 
added to the reaction medium. The mixture was then stirred mechanically (300 rpm) for 4 minutes at 
20°C. After phase separation, the iron(III) concentration in the aqueous phase was determined 
spectrophotometrically by measuring the absorbance at 465 nm. The concentration of iron(III) in the 
organic phase was calculated from the mass balance. The extraction percentage (%E) was calculated 
using Equation (1): 

%E= 100D/(D + Vaq/Vorg)                                                                                                                        (1) 

Where V represents the volume of the two aqueous and organic phases and D is the distribution ratio 
of iron (III) in the organic and aqueous phases, which can be calculated based on equation (2). 

D= [Fe]org/[Fe]aq                                                                                                                                                                                               (2) 

3. Results and Discussion 

A chemical analysis of iron ore tailings was performed, and the results are summarized in Table 1. Ten 
grams of iron ore tailings were mixed with 90 mL of hydrochloric acid in an oil bath at 373 K for 2 hours 
while stirring at 200 rpm to extract iron species. After the process was completed, the cooled solution 
was filtered to separate it from the remaining sediment. The filtered solution contained ferric chloride 
(FeCl₃) with an iron concentration of 0.025 M and achieved an extraction efficiency of 94%. 

289



 IMPRS 2025 19-21 May, Alborz, Iran  

3 

 

Table 1. Chemical properties of iron ore tailings 

Parameter Value 

Fe (%) 21.07 

FeO (%) 10.74 

SiO2 (%) 25.73 

CaO (%) 18.70 

MgO (%) 3.70 

Al2O3 (%) 7.43 

 

3.1. Effect of Time on Iron (III) Extraction 

To evaluate the effect of time, all other parameters were held constant. The specific conditions were as 
follows: iron (III) concentration of 0.025 M, hydrochloric acid concentration of 5 M, TBP to MIBK ratio 
of 3:1, aqueous to organic phase ratio of 1:1, stirring speed of 300 rpm, and a reaction temperature of 20 
°C. The results of time’s effect on extraction are depicted in Figure 1. As shown, increasing the contact 
time from 10 seconds to 60 seconds resulted in a rapid increase in iron extraction from 43% to 84%. 
Beyond this point, the extraction rate plateaued. Therefore, a reaction time of 3 minutes was selected for 
all subsequent experiments. 

 

Fig. 1. Effect of time on iron (III) extraction 

3.2. Effect of Hydrochloric Acid Concentration on Iron (III) Extraction 

The concentration of hydrochloric acid plays a crucial role in iron extraction. It has been reported that 
FeCl₃, in the presence of HCl, aids in the formation of HFeCl₄, which can then interact with TBP-MIBK 
in the extraction complex, facilitating the extraction reaction (Saji and Reddy, 2001). The effect of HCl 
concentration, ranging from 1 M to 11 M, on iron (III) extraction was examined, as illustrated in Figure 
2. The data reveal that the percentage of iron (III) extraction increases with higher HCl concentrations. 
Hence, Hcl 9 M was determined to be the optimal concentration, resulting in an extraction efficiency of 
approximately 89.40%. 
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Fig. 2. Effect of hydrochloric acid concentration on iron (III) extraction 

3.3. Effect of TBP and MIBK Ratio on Iron (III) Extraction 

The influence of the TBP to MIBK ratio (1:1, 2:1, 3:1, and 4:1) on iron (III) extraction was assessed under 
conditions of 3 minutes stirring time, 0.025 M iron (III), an aqueous to organic phase ratio of 1:1, stirring 
speed of 300 rpm, and a temperature of 20 °C. The results are presented in Figure 3. It was observed 
that the percentage of iron (III) extracted increased significantly, from 85.37% to 98.12%, with the rising 
TBP to MIBK ratio. 

 

Fig. 3. Effect of TBP and MIBK ratio on iron (III) extraction 

4. Conclusions 

The solvent extraction technique is recognized as an excellent separation method due to its ease of use, 
simplicity, speed, and versatility. Given the gradual depletion of high-grade iron ore reserves, there is 
an increasing interest in utilizing the vast resources of low-grade iron ore and iron ore tailings generated 
during the concentration process as a secondary source of iron. Iron (III) was successfully separated 
from the tailings produced in the concentration process of the Sangan Khorasan Steel Mining Industries 
Company using a liquid-liquid extraction method. This method involved a mixture of tributyl 
phosphate (TBP) and methyl isobutyl ketone (MIBK) in kerosene. Various parameters, including contact 
time, hydrochloric acid concentration, and the TBP-MIBK ratio, were investigated to optimize extraction 
efficiency. Under the optimized conditions of a TBP-MIBK ratio of 3:1, 9 M hydrochloric acid, and a 
contact time of 3 minutes at 20 °C, the extraction efficiency for iron (III) exceeded 98%. This process 
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demonstrates a valuable method for extracting iron (III) from low-grade iron ore and iron ore tailings, 
serving as a sustainable source of iron. 
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Abstract: 

A comprehensive sampling campaign was carried out to minimize particle size, enhance product 
fineness to meet mill requirements, and evaluate capacity expansion opportunities. To ensure process 
continuity during 2nd ballmill maintenance activities, such as liner, gearbox, and pinion replacements, 
a bypass route for 2nd ballmill was introduced. This innovation stabilized the process, preventing 
declines in both concentrate quality (Fe=67%) and production rates. 

The project also focused on optimizing the circulating load, establishing the mass balance for breaking 
the largest feed particles, and calculating the energy needed to gain the target comminution size 
(P80=100 Micron). Trommel performance and operational conditions were thoroughly analyzed, 
leading to optimized circulating load and changing liner/lifter size for enhanced efficiency. 

These measures ensured uninterrupted concentrate production during repairs while maintaining 
product output and quality. Additionally, modifications in the milling circuit improved charge 
behavior without compromising mill capacity. 

The average availability of the production line was 78%, highlighting challenges in production 
stability due to equipment aging and maintenance demands. However, in 2024, the implementation of 
key process improvements—specifically optimizing the 2nd mill bypass and upgrading mechanical 
systems—resulted in a significant increase in availability, reaching 84%. 

The introduction of the bypass route and milling circuit optimization increased the circulating load 
from 80% to 110%, unlocking the potential for simultaneous production growth. Consequently, annual 
concentrate production rose by over 30,000 tons. Furthermore, grinding circuit optimization boosted 
throughput from 60 tons per hour to 90 tons per hour, with final product quality consistently 
maintained. 

 

Keywords: Milling, optimization, bypass route, circulating load, mass balance. 

1. Introduction 

Despite its well-documented inefficiency, the ballmill remains the most widely used milling 
equipment. However, its versatility allows it to be adjusted to achieve various outcomes. For any 
designer, the goal is to optimize returns while working within given constraints. This doesn't 
guarantee that the optimal answer will always be achieved, nor does it ensure that today’s best 
answer will remain ideal in the future, as factors such as ballmill feed or outcome specifications may 
change over time (Chimwani et al., 2020) 

Liners and lifters significantly influence the load trajectory and, consequently, the mill’s breakage 
efficiency (Toor et al., 2013). Their size, form, and amount play a crucial role in determining the 
tumbling motion of the mill’s contents (King, 2001). Additionally, the way they transfer energy to the 
comminution media directly affects the breakage rate due to the mechanical interaction between the 
liners and the load (Makokha et al., 2006). Considerable research has focused on optimizing liner 
profiles, with various operational configurations offer to enhance ballmill efficiency (Rezaeizadeh et 
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al., 2010). the holistic approach to mill liner management, incorporating wear monitoring, operational 
efficiency, and cost optimization to enhance mill performance, extend liner life, and improve 
maintenance strategies (Powell et al., 2012) 

In this paper, Due to design and manufacturing process improvements, we have been able to 
simultaneously maintain concentrate production and significantly increase the plant’s production 
capacity despite increased access to the Phase 2 iron concentrate plant line. Improvements such as 
changing the 2nd mill Bypass and optimizing the liner of the 1st ballmills have allowed the plant to 
continue production without interruption during times when some equipment was out of service for 
repairs or overhauls. 

This study integrates these techniques to develop an initial practical tool aimed at aiding milling 
circuit optimization and selection, considering both liner lifespan and mill performance. 

2. Material and methods 

EHYA, a mine company in Khorasan Razavi that is involved in research has lately been exploring a 
milling circuit optimization that can elevate ball comminution.  

The Phase 2 iron concentrate plant, operated by EHYA Iron, materials are poured from under the 
stockpile and through feeders onto conveyor belts that direct the materials to the inlet chute of the 1st 
ballmill. The first crushing stage is carried out in the ballmill, where particles are crushed from 7 mm 
to 0.5 mm in size. The output of the 1st ballmill enters the magnetic separation stage, which includes 
two parallel medium-intensity magnetic separators (Cubber). The concentrate from the Cubber 
magnetic separator enters the classification circuit (two clusters of 6 hydrocyclone) and is classified 
into two size ranges. The coarse-grained portion is returned to the 2nd ballmill as circulating load, and 
the fine-grained portion enters the two-stage magnetic separation stage. The flowsheet is shown in 
Figure 1. 

 

 
Figure 1 - General diagram of the processing circuit of the Phase 2 iron concentrate plant 
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The concentrator team conducted a sampling campaign in late June 2024, by which time the mill 
circuit load had been reverted to 65% of the critical level. Another sampling campaign took place from 
late May to early June 2024. Although the ballmill continued operating iron, its output was lower 
compared to when the circuit load was at 79%. 

The main milling circuit plan for the Phase 2 iron concentrate plant was based on the following: 

➤ 1st  milling outflow of 27% passing 75 µm 

➤ 2nd   milling outflow of 60–65% passing 75 µm. 

the Phase 2 iron concentrate plant consists of two 1st ballmills, which operate simultaneously and 2nd 
ballmills. The main and 2nd ballmills are lined with steel liners.  Figure 1 shows the milling circuit, 
Along with the measurement locations during the Phase 2 iron concentrate plant sampling campaign 
indicated. 

Initially, after a detailed review of the current situation and process requirements by the engineering 
team, a preliminary diversion route fellowship was prepared (Figure 1-b). The principal goal of this 
design was to create another system that would allow the feed flow to be directed smoothly and 
without disruption to the 1st production ballmill during shutdown or overhaul of the 2nd ballmills. 
This plan was designed using modern equipment and technologies and in accordance with industrial 
safety and efficiency standards, so that in the event of any breakdown or repair operations of the 2nd 
ballmills, the production process would continue without interruption. 

Table 1: the Phase 2 iron concentrate plant      

Ballmill Description  1st  ballmill 2nd  ballmill 

diameter (𝑚𝑚) 2400 2400 

length (𝑚𝑚) 4500 7000 

filling (% of mill volume) 30 33 

critical speed (%) 79.25 81.2 

power available (𝑘𝑊) 475 570 

Top size of the ball (𝑚𝑚) 80 40 

Discharge type diaphragm overflow 

Top size of the feed (𝑚𝑚) 7800 450 

 

To find out the status of the solid percentage of important circuit flows, solid percentage monitoring 
was carried out. The solid percentage monitoring of all lines was carried out for 6 consecutive days. 
The monitoring was carried out through the local method (scale and 1 liter container). To calculate the 
solid percentage using the local method, there are preset formulas or tables. Since the density of 
various flows was not available in the tables, it was obtained through calculations. The equipment 
required to measure the solid percentage on site is a scale along with a 1-liter container (Figure 2). 
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Figure 2 - Manual measurement of pulp solids percentage in situ. 

The operating parameters and performance of the milling circuit were evaluated to identify necessary 
plan or working modifications for achieving the desired improvements. Simulations were performed 
to analyze load behavior and the trajectory of balls and charge within the mill, utilizing LSD’s MillTraj 
software. MillTraj employs trajectory plans to follow the outermost ball path for choosed ball sizes 
that interact with the lifterbar and shellplate (Royston, 2001). Additionally, the software forecasts the 
probable situation of the charge toe and estimates the shellplate expanse to subjected lifterbar height 
ratio, known as the 𝑆/𝐻 ratio. The effects of various 𝑆/𝐻 ratio spans on throughput and specific 
energy, as documented by Brough and Moller (1989), are presented in Figure 3. 

 

 
Figure 3—General ratio of shellplate wideness to the exposed lifterbar height (𝑆/𝐻 𝑟𝑎𝑡𝑖𝑜) (Brough and Moller, 

1989; Powell et al., 2006). 

Figure 4 illustrates the lifters currently seated in both the 1st and 2nd mills. The lifterbars are 218 mm in 
width, with heights of 165 mm for the 1st  mill and 170 mm for the 2nd  mill. The 1st mill has a lifter 
height-to-angle (𝐻2𝐴, defined as the distance from the base of the lifter to the front face angle) of 82 
mm, whereas the 2nd mill’s 𝐻2𝐴 is 88 mm. 
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Figure 4—Present lifterbar forms for 1st ballmill (left) and 2nd ballmill (right) declined into the shellplate. 

As mentioned in the introduction, the gearbox was replaced twice: first to grow the 1st ballmill speed 
from 67% to 77% of critical speed, and then to return it to 67% of critical speed. Consequently, the 
parsing of the present lifterbars considered both speed settings. 

From Figure 4, it is evident that the 𝑆/𝐻 ratio of the liners, at 1.97, was significantly less than the 
recommended plan ratio of approximately 2.6, which is the minimum required to balance ballmill 
efficiency and liner lifespan. This discrepancy called for a replan of the liners to reduce the effect on 
comminution efficiency. 

 
Figure 5—The simulation of the MillTraj of the outermost ball layer in the 1st ballmill at ballmill critical speeds of 

67% (purple) and 77% (green). 

The imagery (Figure 5 and 6) indicated that growing the ballmill speed from 67% to 77% of critical 
caused the outermost balls to shift external toward the toe situation of the charge. According to 
Royston (2007), growing ballmill speed can enhance both ball effects at the toe and charge turnover, 
leading to improved mill efficiency by growing ball-charge interaction. However, when ballmill 
speeds exceed 77-79% of critical, lifterbar performance may decrease, potentially impacting ballmill 
efficiency. 
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A: 1st mill load behavior at 68% of critical speed      B: 1st mill load behavior at 78% of critical speed 

Figure 6—𝑃𝐹𝐶 − 𝐷𝐸𝑀 imagery of the installed 1st ballmill lifterbars 

Although growing mill speeds beyond 77-79% of critical speed may reduce lifterbar performance and 
negatively impact on overall ballmill efficiency, ball effect on the toe situation is crucial for effective 
size scale down. However, when balls fall on the shell above the toe situation, they can cause failure to 
both the shellplate and the balls. Typically, growing the ballmill speed would be expected to enhance 
impact breakage for material in the size span closer to the -35 mm top size of the feed. 

To estimate the theoretic make-up size of the ball and the energy needed to gain the aim grind, the ore 
hardness, plant stream flow rates, and size distribution of the particle (𝑃𝑆𝐷) were characterized. Bond 
Ball Work Index (𝐵𝐵𝑊𝐼) experiments were performed on the 𝐷𝑀𝑆 sample of the feed and 1st ballmill 
conveyor belt cuts to assess ore hardness. The 𝐵𝐵𝑊𝐼 values for the 𝐷𝑀𝑆 feed and 1st ballmill conveyor 
belt cut samples were 17.14 kWh/t and 13.4 kWh/t, respectively. The stream flow rates and 𝑃𝑆𝐷𝑠 
were determined using data from the sampling campaign and historical plant records. Samples were 
collected from the locations shown in Figure 7. 

 
Figure 7—flowsheet of the ballmilling flow, stating sample points (specified arrow). 
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Figure 8—1st ballmill no. 1 discharge distribution of the particle size. 

Figure 8 illustrates the difference in 𝑃𝑆𝐷 for four sets of samples taken from the discharge of 1st  
ballmill. A basic mean of the sample sections gathered at 𝑡 =  0, 𝑡 =  30, and 𝑡 =  60 minutes was 
used to show the flow 𝑃𝑆𝐷 . The flow 𝑃𝑆𝐷𝑠 for 1st ballmill no. 1 are presented in Figure 6. From these 
stream 𝑃𝑆𝐷𝑠, the 𝐹80 and 𝑃80 values were derived and used to express the mill feed and outcome 
𝑃𝑆𝐷 . 

 
Figure 9—1st  ballmill averaged of the stream distributions of the particle size. 

The sizes of the make-up balls were determined using the ball size formula developed by Bond. (1957) 
(Equation [1]), and the outcomes are presented in Table 2. The ball sizes selected were determined to 
satisfy or surpass the required specifications, suggesting they were not responsible for the generation 
of scats. 
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Table 2: Current lifter profile and lifter profile options presented to the KP1 for consideration 

Profile Width (mm) Height (mm) Angle of face (") Effective H2A (mm) Critical speed (%) Shellplate thickness (mm) 

Current 212 162 25 15 80 75 

Option 1 212 160 20 25 72 75 

Option 2 165 160 20 25 72 75 

Option 3 210 160 35 25 72 75 

 

𝐵 = [(√
𝐹80

𝐾
∗ √

𝑆𝐺∗𝑊𝑖

√3.281∗𝐷𝑖
𝑁

3
 )] ∗ 25.4                                                                              (1) 

where 𝐵 is the optimum top-up ball size (𝑚𝑚), 𝐹80 is the new feed 80% passing size (𝜇𝑚), 𝑆𝐺 is specific 
gravity of the ore being milled, 𝑁 is the percentage of critical speed, 𝑊𝑖 is work index of the feed 
material, 𝐷𝑖  is ballmill diameter inside liners (𝑚), and 𝐾 is a constant with a value of 350. 

Energy estimation was aimed at distinguishing the energy demand for the current ballmill feed and 
outcome size, and this was connected to the mill power available. To establish the energy demanded, 
the population balance model (𝑃𝐵𝑀) using the sampling campaign 𝑃𝑆𝐷 as well as 𝐵𝐵𝑊𝐼 test results 
were used. The specific selection function (Fuerstaneu and Herbst, 1973) that incorporate the specific 
energy (P/𝑚𝑝) was used, i.e.: 

 

  𝑆𝑖 = 𝑆𝑖
𝐸  (

𝑝

𝑚𝑝
)                                                                                                    (2) 

 

where 𝑆𝑖
𝐸 is the specific selection function, independent of ballmill working conditions, 𝑃 is the 

industrial ballmill power drawn, and 𝑚𝑝is the industrial ballmill hold-up. 𝑆𝑖 is the proportionality 

constant known as the specific rate of breakage per unit time. 

Table 3: Top ball size demands for the ballmill feed sizes 

Description 1st ballmill no. 1 1st ballmill no. 2 2nd  ballmill 

𝐹80. 𝑚𝑚 7854 7451 245 

Speed % 70 72 70 72 79 

Ball size, mm 80 80 80 80 40 

 

The wear plan can be utilized to test various liner sections in order to identify those that offer the 
longest wear life. The challenge with this method is that a new 𝐷𝐸𝑀 imagery must be conducted each 
time the liner profile is altered enough to notably impact the distribution of impacts. This could need 3 
to 4 simulations for each liner profile being tested. 
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3. Conclusions 

The analysis of the current position and optimization process enabled the determination of a lifterbar 
profile that would achieve the desired load behavior for optimal grinding. A methodology for fitting 
and predicting liner wear evolvement in ballmill is introduced and tested using actual data from three 
measured liner section of a 4.5-meter diameter ballmill. The wear plan can predict the evolution of the 
liner profile over time using an initial section and a fitted wear constant, as long as the liner material 
and the ore type remain unchanged. However, it was found that the wear ‘constant’ is influenced by 
the liner’s angle, which needs further research. 

𝐷𝐸𝑀 simulations can calculate the impact energy spectra and collision rates of balls in a large 
industrial mill. Simplified models are then used to estimate breakage and wear rates. Combining 
predictions of liner profile evolution and grinding rate offers a powerful tool for advanced mill liner 
design, allowing for a balance between liner life and mill performance throughout the liner’s lifespan 
during the design phase. 

A comprehensive optimization campaign enhanced milling efficiency, stabilized production, and 
improved product quality. Implementing a 2nd ball mill bypass ensured process continuity during 
maintenance, preventing quality and production declines. Key improvements, including circulating 
load optimization and liner adjustments, increased efficiency without reducing capacity. These efforts 
raised production line availability from 78% to 84% in 2024. Milling circuit enhancements boosted the 
circulating load from 80% to 110%, increasing annual concentrate production by over 30,000 tons and 
throughput from 60 to 90 tons per hour while maintaining quality. 
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Abstract: 

Due to the irregular availability of natural gas and its challenges in maintaining a sustainable supply, 
coal has been proposed as an alternative source for the production of synthesis gas in steel plants. In 
this research, a simulation of a coal gasification unit aimed at producing synthesis gas was performed. 
Initially, the simulation was carried out using available data from a reference study, and its results were 
compared with actual data. After confirming the accuracy of the simulation model, Tabas coal data were 
introduced as the feedstock, and the gasification process was simulated using an entrained-flow gasifier 
in Aspen Plus software. 

A sensitivity analysis was conducted on the type of coal as well as on the water-to-coal and oxygen-to-
coal ratios to identify the key factors affecting the process. The results showed that both the type of coal 
used and the ratios of water and oxygen to coal are critical factors in the gasification process, influencing 
the quality and quantity of the produced synthesis gas. This research can serve as a valuable guide for 
improving the efficiency and productivity of coal gasification units in the steel industry. By offering 
practical suggestions regarding the selection of coal type and the adjustment of water and oxygen to 
coal ratios, the optimization of the gasification process becomes achievable. Overall, the findings of this 
study indicate that using coal as a source for synthesis gas production has great potential in meeting 
energy demands and enhancing productivity in the steel industry. 

 

Keywords: Coal gasification, Tabas coal, Steel, simulation, Aspen Plus 

1. Introduction 

The iron and steel industry, which plays a crucial role in stabilizing growth and employment, is vital 
for the development of a country’s national economy. Moreover, the steel industry is one of the most 
energy-intensive sectors, accounting for the largest share of energy consumption among industrial 
sectors. 

In order to reduce CO₂ emissions and address the high energy consumption in the steel industry, Direct 
Reduction Iron (DRI) technology has been developed and has rapidly advanced. DRI is a process that 
converts iron ore into sponge iron at temperatures below the melting point. This method offers several 
advantages such as lower pollution, reduced energy consumption, and immunity to the limitations 
caused by a shortage of coking coal compared to the traditional rotary kiln method for iron production. 
Furthermore, the sponge iron produced via the DRI process is characterized by low levels of impurities 
like sulfur, phosphorus, silicon, and other harmful contaminants, making it an essential raw material 
for manufacturing high-grade steel. Various methods exist for producing sponge iron by direct 
reduction. For example, in India—one of the world’s largest producers of DRI sponge iron—two 
primary DRI production methods are employed: one uses small-scale rotary kilns that rely on coal and 
iron ore, while the other utilizes large-scale shaft furnaces that operate with natural gas and iron oxide 
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pellets. Since the capacity of rotary kilns is limited and cannot fully meet the requirements of steel 
plants, the use of natural gas has become more common. However, when natural gas availability also 
becomes constrained, coal gasification emerges as a suitable alternative. Coal gasification itself 
encompasses various types—such as fixed-bed, fluidized-bed, and others—and all these processes rely 
on the partial oxidation of carbon-containing feedstocks (Gasifipedia, n.d.; Hasanbeigi et al., 2013). 

Subsequent studies on the simulation of the coal gasification process have examined the units used to 
define the gasifier, the parameters influencing the process, and the expected results.  

Nayak et al. (Nayak & Mewada, 2011) used Aspen Plus to simulate coal gasification in a fluidized bed, 
integrating pyrolysis, combustion, and steam gasification. They found that increasing the steam-to-coal 
ratio lowered CO and CH₄ while raising H₂ and CO₂, highlighting the importance of operating 
conditions in gasification. 

Liu et al. (Liu et al., 2012) developed a simulation model for a pressurized fluidized bed gasifier with an 
ash agglomerator using a sequential modular method with recycle loops. Their model, which 
incorporated both hydrodynamic and kinetic parameters computed via the PR–BM equation, matched 
experimental data well and demonstrated that optimizing oxygen-to-coal and steam-to-coal ratios can 
control the H₂/CO ratio. 

Hu et al. (Hou & Zhang, 2017)   optimized the effective syngas fraction (H₂ + CO) in an entrained-flow 
gasifier using the Taguchi method, RSM, and the Nelder–Mead algorithm. Their study showed that the 
oxygen-to-coal ratio is key to maintaining stable syngas composition, with pressure also playing a 
regulatory role. 

Rudra Paol et al. (Rudra Paul et al., 2019) simulated gasification of high-ash Indian coal in a fluidized 
bed, varying the steam-to-coal ratio and temperature while keeping the feed rate and air-to-coal ratio 
constant. Their results demonstrated that hydrogen production increases with steam-to-coal ratio up to 
a certain temperature, whereas CO, CH₄, and CO₂ respond differently to changes in temperature and 
steam-to-coal ratio, affecting overall carbon conversion. 

Dang et al. (Dong et al., 2020) simulated Shenmu coal gasification by dividing the process into pyrolysis 
and gasification stages. Their model, which included preheating, mixing, heat exchange, separation, 
and cooling (with both direct and indirect heat transfer), showed that higher water-to-coal ratios at 
lower temperatures boost hydrogen production and reduce CO and CO₂, with a novel quench loop 
improving water recycling and process stability. 

Zhang et al. (Zhang et al., 2024) created a five-unit thermodynamic equilibrium model for SNG 
production from coal gasification in Aspen Plus (V10), considering both dry and slurry feed as well as 
bituminous and lignite coals. Sensitivity analysis revealed that the O₂/coal ratio is critical—an optimal 
value of 6/0 yields high-quality SNG—while CO₂ flow and water-to-coal ratios also significantly 
influence the higher heating value and overall gas quality. 

Notably, all these studies employ several reactors and separators to define the gasifier. This is due to 
the absence of a dedicated gasifier process unit in the Aspen software. Consequently, in simulating the 
unit, various processes occurring throughout the gasifier (such as dehydration, pyrolysis, gasification, 
separation of volatile materials, etc.—as shown in Fig. 1) have been simulated using different 
equipment. 
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Fig. 1. Schematic of the Lurgi gasifier along with the various processes within the gasifier (He et al., 2013) 

In this study, for the first time, all the operational units required for converting coal into synthesis gas 
for a steel plant have been simulated by using Aspen Plus V14. Moreover, unlike previous research, the 
rapid quenching process in the gasifier has been fully modeled to allow for a more precise calculation 
of the process water amount. 

2. Material and methods 

2.1. Base simulation 

In this section, the initial simulation was performed as a reference and compared with experimental 
data and other models to verify the simulation method and input data. The simulation describes a Gibbs 
free energy-based model for Texaco entrained-flow gasifiers and follows the modeling approach 
proposed by Wen and Chang (Wen, 1968; Wen & Chaung, 1979). Key features of the model include: 

• Steady-State Operation: The model is carried out under steady-state conditions. 

• Comprehensive Process Representation: It captures the main physical and chemical processes 
within the gasifier, including coal pyrolysis, volatile combustion, and coke gasification. 

• Instantaneous Mixing: It is assumed that the gaseous phase is instantly and completely mixed 
with the solid phase. 

• Negligible Pressure Drop: The pressure drop in the gasifier is disregarded. 

2.1.1. Material Specifications 

During the gasification process, various materials and compounds are produced. This section presents 
their corresponding chemical components (Table 1). 

Table 1. Chemical Components Used in the Model(Wen, 1968; Wen & Chaung, 1979) 

ID Type Name Formula 

O2 CONV OXYGEN O2 

CO CONV CARBON-MONOXIDE CO 
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H2 CONV HYDROGEN H2 

CO2 CONV CARBON-DIOXIDE CO2 

H2O CONV WATER H2O 

H2S CONV HYDROGEN-SULFIDE H2S 

N2 CONV NITROGEN N2 

CH4 CONV METHANE CH4 

C6H6* CONV BENZENE C6H6 

C SOLID CARBON-GRAPHITE C 

S SOLID SULFUR S 

COAL NC ------ ------ 

CHAR1* NC ------ ------ 

CHAR2* NC ------ ------ 

ASH NC ------ ------ 

2.1.2. Pilot Gasifier Process Description 

The pilot gasifier, whose data is used to evaluate the simulation in this project, is briefly reviewed here. 
The Texaco gasifier is an entrained-flow design. This steel vessel—with a diameter of 5.1 meters and a 
length of 1.6 meters—is internally divided into two sections (Fig. 2). The upper section is lined with a 
special refractory material designed to withstand harsh operating conditions and is dedicated to coal 
gasification. In this process, powdered coal (with particle sizes smaller than 500 µm) is mixed with water 
to form a coal-water slurry, which, together with oxygen, is fed into the upper section. Here, coal 
pyrolysis, volatile combustion, and coke gasification occur to produce synthesis gas under operating 
pressures of 20–50 atmospheres and temperatures exceeding 1000°C (Wen, 1968; Wen & Chaung, 1979). 
The lower section serves as a cooling chamber. A water reservoir continuously supplies cooling water 
at the bottom, where ash and synthesis gas exit from the upper section. The ash remains in the water 
and is later removed, while the saturated synthesis gas is drawn from above the water. Although 
commercial petroleum-based gasifiers are designed to operate at pressures up to 80 atmospheres, the 
coal-based pilot unit is designed for a maximum pressure of 28 atmospheres  (Robin, 1976). 

 

Fig. 2. Schematic of the Texaco Gasifier (Breault, 2010; Robin, 1976) 

2.1.3. Physical Properties and Feed Specifications 

n this project, the RK-SOAVE method is used to calculate the physical properties of conventional 
mixture components as well as CISOLID components. To evaluate the unconventional components, the 
HCOALGEN and DCOALIGT models are employed for determining enthalpy and density, 
respectively. The HCOALGEN model requires three key analyses for the unconventional components: 
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• Proximate Analysis (PROXANAL): Provides the weight fractions of moisture, fixed carbon, 
volatile matter, and ash. 

• Ultimate Analysis (ULTANAL): Gives the weight percentages of ash, carbon, hydrogen, 
nitrogen, chlorine, sulfur, and oxygen. 

• Sulfur Analysis (SULFANAL): Breaks down the sulfur content into pyritic, sulfate, and organic 
sulfur fractions. 

Table 2 presents the characteristics of the coal component used in our base model, adopted from the 
modeling work of Wen and Chuang (Wen, 1968; Wen & Chaung, 1979). Based on these specifications, 
the coal’s enthalpy and density are calculated. The same procedure is applied to the char and ash 
produced during coal conversion; their enthalpy and density are determined using the same models, 
with analysis results obtained from a mass balance based on the original coal analysis data and the 
amount of gasified product. Since Aspen Plus does not offer a dedicated graphical block for a gasifier, 
several reactors are used for the simulation. For example, when coal enters the gasifier, it first undergoes 
pyrolysis to convert into volatile products and char. The corresponding chemical reaction is shown in 
Equation (1):  

Table 2.  Feed Coal Specifications (Wen, 1968; Wen & Chaung, 1979) 

Proximate analysis Ultimate analysis Sulfur analysis 

Element 
Value 
(wt.%) 

Element 
Value (wt.%, dry 

basis) 
Element 

Value (wt.%, dry 
basis) 

Moisture (wet basis) 0.2 C 74.05 Pyritic 0.59 

Fixed carbon (dry 
basis) 

58.01 H 6.25 Sulfate 0.59 

Volatile matter (dry 
basis) 

26.46 N 0.71 Organic 0.59 

Ash (dry basis) 15.53 Cl 0.37 

 
 

S 1.77 

O 1.32 

Ash 15.53 

In our model, the volatile components include CO, H₂, H₂O, CO₂, CH₄, H₂S, N₂, and C₆H₆. A separate 
reactor is designated for these reactions, and the yield of coal conversion into char and volatiles is 
presented in Table 3 based on laboratory results by Wen and Chuang. For a more precise outcome, 
Equation (2) can be employed and the conversion yield adjusted according to the reactor's operating 
pressure (24 atm) (Wen, 1968; Wen & Chaung, 1979). 

Table 3. Coal Conversion Yield to Char and Volatiles at 1 atm (Wen, 1968; Wen & Chaung, 1979) 

Components  Yield (mass basis on original coal) 

CO  0.0059 

H2  0.0084 

CO2  0.003 

H2O  0.0079 

H2S  0.0094 

N2  0.0035 

CH4  0.1637 

C6H6  0.071 

Char  0.7272 

Total  1 

 

(1) 𝐶𝑜𝑎𝑙 → 𝐶ℎ𝑎𝑟 + 𝐶𝑂 + 𝐻2 + 𝐻2𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝐻2𝑆 + 𝑁2 + 𝐶6𝐻6 
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(2) 𝑉2 = 𝑉1(1 − 𝛼𝑙𝑛𝑃𝑡) 

V1 = total yield of volatiles at 1atm, V2 = total yield of volatiles at the pressure of the real gasifier. 

Pt= pressure in real gasifier, atm., 𝛼 = constant. In this model, 𝛼 = 0.066. 

2.1.4. Unit Flow Sheet 

Fig. 3 presents the overall flow of the coal gasification process. In this model, the cooling section for the 
hot gas is not simulated. The function of each block is detailed in Table 4, while additional feed 
specifications are provided in Table 5. Blocks B1 and B2 are used for simulating coal pyrolysis, Block B3 
models the volatile combustion process, and Block B7 is dedicated to coke gasification. The remaining 
blocks assist in simulating these three main processes. As shown in Table 5, the coal is preheated to a 
temperature range of 100–300°C, which facilitates easier transfer and improves gasification efficiency 
(Wen, 1968; Wen & Chaung, 1979). 

 

Fig. 3. Base Simulation Flow Sheet 

Table 4. Explanation of the Base Simulation Blocks 

Block Model Function 

B1 RYield Simulation of coal pyrolysis based on pyrolysis test results at 1 atm pressure. 

B2 RYield 
Adjustment of each product's yield from the pyrolysis test pressure (i.e., 1 atm) to the actual 

gasifier pressure. 

B3 RStoic Stoichiometric modeling of volatile gas combustion. 

B4 Sep2 Separation of gases and char. 

B5 RStoic Conversion of char into C, H₂, O₂, N₂, S, and ash. 

B6 Mixer Mixing of the feed and steam. 

B7 RGibs Gasification of the feed mixture. 

Table 5. Specifications of Feed Streams in the Base Simulation 

Feedstock Stream ID Parameter Value Unit 

Coal 1 

Flow rate 76.66 g/s 

Temperature 505.22 K 

Pressure 24 atm 
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Diameter of particle 350 µm 

Velocity entering into gasifier 3 m/s 

Oxygen 2 

Ratio of oxygen to coal flow rates 0.866 dimensionless 

Temperature 298 K 

Pressure 24 atm 

Steam 9 

Ratio of steam to coal flow rates 0.241 dimensionless 

Temperature 696.67 K 

Pressure 24 atm 

2.1.5. Examination of the Base Simulation Results 

Based on the input conditions provided in the previous section, the gasifier output results were obtained 
and are presented in Table 6 as the Aspen Plus model. For comparison, the results from Wen and 
Chaung's work are also shown in the table. It is evident that Wen and Chaung's results more closely 
match the experimental data. In our base simulation, the CO flow rate and carbon conversion are 
slightly higher than the experimental values, while the CO₂ flow rate is somewhat lower. 

The discrepancies in the CO and CO₂ flow rates and carbon conversion may stem from several factors: 
the use of Gibbs free energy instead of stoichiometric relations, the lack of direct consideration of reactor 
dimensions and residence time, and the higher gasifier outlet temperature calculated by our base model. 
In our model, the outlet temperature is 1766 K compared to around 1422 K in the Wen and Chaung 
model. The higher temperature accelerates the reactions between solid carbon and gases (i.e., reactions 
(3)–(6)), resulting in a higher carbon conversion than observed experimentally. Additionally, differences 
in the CO and CO₂ flow rates are linked to reaction (7), an exothermic reaction. A temperature increase 
causes this reaction to shift in the reverse direction—leading to a higher production of CO and a lower 
production of CO₂. Consequently, the elevated temperature reduces the simulated CO₂ flow rate while 
increasing the simulated CO flow rate. 

(3) 𝐶 +  
1

𝜑
𝑂2 → 2 (1 −

1

𝜑
) 𝐶𝑂 + (

2

𝜑
− 1) 𝐶𝑂2 

(4) C+ H2O → CO+ H2 

(5) C+ CO2 → 2CO 

(6) C+ 2H2 → CH4 

(7) CO + H2O → CO2 + H2 

φ is a coefficient that depends on the diameter of the coal particles. There are two reasons why the base 
simulation produces a higher gasifier temperature. The first reason is the coal combustion heat 
(HCOMB). In the base model, the HCOMB of the coal is calculated using the Boie correlation in Aspen 
Plus due to the lack of precise experimental data. However, HCOMB has a significant impact on the 
coal's enthalpy; an inaccurate value for HCOMB may lead to an incorrect coal enthalpy, and 
consequently, a substantial deviation in the gasifier temperature. The second reason is the amount of 
heat loss in the gasifier. In the base simulation, the model is simulated under adiabatic conditions, 
whereas in Wen and Chaung’s model, heat loss to the environment is considered. Therefore, the 
combination of these two factors may result in a higher gasifier temperature in the base model. 

To further investigate the above explanation— which leads to differences in the CO and CO₂ flow rates 
and carbon conversion due to the higher temperature in the base model— in case b, HCOMB for the 
coal is manually entered so that the gasifier outlet temperature from the base simulation matches that 
of Wen and Chaung’s work. 
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Table 6. Comparison of Base Simulation Results, Experimental Data, and Wen & Chang’s Model [9,10] 

 Experimental 
Wen and Chaung’s 

model 
Aspen Plus model a Aspen Plus model b 

Parameters 

Flow 

rate 

(g/s) 

Mole 

fraction 

(%, dry 

basis) 

Flow 

rate 

(g/s) 

Mole 

fraction 

(%, dry 

basis) 

Flow 

rate 

(g/s) 

Mole 

fraction 

(%, dry 

basis) 

Flow 

rate 

(g/s) 

Mole 

fraction 

(%, dry 

basis) 

CO  123.77  57.57  123.94  56.60  127.7  58.69  124.57 57.55 

H2  6.01  39.13  6.23  39.84  6.02 38.48  5.94  38.16 

CO2  9.985  2.95  10.04  2.92  6.92 2.02 10.16 2.98 

CH4  0.15  0.12  0.20  0.16  0.013 0.010  0.62 0.499 

H2S  0.133  0.06  0.726  0.27  1.44 0.54  1.44 0.54 

N2  0.53  0.12  0.454  0.208  0.54  0.25  0.54  0.25 

Carbon 

conv. (%)  
98.64  98.88  100 100 

Temp. (K)  ------  1421.9  1766.25 1416.47 

**In model a, the coal combustion heat (HCOMB) is calculated using the Boie correlation; whereas in model b, the coal HCOMB 
is manually set to 13,416 Btu/lb. 

When the coal combustion heat (HCOMB) is manually set to 13,416 Btu/lb (compared to the coal 
HCOMB calculated as 83/14080 Btu/lb using the Boie correlation), the gasifier outlet temperature 
becomes 1416 K, which is in good agreement with the 1422 K reported in Wen and Chaung’s work. 
Under these conditions, the flow rates of CO and CO₂ also closely match the experimental data. These 
observations indicate that the product gas composition and carbon conversion are highly dependent on 
the gasifier temperature, and that both the coal HCOMB and heat loss are key parameters in 
determining the gasifier temperature. 

2.2. Simulation of the Gasification Unit 

In this section, based on the model derived from the base simulation and incorporating information 
from other studies, first, some existing issues are examined before the simulation of the gasification unit 
is carried out. 

2.2.1. Feed Specifications for Tabas Coal 

Comparison of the analysis results presented in various studies ((Toloue Farrokh et al., 2017) 
(Rajabzadeh et al., 2016) (Raygan et al., 2010))shows that coal analysis can vary depending on the 
location, stratum, and sampling conditions. For instance, the moisture content reported in the study by 
Talakoub and Rajabzadeh is about 1%, whereas in the report by Rāyegān and Eskandari it is 9%. 
Considering the more comprehensive report by Rajabzadeh et al. (Rajabzadeh et al., 2016) an adjusted 
average of the data from this report has been used as the reference analysis for the simulation, as shown 
in Table 7. 

Table 7.  Proximate and Ultimate Analysis of Tabas Anthracite Coal According to Rajabzadeh et al. [18] 

Proximate analysis (% by wt) Ultimate analysis (% by wt) Forms of sulfur 

FC 
(d) 

M 
(ad)  

V 
(daf)  

A  
(d)  

O (daf) H (daf) N (daf) C (daf) St (d) Sp (d) Ss (d) So (d) 

54.075 0.8 22.475 23.45 6.34 15.8 7.38 64.64 5.84 4.46 0.17 1.21 

** FC, fixed carbon, M, moisture; VM, volatile matter; Ash, ash yield; O, Oxygen H, hydrogen; N, nitrogen; C, carbon; St, total 
sulfur; Sp, pyritic sulfur; Ss, sulfatic sulfur; So, organic sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free basis. 
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The specifications of Tabas coal, which serve as the input data for the software, are ultimately presented 
in Table 8. 

Table 8. The specifications of Tabas coal, which serve as the input data for the software 

Proximate analysis Ultimate analysis Sulfur analysis 

Element Value (wt.%) Element 
Value (wt.%, dry 

basis) 
Element 

Value (wt.%, dry 
basis) 

Moisture 0.8 ASH 23.45 Pyritic 3.41 

Fixed carbon  
(dry basis) 

54.075 CARBON 49.48 Sulfate 0.14 

Volatile matter  
(dry basis) 

22.475 HYDROGEN 12.1 Organic 0.92 

Ash 
(dry basis) 

23.45 NITROGEN 5.65 

 

 
CHLORINE 0 

SULFUR 4.47 

OXYGEN 4.85 

2.2.2. Block Diagram 

The block diagram of the target unit is shown in Fig. 4 (Lacson et al., 2015). In this process, the processed 
coal is first combined in the gasifier with the required oxygen obtained from the air separation unit. The 
synthesis gas produced at this stage is impure and must be purified—and, if necessary, its temperature, 
pressure, and H₂/CO ratio adjusted—before entering the sponge iron production unit. 

 

Fig. 4. Flow Sheet of the Combined Gasification Unit and Sponge Iron Production Unit According to the Processes 
of Lurgi and Midrex   (Lacson et al., 2015) 

2.2.3. Simulation Assumptions 

In the simulation, the following assumptions have been applied: 

• This process is carried out under steady-state conditions. 

• Ash is considered an inert material with no catalytic activity and does not participate in the 
gasification process. 

• Heat and pressure losses are neglected. 

• All reactions are assumed to reach equilibrium, and reaction kinetics are not taken into account. 
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• Drying and pyrolysis occur simultaneously, with the volatile products consisting of H₂, CO, 
CO₂, CH₄, and H₂O. 

• The operating conditions are based on an Entrained Flow gasifier (with a pressure range of 20 
to 50 atmospheres and temperatures above 1000°C). 

• In this model, the RK-SOAVE method is used to calculate the physical properties of 
conventional components and CISOLID components. The HCOALGEN and DCOALIGT 
models are used, respectively, to calculate the enthalpy and density of the unconventional 
components.  

• Since Aspen Plus does not provide a dedicated graphical block for a gasifier unit, several 
different reactors are used to simulate the gasifier. 

• The air separation unit and feed preparation unit are not simulated; in this modeling, oxygen 
and coal are directly fed into the gasifier. 

• The reactions occurring in the gasifier are as follows (Maurstad, 2005): 

(8) C + O2 → CO2 

(9) C+ ½ O2 → CO 

(10) H2+ ½ O2 → H2O 

(11) C+ H2O → CO+ H2 

(12) C+ 2H2O → CO2 +2 H2 

(13) C+ CO2 → 2CO 

(14) C+ 2H2 → CH4 

(15) CO + H2O → CO2 + H2 

(16) CO + 3H2 → CH4+ H2O 

(17) C+ H2O → ½ CH4+ ½ CO2 

• Most of the oxygen injected into the gasifier is consumed in reactions (8) to (10) to supply the 
required heat for drying the fuel, breaking chemical bonds, and raising the reactor temperature 
to achieve the gasification reactions (reactions (11) to (17)). 

• An oxygen-to-coal ratio of 0.8 and a steam-to-coal ratio of 0.3 have been considered (Gungor et 
al., 2011; Mrakin et al., 2020). 

• The total coal feed is calculated based on PFD of the Ghaenat Steel Complex South Khorasan 
and is designed for an inlet synthesis gas flow rate of approximately 174.6 m³/hr to the DRI 
furnace for the production of 110 tons per hour of sponge iron. 

2.2.4. Operational Units 

2.2.4.1. Water-Gas Shift Unit 

The synthesis gas produced in the gasifier must be reprocessed before it can be utilized in downstream 
units. The water-gas shift reaction (WGSR) is employed to adjust the chemical composition of the 
synthesis gas and increase the hydrogen to carbon monoxide ratio. In fact, the water-gas shift reaction 
is a vital step in coal gasification, where the synthesis gas is passed over a fixed-bed reactor containing 
shift catalysts, converting carbon monoxide (CO) and water (H₂O) into carbon dioxide (CO₂) and 
hydrogen (H₂) (Lacson et al., 2015): 

(18) CO + H2O → CO2 + H2 

This reaction is typically catalyzed by various materials depending on the operating temperature (Baraj 
et al., 2022; Ebrahimi et al., 2020; Smith R J et al., 2010). 

High-temperature synthesis gas from the gasifier can be processed in one of two ways: 
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• Direct Water Quenching: The gas is rapidly cooled through direct water contact, saturating it 
with steam and eliminating the need for additional steam in the water-gas shift reaction. This 
method is commonly used in hydrogen and ammonia production facilities (Robin, 1976). 

• Gas Cooling via a Gas Cooler: The gas is cooled using a gas cooler, which generates a separate 
high-pressure steam stream. 

Furthermore, the water-gas shift (WGS) reactor can be placed either before sulfur removal (acid shift) 
or after it (sweet shift). In the acid shift, operating at 232–260°C with a cobalt–molybdenum catalyst, the 
water-saturated gas converts CO and H₂O into CO₂ and H₂ while also transforming COS into H₂S, thus 
easing subsequent sulfur removal. Although the sweet shift can operate at higher temperatures (HT: 
288–482°C) with iron-based catalysts or at lower temperatures (LT: 204–260°C) with copper-zinc-
alumina catalysts, it often demands additional steam injection. For coal gasification, the acid shift is 
generally preferred because the moisture recovered from the water scrubber effectively drives the 
reaction to achieve the desired H₂/CO ratio (Gasifipedia, n.d.).    

2.2.4.1. Acid Gas Separation 

Acid gas separation units using amine gas treating are employed to remove acid gases, such as 
hydrogen sulfide (H₂S) and carbon dioxide (CO₂), from gas streams (e.g., natural gas or synthesis gas). 
This process operates on the principle of chemically absorbing the acid gases into amine solutions (Kohl 
& Nielsen, 1997a; Mandal et al., 2004; Roshdi et al., 2023; Rozanska et al., 2023). In Iran, companies like 
SAZEH, PIDEK, ODCC, and EIED are active in constructing petrochemical facilities, and the domestic 
technology and capability now exist to build both water-gas shift and acid gas separation units. 

2.2.4.1. Dehydration Unit 

The dehydration unit in the coal gasification process plays a critical role in removing moisture and water 
vapor from the synthesis gas (syngas) exiting the gasifier reactor (Table 9). This operation is essential to 
prevent problems such as corrosion, gas hydrate formation, and disruptions in downstream processes 
(e.g., chemical synthesis or combustion). Triethylene glycol (TEG) is the most commonly used glycol for 
syngas dehydration due to its non-corrosive properties, high boiling point, anti-foaming characteristics, 
low vapor pressure, low cost, and the ability to regenerate up to 98% (GANDHIDASAN, 2003; Higman 
& van der Burgt, 2008; Jamekhorshid et al., 2021; Kohl & Nielsen, 1997b, 1997c). In this project, based on 
the process requirements, the glycol dehydration method was selected. 

Table 9. Comparison of Dehydration Methods (GANDHIDASAN, 2003; Higman & van der Burgt, 2008; 
Jamekhorshid et al., 2021; Kohl & Nielsen, 1997b, 1997c) 

Condensation Molecular Sieve Glycol (TEG) Parameter 

~5% volume ~0.001% volume ~0.1% volume Moisture Output 

Low High Medium Capital Cost 

Low (cooling only) High (high-temp regen) Medium (reboiler) Energy Consumption 

Pre-treatment Petrochemical Industry Natural Gas/Syngas Application 

2.2.4.1. Pressure Regulation Unit 

To reduce the pressure of the synthesis gas stream from 24 bar to 1.5 bar, several technical options are 
available. These options differ in terms of installation cost, maintenance cost, energy efficiency, and 
operational considerations. A comparative outlining these options is provided in Table 10: 
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 Table 10. Overall Comparison of Pressure Regulation Methods 

Option 
Installation 

Cost 
Maintenance 

Cost 
Energy 

Efficiency 
Recommended Application 

PRV (Pressure Relief 
Valve) 

Low Low Low 
Low-capacity systems / Budget-

limited setups 

Expander Turbine Very High High Very High 
High-capacity systems / Energy 

recovery needs 

Flow Control Valve Very Low Very Low Very Low 
Temporary / Emergency pressure 

reduction 

Multi-Stage System Medium Medium Medium 
Pressure reduction with minimal 

noise/vibration 

Based on the considerations outlined in Table, an expander turbine will be used in this project for 
regulating the pressure of the synthesis gas. 

3. Results and discussion 

The blocks in the simulated PFD of the gasification unit are depicted in Fig. 5. The corresponding block 
naming conventions are provided in Table 11, while the simulation results are presented in Table S.1 
(Supplementary). 

Table 11. Specifications of Simulation Blocks 

Block Model Function 

B1 RYield Simulates coal pyrolysis. 

B2 Sep2 Separates ash from other pyrolysis products. 

B3 Mixer Mixes feed, steam, and oxygen. 

B4 RGibs Gasifies the feed mixture. 

B5 Mixer Combines raw syngas and water to achieve 200°C (quench simulation). 

B6 RStoic Water-gas shift unit to adjust the H₂/CO ratio. 

B7 HEX Heat exchanger to reduce temperature to 50°C. 

B8 Sep Separates syngas and liquids. 

B9 Sep Removes acid gases in the amine tower. 

B10 Sep Dehydrates syngas by removing moisture. 

B11 Heater Raises syngas temperature before entering the pressure regulation unit to prevent condensation. 

B12 Turbine Regulates syngas pressure. 

B13 Heater Adjusts syngas temperature. 

 

Fig. 5. PFD of the Gasification Unit 
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3.1. Sensitivity Analysis 

3.1.1. Oxygen-to-Coal and Water-to-Coal Ratios 

As discussed in the literature review, the H₂/CO ratio in the syngas produced from coal gasification is 
influenced by several factors, including the O₂/Coal and Water/Coal ratios: 

• O₂/Coal Ratio: Increasing the oxygen-to-coal ratio typically results in greater production of 
carbon monoxide (CO) and hydrogen (H₂). However, the CO increase is generally more 
significant, which may reduce the H₂/CO ratio (Shahabuddin & Bhattacharya, 2021). 

• Water/Coal Ratio: Raising the water-to-coal ratio enhances the water-gas shift reaction, 
producing more hydrogen. This leads to an increased H₂/CO ratio, as more hydrogen is 
generated relative to carbon monoxide (Cao et al., 2008; Ravaghi-ardebili et al., 2014). 

The effect of increased oxygen input is illustrated in Fig. 6, while the impact of increased water input 
on the H₂/CO ratio in the gasifier outlet stream is shown in Fig. 7. Variations in these parameters alter 
the H₂/CO ratio, and the results align with previous research findings (Cao et al., 2008; Ravaghi-ardebili 
et al., 2014; Shahabuddin & Bhattacharya, 2021). 

 

Fig. 6. Effect of Increased Oxygen Input on the H₂/CO Ratio in the Gasifier Outlet 

 

Fig. 7. Effect of Increased Water Input on the H₂/CO Ratio in the Gasifier Outlet 

3.1.2. Effect of Coal Type 

The type and quality of coal, as the primary feedstock in the process, have a significant impact on the 
amount of water required to achieve the desired H₂/CO ratio. For instance, simulation have been 
conducted based on the coal used in the Lurgi project and Jindal company (Lacson et al., 2015) (Table 
12, Fig. 8).  
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Table 12. Analysis of Indian Coal in the Lurgi Project and Jindal Company (Lacson et al., 2015) 

 

 

 

 

Fig. 8. PFD of the Indian Coal Gasification Unit (This process flow diagram (PFD) illustrates the Indian coal 
gasification unit, including mass flow rates (tons/hour), temperatures, and volumetric flow rates.) 

The simulation results indicate that, assuming similar conditions at the gasifier outlet to meet 
volumetric and operational requirements (temperature of 839°C and pressure of 1.4 kg/cm² gauge) for 
Ghaenat Steel Complex South Khorasan PFD, approximately 53 tons per hour of Indian coal are 
required. This amount is roughly double the quantity of Tabas coal needed to achieve similar conditions. 

It is essential to note that comparing two systems solely by changing the type of coal is not sufficient. 
For a stable process (particularly in terms of temperature in the gasifier), other parameters, such as the 
steam-to-coal and oxygen-to-coal ratios, must also be adjusted. It should be noted that, apart from the 
type of gasifier, the quality of the input coal significantly influences the amounts of water and oxygen 
required. Lower-quality coals generally demand higher quantities of both water and oxygen (Bell et al., 

2010; Rezaiyan & Cheremisinoff, 2005). Consequently, the use of lower-quality coal leads to an increase 
in water consumption. 

4. Conclusions 

This study successfully simulated the complete coal gasification unit required for syngas production at 
the Ghaenat Steel Complex South Khorasan using Aspen Plus V14 software. The findings demonstrated 
the following: 

• Coal Input: Approximately 29 tons per hour of coal is required under the operational conditions 
(839°C and 1.4 kg/cm² gauge pressure) to produce 174.6 m³/h of syngas feeding the DRI 
furnace, resulting in the production of 110 tons/hour of sponge iron. 

• Process Water Consumption: The process water consumption is around 0.3 times the coal input 
in the gasifier, excluding utility and auxiliary water. 

• Cooling and Quenching Water: For cooling and quenching syngas, the water-to-coal ratio is 
approximately 1.7, with most of the water being treated and reused within the system. 
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• Water-Gas Shift Reaction: Additional water input is not required for the water-gas shift reaction 
due to syngas quenching in the gasifier. 

• Coal Quality: High-quality Tabas coal demands lower amounts of oxygen and water for syngas 
production compared to lower-grade coals, making it a more efficient feedstock. 
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Supplementary 

Table S.1. Simulation Stream Information 

 Units 1 2 3 4 5 6 7 8 9 10 11 12 

From     B1 B2 B2 B3 B4  B5 B6 B7 

To  B1 B3 B3 B2  B3 B4 B5 B5 B6 B7 B8 

Temperature C 
232.0

7 
24.85 423.52 1050 1050 1050 799.02 1393.3 

25.0
0 

230.00 230.00 50.00 

Pressure 
kg/sqc

m 
24.80 24.80 24.80 24.80 24.8 24.80 24.80 24.80 

24.8
0 

24.80 24.80 24.80 

Mass Vapor 
Fraction 

 0.00 1.00 1.00 0.28 0.00 0.36 0.74 1.00 0.00 1.00 1.00 0.41 

Mass Liquid 
Fraction 

 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.59 

Mass Solid 
Fraction 

 1.00 0.00 0.00 0.72 1.00 0.64 0.26 0.00 0.00 0.00 0.00 0.00 

Mass Flows 
tonne/

hr 
29.14 23.31 8.74 29.14 6.78 22.36 54.41 54.41 

49.4
8 

103.90 103.90 103.9 

Mass Fractions (%) 

COAL  100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ASH  0.00 0.00 0.00 23.26 100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

C  0.00 0.00 0.00 49.08 0.00 63.96 26.29 0.00 0.00 0.00 0.00 0.00 

H2  0.00 0.00 0.00 12.00 0.00 15.64 6.43 5.52 0.00 2.89 2.94 2.9 

N2  0.00 0.00 0.00 5.60 0.00 7.30 3.00 3.00 0.00 1.57 1.57 1.5 

CL2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S  0.00 0.00 0.00 4.43 0.00 5.78 2.37 0.00 0.00 0.00 0.00 0.0 

O2  0.00 100 0.00 4.81 0.00 6.27 45.42 0.00 0.00 0.00 0.00 0.00 

CO  0.00 0.00 0.00 0.00 0.00 0.00 0.00 53.52 0.00 28.03 27.41 27.41 

CO2  0.00 0.00 0.00 0.00 0.00 0.00 0.00 12.20 0.00 6.39 7.37 7.37 

METHANE  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

WATER  0.00 0.00 100 0.80 0.00 1.04 16.49 23.22 100 59.79 59.39 59.39 

H2S  0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.52 0.00 1.32 1.32 1.32 

Volume Flow cum/hr  728 1117 8582  8582 11423 19906  10384 10387 3115 

 
 Units 13 14 15 16 17 18 19 20 21 

CWI
N 

CWOU
T 

From  B8 B8 B9 B9 B10 B10 B11 B12 B13  B7 

To   B9  B10  B11 B12 B13  B7  

Temperature C 50.00 50.00 50.00 50.00 50.00 50.00 200.00 9.31 840.00 25.00 144.32 

Pressure 
kg/sqc

m 
24.80 24.80 24.80 24.80 24.80 24.80 24.80 1.40 1.40 4.08 4.08 

Mass Vapor 
Fraction 

 0.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 0.00 0.45 

Mass Liquid 
Fraction 

 1.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 1.00 0.55 

Mass Solid 
Fraction 

 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mass Flows 
tonne/h

r 
61.47 42.43 9.01 33.43 0.26 33.17 33.17 33.17 33.17 120 120 

Mass Fractions (%) 

COAL  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ASH  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

C  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

H2  0.00009 7.19 0.00 9.13 0.00 9.20 9.20 9.20 9.20 0.00 0.00 

N2  0.00001 3.85 0.00 4.89 0.00 4.92 4.92 4.92 4.92 0.00 0.00 

CL2  0.00000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S  0.00003 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

O2  0.00000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CO  0.00025 67.11 0.00 85.20 0.00 85.86 85.86 85.86 85.86 0.00 0.00 
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CO2  0.00637 18.03 84.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

METHANE  0.00000 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 

WATER  99.9658
2 

0.61 0.00 0.78 
100.0

0 
0.00 0.00 0.00 0.00 

100.0
0 

100.00 

H2S  0.02743 3.20 15.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Volume Flow cum/hr  3115 209 2890  2877 4224 44299 174611  25589 
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Abstract: 

Manganese is mainly used in the form of ferromanganese (FeMn) and ferrosilicomanganese (FeSiMn) 
for steel production and non-ferrous alloy production. The increasing demand for steel has 
consequently led to an increasing need for FeMn and FeSiMn, which has had a significant impact on the 
manganese ore market. In Iran, the manganese ore required for FeMn and FeSiMn production is mainly 
imported due to its low manganese content and high content of gangue materials, particularly silica. 
Therefore, processing low-grade manganese ores to a product with a manganese content above 25% can 
play a crucial role in ensuring a stable domestic supply for ferroalloy production. Sepanta Tose'e Sorin 
Company has designed and manufactured a wet high intensity magnetic separator (WHIMS) which is 
mainly used to process hematite ores to produce a high quality manganese concentrate suitable for the 
production of FeMn and FeSiMn. In this study, magnetic separation experiments were conducted at 
four different magnetic field intensities in a single-stage process as well as in a two-stage process 
(rougher-cleaner) through three series of high intensity magnetic separation experiments on manganese 
ore from a manganese Mine in Fars province containing 7% manganese and 40% silica. Under optimal 

conditions, the two-stage rougher-cleaner process, carried out at magnetic field intensities of 8000 and 
6500 gauss, produced a final product containing 32% manganese and 18% silica. 

 

Keywords: Low grade manganese ore, Wet High Intensity Magnetic Separator (WHIMS), Pre-processing, 
ferromanganese, ferrosilicomanganese 

1. Introduction 

Manganese, as one of the key elements in the iron and steel production chain and ferroalloys, plays a 

crucial role in enhancing the mechanical and metallurgical properties of alloys. The primary application 

of this element is in the form of ferromanganese and silicomanganese for the production of crude steel, 

tool steel, and stainless steel. Additionally, non-ferrous alloys also utilize manganese compounds. The 

growing global steel production has significantly increased the demand for manganese-bearing 

ferroalloys, which has directly impacted the manganese ore supply market [1,2]. Notably, 

approximately 90–95% of manganese is consumed in the steel industry, while it is also used in the 

production of dry batteries and dietary supplements [3,4]. 

China is the largest producer of low-grade manganese ore (containing less than 30% Mn), while South 

Africa leads in the production of medium-grade manganese ore. On the other hand, countries such as 

Gabon, South Africa, Australia, and Brazil are the primary producers of high-grade manganese ore 

(containing more than 44% Mn). The global distribution of manganese resources has a direct impact on 

the price and availability of this raw material in international markets. In Iran, the available manganese 

ores are generally low-grade and contain significant impurities, such as silica, which pose challenges 

for the economic exploitation of these mines. Consequently, a major portion of the domestic demand 

for ferromanganese and silicomanganese is met through imports. Therefore, developing efficient 
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methods for pre-processing domestic manganese ores to increase their grade is a crucial and strategic 

necessity. 

Rehman et al. [5] employed wet high intensity magnetic separator (WHIMS) for the beneficiation of 

manganese ore (pyrolusite). In this study, with a magnetic field intensity of 8500 Gauss, the manganese 

content increased from 27% to 45%, while the recovery rate was only 23%. Additionally, the silica 

content was reduced to 30%. According to this study this method can produce a higher-grade 

manganese product compared to other beneficiation techniques but it results in lower recovery rates 

due to the incomplete liberation of fine manganese particles from silica in the non-magnetic fraction. 

In another study [6], the issue of depleting high-grade manganese ore reserves was investigated for the 

Abu Shaar manganese ore in northwestern Hurghada, Egypt. In this research, the manganese grade of 

pyrolusite ore was increased from 30.58% to 44.12% using a dry high intensity dry magnetic separation 

process. The recovery rate varied depending on particle size, with larger particles exhibiting lower 

recovery. This study demonstrated that dry high intensity dry magnetic separation can significantly 

enhance the quality of low-grade manganese ore. 

The Sepanta Tose'e Sorin Company (STS) has designed and built a wet high intensity magnetic separator 

(WHIMS), which is commonly used for processing weakly magnetic ores such as hematite iron ore, 

manganese (pyrolusite), chromite, garnet, and others (Fig. 1). This system has successfully produced a 

high-grade manganese product that can be used in final product manufacturing. This technology 

enables the extraction of a high-grade product from low-grade domestic ores, significantly reducing the 

need for imports. 

 
Fig. 1. WHIMS used in this study built by Sepanta Tose’e Sorin (STS) 

In this study, high intensity magnetic separation experiments were conducted to evaluate the efficiency 

of the wet high intensity magnetic separation process in obtaining a suitable product and to assess the 

impact of various process parameters on separation performance, with the aim of increasing manganese 

grade and reducing impurities in low-grade manganese ore. 
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2. Material and methods 

2.1. Material 

More than 100 kg of representative samples were collected from the Fars manganese mine, with the 

specifications listed in Table 1. As indicated, the manganese grade of this mine is 7.85%, while its 

primary impurity is silica, which constitutes 42.74% of the ore. 

Table 1. Detailed Analysis of Fars Manganese Ore 

MgO Al2O3 CaO Fe2O3 SiO2 MnO 

1.33 3.25 18.16 9.78 42.74 7.85 

2.2. Methods 

For conducting the high-intensity magnetic separation (HIMS) experiments, the representative sample 

was initially crushed using a jaw crusher and a roll crusher. After homogenization and preparation, the 

sample was split into two portions using a laboratory riffle. One portion was archived as a reference 

sample, while the other was subjected to high-intensity magnetic separation experiments. 

The sample designated for separation tests was ground in a laboratory rod mill to achieve a particle size 

below 300 microns. Subsequently, the ground sample was divided into 10 kg batches for the magnetic 

separation experiments. These tests were conducted under high intensity magnetic field conditions of 

10,000, 8,000, 6,500, and 5,000 Gauss, following the constant parameters listed in Table 2. 

Table 2. Fixed Conditions for Wet High-Intensity Magnetic Separation Tests 

Solidity  )%(  Size (µm) 
Inlet flow 

(lit/h) 

Ring rotation 

speed (rpm) 

Number of 

pulses 

(#/min) 

Matrix Type 
Rod diameter 

(mm) 

22 0-300 420 4 290 Rod 2.5 

For the two-stage rougher-cleaner separation experiments, 20 kg of sample was prepared for each test 

and subjected to wet high intensity magnetic separation (WHIMS) under rougher-cleaner conditions at 

magnetic field intensities of 10,000-8,000, 10,000-6,500, and 8,000-6,500 Gauss, following the fixed 

conditions outlined in Table 2. 

Finally, all samples were dewatered, dried, and weighed before being analyzed using X-ray 

fluorescence (XRF) for grade assessment. The experimental procedure is illustrated in the flowchart 

shown in Figure 2. 
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Figure 2. Flowchart of experimental procedure 

3. Results and Discussion 

This study aimed to obtain a product with a manganese grade higher than 30%, while also achieving a 

low silica content and high recovery. Since the primary goal was to enhance the manganese content of 

the product compared to the feed, experiments at lower magnetic field intensities (5,000 and 6,500 

Gauss) were prioritized, along with two-stage rougher-cleaner tests. 

Additionally, the middling was analyzed separately to evaluate different approaches for improving 

overall recovery if a suitable grade could be achieved. 

3.1.  Results of Single-Stage Tests 

As mentioned earlier, single-stage tests were conducted at magnetic field intensities of 10,000, 8,000, 

6,500, and 5,000 Gauss, yielding the results presented in Table 3. 

Table 3. Result of single-stage wet high intensity magnetic separation tests 

Test Number Magnetic Intensity (Gauss) Sample Mn Grade (%) Recovery (%) 

1 10,000 

Product 16.54 33.98 

Middling 3.55 13.58 

Tail 3.37 52.44 

2 8,000 

Product 22.13 22.48 

Middling 4.89 8.31 

Tail 3.22 69.21 

3 6,500 

Product 24.98 17.25 

Middling 4.83 16.63 

Tail 4.70 66.12 

4 5,000 

Product 28.24 10.08 

Middling 5.37 15.35 

Tail 5.13 74.57 

Based on the results presented in Table 3, none of the conducted tests achieved a manganese grade of 

30%, and there remains a significant gap between the obtained grades and the target value. One of the 
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key observations is the relatively minor change in manganese grade with decreasing magnetic field 

intensity, which could be attributed to insufficient comminution to the required liberation degree. Given 

that the manganese ore feed grade under investigation is approximately 8%, grinding it to full liberation 

would be highly cost-intensive. Therefore, regardless of the obtained results, additional fine grinding 

was not considered, and the grade enhancement was pursued within the existing particle size 

distribution of d₈₀ = 300 μm. 

On the other hand, the increase in iron-bearing phase grade and the reduction in recovery (at an 

appropriate ratio) with decreasing magnetic field intensity indicate the proper performance of the 

equipment. Another important aspect is the extremely low grade of the tailings, confirming that the 

separation process in these tests was effective. According to the results, the manganese recovery was 

depended on the intensity of the magnetic separation, demonstrating the efficiency of the magnetic 

separation. Additionally, the middling grade suggests that it can be directly added to the tailings. 

Therefore, based on these findings, two-stage rougher-cleaner tests were considered as the next step to 

achieve a manganese concentrate with a grade exceeding 30%. 

3.2. Results of Two-Stage (Rougher-Cleaner) Tests 

The two-stage rougher-cleaner tests were performed at magnetic field intensities of 10,000–8,000 Gauss, 

10,000–6,500 Gauss, and 8,000–6,500 Gauss. The detailed results of these experiments are presented in 

Table 4.  

Table 4. Results of two-stage wet high intensity magnetic separation tests 

Test 
Number 

Stage Sample Mn Grade Recovery (%) 
Mn Recovery 

(%) 

5 

Rougher-Cleaner (10,000-8,000 Gauss) 

Rougher 

Product 16.63 33.83 71.04 

Middling 4.05 13.52 19.18 

Tail 3.31 53.65 6.92 

Cleaner 

Product 23.30 50.03 66.83 

Middling 12.19 11.61 20.51 

Tail 9.52 38.36 6.34 

6 

Rougher-Cleaner (10,000-6,500 Gauss) 

Rougher 

Product 16.64 33.37 71.08 

Middling 3.96 13.36 19.40 

Tail 3.24 53.27 6.77 

Cleaner 

Product 27.88 42.73 66.57 

Middling 10.70 12.88 22.35 

Tail 9.54 44.39 6.86 

7 

Rougher-Cleaner (8,000-6,500 Gauss) 

Rougher 

Product 22.03 22.53 69.31 

Middling 4.67 8.57 25.51 

Tail 3.59 68.90 5.10 

Cleaner 

Product 31.86 45.05 64.91 

Middling 14.66 11.18 24.64 

Tail 12.02 43.77 6.08 

As shown in Table 4, the grades of the middling product and the tailings were consistently similar at 

both the rougher and cleaner stages across all experiments, allowing for their effective combination. The 

outcomes of the final product from all three two-stage tests are presented in Table 5. 
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Table 5. Results of the final product from all three two-stage tests 

Test 
Number 

Magnetic Intensity 
(Rougher-Cleaner) 

Sample Mn Grade Total Recovery (%) 

5 10,000 – 8,000 Gauss 

Final Product 23.30 16.92 

Tail of Rougher 3.46 66.17 

Tail of Cleaner 11.57 49.97 

6 10,000 – 6,500 Gauss 

Final Product 27.88 14.26 

Tail of Rougher 3.39 66.63 

Tail of Cleaner 10.44 57.27 

7 8,000 – 6,500 Gauss 

Final Product 31.86 10.11 

Tail of Rougher 3.71 77.47 

Tail of Cleaner 14.12 54.95 

It is evident from that the highest manganese grade, 31.86%, was achieved in the 8,000–6,500 Gauss 

rougher-cleaner test, marking the best performance in this study. Notably, a key observation was the 

exceptional reproducibility of the tests when compared to single-stage experiments, underscoring the 

stable and reliable operation of the WHIMS equipment. 

Moreover, during the cleaner stage, the tailings grade was significantly higher than that observed in the 

rougher stage and the feed. This suggests that recirculating the cleaner tailings to the rougher stage 

could increase the feed grade for the rougher step, thereby improving both equipment efficiency and 

overall recovery. This strategy not only boosts the final recovery but also results in a higher-grade of 

final product. 

Based on these findings, the proposed processing flowchart for manganese ore from the Fars manganese 

mine is illustrated in Figure 3. 

 

Figure 3. Proposed flowchart for manganese ore processing in Fars Manganese Mine 
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4. Conclusions 

In this study, the beneficiation of low-grade manganese ore was investigated using wet high-intensity 

magnetic separator (WHIMS). Given the increasing global demand for manganese-based ferroalloys 

and the challenge of securing high-grade manganese ore in Iran, the development of pre-processing 

methods is essential. The experimental results demonstrated that the two-stage separation process 

(rougher-cleaner) at magnetic field intensities of 8000 and 6500 Gauss successfully produced a 

concentrate with 32% Mn and 18% SiO2. These results highlight the high efficiency of the proposed 

method in upgrading domestic manganese ores. 

Implementing this approach can reduce dependence on imports and serve as a significant step toward 
securing raw materials for the country's ferroalloy industries. Additionally, the findings suggest that 
further process optimization is possible by recycling tailings, which could enhance overall recovery. 
Therefore, the development and optimization of wet high-intensity magnetic separator (WHIMS) 
represent a viable and effective strategy for the economic utilization of low-grade manganese resources 
in Iran.Acknowledgments 
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Abstract: 

Considering the high cost of water supply for large mineral processing plants in desert areas, the 
treatment and recovery of wastewater from these plants is essential. One common method for solid-
liquid separation on a large scale is the use of paste thickeners. The most important advantages of 
paste thickeners are increased water recovery, maximized underflow density, and enhanced tailings 
dam capacity. Therefore, to investigate this matter, a pilot-scale paste thickener was designed with a 
dry feed rate of 530 kilograms per hour and an input solid percentage of 10%. The pulp flow rate 
entering the feedwell was set at 4920 liters per hour, and the flocculant consumption for this thickener 
was considered 50 grams per ton of dry solids. The flocculant was prepared as a solution with a 
concentration of 0.16 grams per liter in the flocculant preparation tank before it was injected into the 
feedwell. The results of the study indicated that the solid settling rate using flocculant  AN905 
(Polyacrylamide) was higher than that of flocculant A26 (Polyacrylamide), while the overflow water 
clarity was satisfactory for both flocculants. The average bed formation rate over time was 
approximately 0.26 meters per hour. After feeding the thickener, when the bed height increased to 3 
meters, the underflow solid percentage of the paste thickener reached 65%. The concentration profile 
results revealed that at greater heights, the solid percentage of the sample approached the feed solid 
percentage, while at lower heights, the solid percentage aligned more closely with the underflow solid 
percentage. 

 

Keywords: paste thickener, flocculant, underflow solid percentage, overflow turbidity 

 

1. Introduction 

Solid-liquid separation in large settling tanks is widely used in the mineral processing and water 
treatment industries ( Rudman et al. 2010).  Thickening is the process of separating suspended solid 
particles from water through gravitational settling to increase the solid percentage. Nowadays, the 
industry focuses on issues such as water recovery, environmental management, and the production 
and storage of tailings with higher solid content (Henriksson. 2005).  Deep cone thickeners were 
developed in the British coal industry during the 1960s and 1970s. Several years later, with 
advancements in flocculant technology, feedwell design, and improvements in tank and underflow 
system design, modern deep cone paste thickeners emerged. These thickeners have a height-to-
diameter ratio greater than one, whereas conventional and high-rate thickeners have a much lower 
ratio. The combination of a high height-to-diameter ratio and a steep cone angle facilitates easier 
discharge of the paste underflow. Since the effect of gravity on paste tailings is governed by the yield 
stress of the paste, it is considered a key parameter in paste thickener design. The paste must flow 
through the thickener, reach the pumping system, and then be transported to the designated 
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discharge point. By correctly interpreting the operating range of paste thickeners, the yield stress 
curve can be used to determine the maximum underflow concentration and the minimum overflow 
concentration, which are directly related to slurry settling behavior (September and Kirkwood. 2010). 
The bed depth of paste thickeners distinguishes them from other types of thickeners. In deep cone 
paste thickeners, the bed depth can reach 10 meters or more. Reducing the surface area relative to 
depth increases compressive forces, which in turn enhances the underflow solid percentage 
(September and Kirkwood. 2010).  Flocculation occurs through polymer bridging, charge 
compensation or neutralization, surface polymer complex formation and depletion, and/or a 
combination of these mechanisms (Onen et al. 2018).  For the flocculant A-130 (5 g/t), the research 
results indicated that an underflow solid percentage of 70% was achieved at a height of 2 meters, with 
a retention time of 5 hours and a settling flux of 2 t/h/m² ( Moosakazemi et al. 2020). The research 
results showed that the maximum underflow solid percentage of 55.6% can be achieved using the 
laboratory-scale paste thickener (Olcay et al. 2009). 

2. Material and methods 

With the construction of a pilot-scale paste thickener, the cold commissioning of this thickener was 
carried out. After ensuring the functionality of all equipment, the hot commissioning was performed 
in the presence of the consulting team and the client on the tailings sample from the Golgohar 
processing plant. Similar to the bench-scale thickener experiments, the appropriate flocculant type and 
its concentration should first be determined at the laboratory scale. Here, due to the required 
flocculant volume (which is greater than the amounts used in the bench-scale thickener startup), two 
types of flocculants, A26 and AN905, were examined. Afterward, based on the optimized 
experimental conditions, tests were conducted at the pilot scale. The goal of these experiments was to 
determine the minimum thickener surface area required to achieve the maximum underflow solid 
percentage, which aligns with the values observed in the industrial thickener. In addition to the above, 
this thickener can be used to determine the bed formation rate at different fluxes and the 
concentration profile. All of these factors will help determine the sedimentation and consolidation 
characteristics of the minerals in the paste thickener, which will assist in the design and optimization 
of the industrial thickener. 

2.1. Components of the Pilot Thickener 

The various components of this thickener are as follows: 

Feed tank, Flocculant preparation tank, Peristaltic feed pump, Flocculant dosing pump, Peristaltic 
dilution water pump, Pilot paste thickener (including main parts such as the header box, overflow, 
feedwell, rake, and its mechanism), Peristaltic underflow pump, Recirculation pump. 

The Gol Gohar Sirjan tailings, which had been used at the bench scale, were also selected as the basis 
for pilot-scale tests. For this purpose, the sample was prepared in the feed tank, which is equipped 
with an agitator, at a solids percentage of 30%. It was then transferred into the feed sump using a 
peristaltic pump and a hose. This pump allows for feed flow rate control during experiments by 
adjusting its frequency. At the pilot scale, feed dilution takes place in the feed sump, simulating the 
conditions of an industrial-scale paste thickener. In this experiment, the dilution was carried out to 
10% by weight. 

The flocculant tank is used for the preparation and storage of the flocculant solution. This tank is 
equipped with an agitator. The flocculant pump, located beneath the flocculant tank, delivers the 
flocculant solution into the feed sump via a hose. This pump is also a peristaltic type, with an 
adjustable flow rate. In these experiments, the flocculant solution was prepared at a concentration of 
0.16 g/L. To mitigate the risk of flocculant shortage, two tanks were used for flocculant preparation, 
allowing the second tank to replace the first one when depleted. 
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The pilot-scale paste thickener has an internal diameter of 1.5 meters and a height of 5 meters. 
Sampling valves were installed at half-meter intervals along the height, facilitating easy sampling at 
various thickener heights and enabling the creation of a concentration profile. This thickener is 
equipped with a small header box at the top to minimize initial feed turbulence and facilitate proper 
flocculation. Additionally, Similar to industrial thickeners, the feedwell was used for feed circulation 
and guidance inside the thickener. For optimal flocculation, four injection points for the flocculant 
solution were designated—two in the header box and two on the pipe connecting the header box to 
the feedwell. 

The dilution of the incoming feed is also carried out in the header box using overflow water. A V-
notch section was designed inside the thickener for the transfer of overflow water, allowing it to be 
directed out of the thickener after reaching this section. The discharged water is collected in a tank, 
and a portion of it is recirculated back into the header box using a peristaltic pump for feed dilution. 
Additionally, an underflow pump is used to discharge the thickened slurry. Similar to the feed pump, 
this pump has a controllable and adjustable flow rate. 

Since the thickener is made of metal, two transparent acrylic panels, each 1.7 meters in height, were 
installed on opposite sides of the thickener body to provide a clear view of its interior. This allows for 
the observation and recording of the bed level, sedimentation behavior, and material compaction 
inside the thickener. Additionally, The thickener was also equipped with a recirculation pump to 
facilitate material flow in case of underflow clogging. This pump increased flowability by reducing 
paste viscosity without lowering the solid percentage. Figure 1 presents images of various sections of 
the thickener from different perspectives. 

 

 
Figure 1 - Different parts of the pilot scale paste thickener 

 

2.2. Experimental Procedure 

At this stage, the flocculant solution was prepared at a concentration of 0.16 g/L. As mentioned 
earlier, two tanks were used for flocculant preparation to minimize the risk of shortages, allowing for 
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the replacement of one tank with the other when depleted. Simultaneously, the feed was prepared 
with a solids percentage of 30%. Before starting the experiment, the paste thickener was filled with 
water. The flocculant pump was then started, and its flow rate was adjusted. Next, the dilution pump 
was activated, followed by the feed pump, with their respective flow rates also being adjusted. 
Initially, the experiment was conducted in batch mode to reach the desired bed height. During this 
phase, the underflow pump remained off until the bed height reached the target level (3 meters in this 
case). Once the desired bed height was achieved, the underflow pump was started. 

The bed formation rate can be determined by measuring the time required to reach different heights. 
Once the bed height reaches approximately 3 meters, the underflow pump is started. The underflow 
flow rate must be adjusted to maintain the bed height at 3 meters. Therefore, the underflow rate is 
entirely dependent on the bed height, and adjustments continue until the bed height stabilizes. 

At a constant flux and a stable bed height, a fixed paste density is achieved. Additionally, to analyze 
the sedimentation and consolidation behavior of the target mineral, samples can be collected from the 
thickener wall, and a concentration profile can be plotted. 

Based on these principles, experiments were conducted on the iron tailings sample from the Gol 
Gohar processing plant. The operational conditions of the thickener and flocculant preparation during 
the experiment are provided in Table 1 and 2. 

Table 1 - Operational Conditions of the Pilot Paste Thickener 

Flocculant Preparation Concentration (g/L) Consumption Rate (g/t) Solution Flow Rate (L/h) 

AN905 0.16 50 165.5 

Table 2 - Operational Conditions of the Pilot Paste Thickener 

Pulp 
Solid Flux 
(t/m²/h) 

Feed Solid percentage(Before 
Dilution) 

Feed Solid percentage  (After 
Dilution) 

Feed Flow Rate 
Before Dilution 

(L/h) 

 0.3 30 10 1387.3 

 

Based on the solid flux and thickener surface area, the dry feed tonnage was 530 kg/h. Given a 10% 
solid percentage  in the feed, the pulp flow rate to the feedwell was approximately 4920 L/h, requiring 
3533 L/h of dilution water. 

 

3. Experimental Results 

3.1. Flocculant Selection 

Similar to the bench-scale thickener setup tests, the appropriate type and concentration of flocculant 
must first be determined at the laboratory scale for pilot-scale experiments. Given the larger volume of 
flocculant required at the pilot scale (compared to the bench scale), two types of flocculants, A26 and 
AN905, were evaluated.  The experiments were conducted at a solids percentage of 10% with a 
flocculant dosage of 50 g/ton. The results of these tests are presented in Figure 2. 
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Figure 2 – Initial settling rate of different flocculants 

 

As observed, the settling rate of flocculant AN905 is higher than that of A26. However, the turbidity of 
the overflow water was also examined, and the water clarity was found to be suitable for both types of 
flocculants. Therefore, flocculant AN905 was selected for use in the experiments . 

 

3.2. Bed Formation Rate 

After starting the experiment and filling the conical section of the thickener, with the bed level 
reaching the eye sight level, the bed formation process was recorded over time in batch conditions. In 
this case, the zero time for bed formation was considered at a height of 30 centimeters above the 
bottom of the thickener cylinder. The bed height values over time are shown in Figure 3. According to 
this graph, the average bed formation rate over time was approximately 0.26 meters per hour, which is 
about 0.24 meters per hour lower than the bench-scale experiment (0.50 meters per hour). 

This decrease in the bed formation rate compared to the bench-scale is due to the presence of paddles 
and the pickets on them. The pickets create vertical channels in the bed of materials, which leads to the 
release of trapped water within the bed. As a result, the bed compaction is much higher than in the 
bench-scale conditions, and a more uniform bed is formed. Therefore, the paddles play a crucial role 
in paste thickeners, and special attention should be given to their design in thickener systems. 
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Figure 3 – Bed height values over time 

3.3. Underflow Solid Percentage 

As the bed height increased to 3 meters, the underflow pump was started. As mentioned earlier, the 
underflow flow rate must be adjusted so that no decrease in bed height occurs. In other words, the 
underflow flow rate must be varied to keep the bed height constant at 3 meters. Afterward, samples 
were taken from the underflow at different time intervals. The results of several sampling stages, 
taken at the start of the underflow pump and after 1 hour of operation, are shown in Figure 4. 

As observed, the average final solids percentage of the underflow varied at the start of the underflow 
pump, but after 1 hour of discharge and the establishment of stable conditions, the underflow solids 
percentage reached approximately 65%. Therefore, at a flux of 0.3 tons per square meter per hour, the 
solids percentage of the underflow in an industrial-scale paste thickener will be around 65%. 

 

Figure 4 - Underflow solid percentage at different sampling stages 
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3.4. Concentration Profile 

By sampling from the sample valves on the thickener body, the concentration profile related to this 
experiment is shown in Figure 5. In this figure, the zero height refers to the thickener underflow. As 
observed, as the graph approaches higher heights, the solid percentage of the sample gets closer to the 
solid percentage of the feed. Conversely, as it moves towards lower heights, the solid percentage 
approaches that of the underflow. 

 

 

Figure 5 - Solid percentage profile at different heights of the pilot-scale paste thickener 

4.  Conclusion 

Based on the conducted experiments, the following results were obtained: 

Predicting the final solid percentage of a paste thickener at an industrial scale is feasible using a pilot-
scale paste thickener. The sedimentation and consolidation behavior can be fully monitored at this 
scale. However, tests at this scale should be conducted at different flux rates to determine the most 
optimal and efficient thickener performance. For the iron tailings sample from the Gol Gohar 
processing plant, at a flux of 0.3 tons per square meter per hour, the industrial-scale solid percentage is 
expected to be around 65%. 

The bed formation rate at this scale is lower compared to the bench-scale thickener under similar 
conditions, due to the presence of rakes and pickets (0.26 meters per hour in the pilot scale compared 
to 0.5 meters per hour in the bench scale). The pickets create channels within the material bed, 
facilitating water release between particles and increasing compression in the thickener. Additionally, 
since this water release occurs simultaneously with thickening, the bed formation rate becomes more 
uniform. 
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Abstract: 

In this study, the production of magnesium oxide (MgO) from dolomite ore (CaMg(CO₃) ₂) from a 

mine in the southern region of the country was investigated. After sampling from the dolomite mine, 

the samples were transferred to the Iranian Mineral Processing Research Center for XRF, ICP, XRD, 

and TGA-DTA analyses. The results of mineralogical and chemical analyses indicated that the main 

minerals in these samples were dolomite and calcite, which are significant for magnesium production. 

The calcination process at a particle size of 3 mm and a temperature of 800°C led to the conversion of 

dolomite into an oxide phase. Magnesium oxide was produced through acid leaching with HCl at a 

concentration of 2 M and a solid-to-liquid ratio of 5:15 at 70°C for 3 hours. The precipitation process 

using NaOH at a pH of 8–9 resulted in the formation of magnesium hydroxide, which was further 

heated at 600°C to convert it into magnesium oxide (MgO).The results demonstrated that the complete 

production of magnesium oxide is feasible at the Iranian Mineral Processing Research Center. This 

study highlights the high potential of the dolomite mine in the southern region as a source of raw 

material for MgO production and emphasizes the need to develop industrial infrastructure to 

complete the value chain of this strategic metal.

 

Keywords: Magnesium, Dolomite, Calcination, Acid Leaching 
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1. Introduction 

Magnesium, the eighth most abundant element in the Earth’s crust, plays a vital role in various 

industries due to its unique properties, including low density, high strength, excellent formability, and 

good electrical and thermal conductivity. Dolomite ore is one of the most important sources for 

magnesium extraction. Composed of calcite and magnesite, dolomite is widely regarded as an ideal 

raw material for producing magnesium and its compounds. Formed primarily through regional 

metamorphism, this rock typically contains at least 45% magnesium carbonate and appears naturally 

white, though impurities may introduce gray, pink, green, or black hues. Dolomite has a specific 

gravity of approximately 2.6 g/cm³, a hardness of 3.5–4 on the Mohs scale, and a vitreous to pearly 

luster. Significant dolomite deposits exist worldwide, particularly in regions such as Indonesia.This 

study explores hydrometallurgical techniques for extracting magnesium from dolomite ore, which are 

among the most efficient methods for producing magnesium and its derivatives. The research focuses 

on magnesium oxide production from dolomite sourced from a southern region of the country, 

analyzing a composite reserve sampled from multiple stations with varying compositions. The 

experimental procedures and results are presented in detail, offering insights into optimizing 

magnesium extraction and production from mineral resources. 

 

 

2. Material and methods 

This research investigated dolomite sourced from a mine in southern Iran. Composite samples were 

prepared by blending material from five sampling stations with equal weight percentages from 

different areas of the mine. The results of XRF and XRD analyses are presented in Table 1 and Figure 

1. XRF data revealed that the dolomite samples contained Caro, MgO, Na₂O, SiO₂, Al₂O₃, P₂O₅, SO₃, 

K₂O, and Fe₂O₃, with CaO and MgO as the predominant compounds and the others as minor 

constituents. XRD analysis confirmed that most peaks corresponded to dolomite, with additional 

minor peaks attributed to CaCO₃ and SiO₂ impurities.The composite dolomite samples were crushed 

to ≤3 mm using jaw and roller crushers at the Iran Mineral Processing Research Center. This particle 

size was selected to minimize fines (preventing agglomeration during calcination) while ensuring 

complete calcination. The crushed samples were then calcined at 800°C for 5 hours, decomposing the 

dolomite into calcium oxide (CaO) and magnesium oxide (MgO).Subsequent leaching was performed 

using 37% hydrochloric acid (2 M concentration) at a solid-to-liquid ratio of 1:3 and 70°C for 3 hours to 

solubilize the primary dolomite components, magnesium and calcium. After leaching, the solution 

was filtered to remove the negligible insoluble residue. The filtrate was then treated with 10 M sodium 

hydroxide to adjust the pH to 8.5–9.5, precipitating magnesium hydroxide (Mg(OH)₂). Due to the 

temperature sensitivity of Mg(OH)₂, precipitation was conducted below 60°C. The precipitated 

Mg(OH)₂ was collected via filtration and subsequently calcined at 600°C for 1 hour to produce 

magnesium oxide (MgO). The complete process flow is illustrated in Figure 2. 
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Table 1: XRF Analysis Results of the Composite Sample from 5 Sampling Stations 

 

 

 

Al2O3 (%) CaO (%) MgO (%) TiO2 (%) SO3 (%) P2O5 (%) Element 

0.1 33.19 19.08 0.01 0.46 0.01 
Composition 

(wt. %) 

Na2O (%) K2O (%) SrO (%) SiO2 (%) Fe2O3 (%) L.O.I (%) Element 

0.1 0.17 0.01 0.57 0.1 46.38 
Composition 

(wt. %) 

 

Figure 1 – XRD diagram of the combined sample of 5 sampling stations 
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Figure 2  – Flowchart of Magnesium Oxide Production Test Procedures 

 

3.Results and Discussion 
3.1.The Effect of Heat on Dolomite Calcination 

The thermogravimetric (TGA) and differential thermal analysis (DTA) results presented in Figure 3 

demonstrate the thermal behavior of composite dolomite samples within the 750-900°C temperature 

range, which was investigated to determine the optimal calcination conditions. Our analysis revealed 

two distinct decomposition events at 798.52°C and 915.38°C, corresponding to dolomite and calcite 

decomposition respectively, accompanied by a total mass loss of 19.47%. Systematic calcination 

experiments conducted at 750, 800, 850, and 900°C for 5 hours enabled observation of the thermal 

decomposition process following Reaction 1: 

CaMg(CO₃)₂ → CaO + MgO + 2CO₂  (1) 

XRD analysis of the calcination products showed complete dolomite decomposition at 800°C, with well-defined 

CaO and MgO phases of high purity. These findings, supported by the data in Figure 4, establish 800°C as the 

optimal calcination temperature, while Figure 5 provides clear visual evidence of the pronounced structural 

transformations occurring during calcination at this temperature. 
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Figure 3 - TGA-DTA diagram of the combined sample of 5 sampling stations 

 

Figure 4 - XRD pattern of the calcination of the composite sample at different temperatures 
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Figure 5 - Comparative images of the composite sample (right) pre-calcination state and (left) post-
calcination state at 800°C. 

 

3.2.The Effect of Hydrochloric Acid Concentration on Leaching of Calcined Dolomite 

In the leaching experiments conducted at 70°C with a liquid-to-solid ratio of 3, the concentration of hydrochloric 

acid (HCl) varied from 0.5 to 2 M. The results indicated that magnesium extraction increased with rising HCl 

concentration. Over a 3-hour leaching period, increasing the HCl concentration from 0.5 M to 2 M enhanced the 

dissolution of calcined dolomite from 2.4% to 99.07%. Images of the hydrochloric acid leaching process and the 

filtration of the leaching solution are shown in Figures 6 and 7, respectively. 

 

Figure 6 – Hydrochloric Acid Leaching of Calcined Dolomite 
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Figure 7 - Filtration of the Hydrochloric Acid Leaching Solution 

 

3.3.The Effect of Sodium Hydroxide Addition on Magnesium Hydroxide Precipitation 

The hydrochloric acid leaching solution has a pH of 2.5, and sodium hydroxide must be added to 

precipitate magnesium oxide. The pH rapidly increases from 2.5 to 8 upon NaOH addition, but the 

rise from 8 to 9 occurs slowly, during which magnesium hydroxide gradually appears as a white 

precipitate at pH 8, with complete precipitation achieved at pH 9. After filtration, magnesium 

hydroxide can be separated from the solution. The XRD analysis results of the precipitated 

magnesium hydroxide, the precipitation solution, and the solid magnesium hydroxide are shown in 

Figures 8, 9, and 10, respectively. Note that the precipitation temperature must be set at 60°C due to 

the low solubility of magnesium hydroxide at higher temperatures. 

 

Figure 8 - XRD analysis results of the precipitated magnesium hydroxide 
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Figure 9 - Precipitation solution of magnesium hydroxide 

 

 

Figure 10 - Solid magnesium hydroxide 
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3.4.The effect of heat on the conversion of magnesium dioxide to magnesium oxide 

To produce magnesium oxide (MgO), the thermal decomposition of magnesium hydroxide (Mg(OH)₂) 

was carried out at 600°C for 1 hour. To optimize the decomposition temperature, Mg(OH)₂ was heated 

at 500°C, 600°C, and 650°C for 1 hour each. Based on the results, 600°C was selected as the optimal 

temperature due to a 36% weight loss. The XRF results and XRD analysis of the thermally 

decomposed magnesium oxide are presented in Table 2 and Figure 11, respectively. 

Table 2 - the XRF analysis results of magnesium oxide 

 

 

Al2O3 (%) CaO (%) MgO (%) TiO2 (%) SO3 (%) P2O5 (%) 

0.99 5.77 75.81 0.01> 0.32 0.01 

Na2O (%) K2O (%) SrO (%) SiO2 (%) Fe2O3 (%) L.O.I (%) 

3.01 0. 1> 0.01 0.64 0.94 12.41 

 

Figure 11 - the XRD patterns of magnesium oxide 

4.Conclusion 

A hydrochloric acid leaching process for magnesium extraction and magnesium oxide production 

from calcined dolomite ore was successfully demonstrated. Results showed that magnesium 

extraction efficiency increased with both rising hydrochloric acid concentration and higher liquid-to-

solid ratio. The addition of sodium hydroxide proved crucial for pH adjustment to 8-9 to precipitate 

magnesium hydroxide (Mg(OH)₂), which is essential for optimal conversion to magnesium oxide 

(MgO). The optimized conditions included: dolomite calcination at 800°C, leaching with 2 M 

hydrochloric acid at 70°C with a 15:5 liquid-to-solid ratio for 3 hours, and pH maintenance at 8 -9 for 

hydroxide precipitation. Thermal decomposition at 600°C was identified as the optimal temperature 

for converting magnesium hydroxide to magnesium oxide. 
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Abstract: 

Hematite deposits and concentrate production from them can make a significant contribution to the 
steel production supply chain. The hematite/goethite reduction roasting method followed by 
enrichment with low-intensity magnetic separation is one of the new and high-potential solutions. In 
this study, the effect of temperature, reaction time, particle size, and ratio of reducing agent (coal) on 
roasting and the effect of field intensity on magnetic separation were investigated. Increasing the 
reaction time, temperature, and coal ratio in the roasting process and decreasing the magnetic field 
intensity in the Davis tube increased the grade. The highest iron grade (65.62%) was obtained at a 
temperature of 850°C, a reaction time of 2 h, and a coal ratio of 5%. 

 
Keywords: Roasting, Hematite, Iron, Magnetite 

1. Introduction 

Some of the most important iron-bearing minerals include magnetite (Fe3O4), hematite (Fe2O3), goethite 
(Fe2O3.H2O), siderite (FeCO3), and limonite (Fe2O3.nH2O) (Cornell & Schwertmann, 2003). Among the 
main iron ores, producing concentrate from magnetite is more cost-effective, easier, and the processing 
methods for magnetite ore have seen significant advancements due to its ferromagnetic properties (Lu, 
2015). High-grade resources have been steadily decreasing over the years, and on the other hand, with 
the increasing demand for this metal, it is necessary to produce iron from the tailings of mines 
containing significant amounts of hematite and goethite, as well as from low-grade deposits, which also 
present many challenges(Li et al., 2010). The methods for producing concentrate from hematite deposits 
include gravity separation, flotation, separation high-intensity magnetic, and magnetic reduction. 
Concentrate production from high-grade deposits is typically carried out using gravity separation, 
flotation, and high-intensity magnetic separation methods (Cornell & Schwertmann, 2003). The 
magnetite reduction process is the only method capable of producing magnetite concentrate from low-
grade hematite/goethite deposits (Li et al., 2010). Roasting is the process of heating materials at a 
temperature below their melting point to induce a chemical change that improves subsequent stages. 
Types of roasting processes include oxidative, evaporative, sulfatic, chloridic, and reductive roasting 
(Sohn & Wadsworth, 2013). The reduction process takes place in a furnace and in a reducing 
environment. If the product of the reduction process has magnetic properties, the process is referred to 
as magnetite reduction. In the next stage, after magnetite reduction, a crushing step is required, followed 
by separation using a low-intensity magnetic separator (Jang et al., 2014). Given the significant impact 
of parameters on the product of the magnetite reduction process, controlling these parameters is crucial 
and plays an important role in the environmental and economic assessments of the process. Important 
parameters of the process include temperature, time, particle size of the sample, amount of reducing 
agent used, and ... (Uwadiale, 1992). Magnetite reduction, compared to flotation, gravity separation, 
and high-intensity magnetic separation methods, is an effective and successful process for producing 
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concentrate from low-grade hematite/goethite ores (Uwadiale, 1992). Countries that use this method 
for concentrate production include China, India, and Australia (Cornell & Schwertmann, 2003). The 
mechanism of reductive roasting for hematite, considering that the reducing gas is CO, is as follows: 
The first stage is the diffusion of the reducing gas into the diffusion layer and its arrival at the surface 
of the particles. The second stage is the entry of the reducing gas into the pores and micropores within 
the particles. The third stage is the reduction process occurring at the surface of the hematite particles. 
The fourth stage is the exit of CO2 from the pores and its movement to the diffusion layer. The fifth stage 
is the exit of the gas from the diffusion layer (Peng et al., 2017). Among the five stages, only the third 
stage is where the chemical reaction occurs, and the reduction takes place. In this stage, CO reaches the 
surface, removes oxygen from it, and produces two electrons along with CO2 gas, as shown in reaction 
1. The carbon dioxide gas is then removed from the particle through stages four and five. The separated 
electrons, according to reaction 2, reduce ferric iron (Fe³⁺) to ferrous iron (Fe²⁺). The ferrous ion (Fe²⁺) 
present, according to reaction 3, reacts with the surface hematite and undergoes a transformation, 
leading to the formation of magnetite (Chen et al., 2017). 

𝐶𝐶𝐶𝐶+  𝐶𝐶2− → 𝐶𝐶𝐶𝐶2 + 2𝑒𝑒− (1) 
𝐹𝐹𝑒𝑒3+ + 𝑒𝑒− → 𝐹𝐹𝑒𝑒2+ (2) 
𝐹𝐹𝑒𝑒2𝐶𝐶3 + 𝐹𝐹𝑒𝑒𝐶𝐶 →  𝐹𝐹𝑒𝑒3𝐶𝐶4 (3) 

Studies on the processing of hematite using the roasting method have been conducted (Chen et al., 2017; 
Peng et al., 2017). Yu et al. (Yu et al., 2017) carried out the magnetite reduction process using coal as a 
reducing agent and low-intensity magnetic separation, achieving a grade of 65.4%. Nayak et al. (Nayak 
et al., 2019) investigated the reduction process using coconut shell as a reducing agent. Yuan et al. (Yuan 
et al., 2020) also examined reductive roasting and magnetic separation. 

The aim of this research was to investigate the impact of parameters affecting the magnetite reduction 
method, such as particle size, temperature, reaction time, reducing agent, and others, in producinga 
product that can be used in the steel industry. 

2. Material and methods 

2.1. Material 

The hematite used in this research was obtained from a hematite mine (Kerman, Iran). The chemical 
composition of the representative ore was characterized by X-ray diffraction (Asenware, AW/XDM 300, 
China), X-ray fluorescence (pw1410, Netherlands), Differential thermal analysis (STA409PC), thin 
section and polish section (Kaywa polarizing microscope) analyses. 

2.2. Method 

Reductive roasting experiments were done using coal in a tube furnace (Azar furnace 1200, Iran), which 
was initially purged with nitrogen gas at a flow rate of 0.4 L per min for 20 min. After that, the inlet gas 
was closed and the furnace was set for 1 h to reach the desired temperature, and it was kept at this 
temperature for a certain period of time. After finishing the roasting, the furnace was turned off until 
reaching room temperature without air or oxygen purging the sample. 

For this purpose, the prepared sample was first crushed to sizes smaller than 10 mm and subjected to 
magnetite roasting tests under various conditions of temperature, reaction time, and coal-to-ore ratio. 
Based on previous studies, the roasting temperature was examined in the range of 750 to 850°C, coal 
content between 3 to 5%, roasting time between 0.5 to 2 h, and particle sizes of 10 and 1 mm. After 
reduction roasting under different conditions, the samples were grind in a planetary mill for 10 min at 
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250 rpm, reaching a particle size of less than 45 mµ. Subsequently, magnetic separation was performed 
using a Davis tube with an intensity of 900 G. 

3. Results and discussion 

3.1. Sample characterization 

In order to characterize the various properties of the raw hematite ore, several chemical, physical and 
thermal analyses were conducted. According to the XRD analysis, the main phases of the representative 
sample were quartz, hematite, gothite and dolomite (Fig. 1). Also, XRF analysis showed that the amount 
of Fe2O3 was 47.15% and SiO2 was 18.90% (Table 1). 

 
Fig. 1. X-ray diffraction pattern of the representative sample of the hematite ore (H: Hematite, Q: Quartz, D: 

Dolomite, G: Goethite, C: Calcite, Cl: Chlorite). 

Table 1. Chemical composition of the representative sample of the hematite ore 

Element SiO2 K2O CaO MgO Al2O3 Fe2O3 MnO Na2O SO3 P2O5 TiO2 LOI 

Content 
(% Wt) 

18.90 0.14 8.58 3.67 2.81 47.15 2.05 0.11 0.1 0.08 0.33 16.04 

In order to investigate the changes in the sample during the roasting process, such as the change of the 
crystal structure, the loss of molecular water, chemical decomposition and determining the temperature 
of the dehydration and reaction stages, thermogravimetry (TG) and differential thermal analysis (DTA) 
with a thermal gradient of 10 ℃ per min in atmospheric environment was done (Fig. 2).  

By studying the behavior of the TG and DTA curves, it is observed that the DTA/TG analysis shows 
two endothermic peaks at temperatures around 320°C and 850°C, which are due to the reaction and 
structural transformation of the sample and are attributed to the release of adsorbed water. The 2% 
weight loss at 320°C is attributed to the transformation of goethite (FeOOH) to hematite (Fe2O3), as 
shown in the following equation 4. The 8% weight loss at the roasting temperature of 850°C is attributed 
to the decomposition of dolomite, as shown in equation 5. 

2𝐹𝐹𝑒𝑒𝐶𝐶. 𝐶𝐶𝑂𝑂 → 𝐹𝐹𝑒𝑒2𝐶𝐶3 + 𝑂𝑂2𝐶𝐶 (4) 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶3)2  → 𝐶𝐶𝐶𝐶𝐶𝐶+ 𝐶𝐶𝐶𝐶𝐶𝐶+ 2𝐶𝐶𝐶𝐶2 (5) 
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Fig. 2. Thermogravimetry (TG) and differential thermal analysis (DTA) curves for the hematite. 

Microscopic images related to thin sections were prepared using transmitted light with parallel (PPL) 
and crossed (XPL) fibers. As can be seen in Fig. 3, they show that the sample contains mainly hematite 
and goethite exists in a dispersed and fine-grained form. The substitution of dolomite by iron oxides as 
a result of reaction with hydrothermal iron-bearing waters is observable. 

 
 

Fig. 3. Microscopic images of the hematite sample with polarizing microscope (Ht: Hematite, Gt: Goethite, Dol: 
Dolomite). 

3.2. Effect of reductive temperature 

In order to investigate the effect of temperature on the roasting process, experiments were conducted 
for reaction time of 1 h, particle size less than 10 mm, coal ratio of 5%, and temperatures of 750, 800, and 
850°C. According to Fig. 4, with increasing roasting temperature, recovery decreased and grade 
increased. The reducing agent in these experiments is coal, and the coal reaction is completed by 
roasting at temperatures above 850°C (Pariyan et al., 2023). Therefore, magnetization is better at higher 
temperatures and increases the grade, which reaches 58.64%. 
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Fig. 4. Effect of roasting temperature on the grade and recovery iron 

3.3. Effect of reaction time 

The time parameter is very important in all engineering processes. This parameter shows itself well in 
process kinetics. The effect of reaction time on the roasting process was investigated at a temperature of 
850°C, particle size less than 10 mm, coal ratio of 5%, times of 0.5, 1, and 2 h. Increasing the roasting 
time increased the grade and decreased the recovery. Increasing the roasting time, the more time the 
particles have to undergo the magnetization reaction. Considering that the particle size in these tests is 
less than 10 mm, the penetration of heat and the reducing agent into the particles takes time, and this 
reaction occurs faster in smaller particle sizes. Previous studies also show this trend (Ravisankar et al., 
2019). 

 
Fig. 5. Effect of reaction time on the grade and recovery iron 

3.4. Effect of coal  ratio 

The effect of the coal ratio in the roasting process was investigated under the conditions of reaction time 
of 1 h, particle sizes smaller than 10 mm, a temperature of 850°C, and coal ratios of 3.5 and 5%. When 
less coal was used, the grade and recovery were 56.68 and 25.16%, respectively, which showed a 
difference of less than 2% compared to the 5% coal ratio. Since temperature is inversely related to the 
amount of reducing agent, it means that as the temperature increases, the amount of reducing agent 
required for the reduction process decreases (Sharma & Sharma, 2014). In this experiment, due to the 
high roasting temperature, the effect of the reducing agent amount is not significant. 
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3.5. Effect of particles size 

In order to investigate the effect of particle size, particle sizes less than 1 mm were investigated. Roasting 
was carried out at a temperature of 850°C, 5% coal, and a roasting time of 1 h. The iron grade in Davis 
Tube concentrate reached 64.26%, resulting in iron recovery of 76.29%. The results of XRF and XRD 
analyses show that silica is the most important impurity present in the concentrate. When the particle 
is 10 mm, the heat cannot penetrate well inside the coarse particles, and the reaction occurs only in the 
upper layers, so gride was decresing (Pariyan et al., 2023).  

Table 2. Chemical composition of the hematite ore after roasting 

Element SiO2 K2O CaO MgO Al2O3 Fe2O3 MnO Na2O SO3 P2O5 TiO2 LOI 

Content 
(% Wt) 

5.18 0.14 1.6 1.06 0.8 91.8 1.15 0.05 0.07 0.05 0.07 -2.24 

 
Fig. 6. X-ray diffraction pattern of the representative sample of the hematite ore after roasting (M: Magnetite, Q: 

Quartz, A: Albite). 

3.6. Effect of magnetic field intensity 

The effect of magnetic field intensity under roasting conditions of 850°C, reaction time of 1 h, particle 
size smaller than 10 mm, and 5% coal content was investigated, with magnetic field intensities of 700, 
800, and 900 G examined. The highest iron grade was 64.22% at a magnetic field intensity of 700 G. As 
the magnetic field intensity increased, most of the intermediate particles, which include both magnetic 
and non-magnetic particles, entered the concentrate. As a result, the recovery increased, but the grade 
decreased. 

 
Fig. 7. Effect of magnetic field intensity on the grade and recovery iron 
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4. Conclusions 

Magnetic roasting of hematite ore was carried out using a coal reductant, and then magnetic separation 
was carried out using a Davis tube, which yielded the following results: 

• Increasing roasting time and temperature increased the grade and decreased the recovery. 

• By reducing the particle size, the grade increased due to the faster particle diffusion reaction. 

• The highest iron content (65.62%) was obtained at a temperature of 850°C, a reaction time of 2 
h, and a coal ratio of 5%. 

• Increasing the magnetic field intensity caused a decrease in grade because locked non-magnetic 
particles also found their way into the concentrate. 
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Abstract: 

One of the most important indicators in the target market of iron concentrate is grade factor and low 
grade of concentrate will cause to numerous problems throughout the steelmaking chain. In this 
research, after initial characterization of different mines in the Sangan region, different kinds of feed 
compositions entering to the concentrate unit, using XRD, XRF and mineralogy methods to identifying 
the type of gangue minerals into concentrate. With statistical investigation of affective factors on iron 
grade, solutions have been presented regarding to the removal of these gangue minerals. The initial 
characterization results of various mines showed that the main minerals in the Baghak anomaly were 
Pyrite and carbonate minerals; CN anomaly, Pyrite, Pyrrhotite, Biotite and Clay minerals; Dardvay 
anomaly, Pyrite, Chlorite, and Biotite; B anomaly, Calcite and A anomaly, Pyroxene. Statistical studies 
demonstrated that excluding lowest grade level (65-65.3%), sulfur amounts in concentrate are 
approximately constant (0.3-0.35%). While, consequences disclose when the total amount of oxide 
impurities reduce from 6.8% to 5.6%, concentrate grade rises from 65 to 66. Also, investigating of main 
factors including of feed grade, iron oxide, sulfur content and percentage of impurities and 
concentrate size distribution, show a significant correlation coefficient (0.1-0.4) with the concentrate 
grade. Also, by adjusting the feed composite, three main compositions from different mines were fed 
to the concentrate unit, and the mineralogical analysis of their concentrates showed that the main 
gangue minerals present are included silicate and carbonate minerals of aluminum, silicon, 
magnesium and calcium. To remove these minerals, mixing of sodium isopropyl xanthate (SIPX) and 
dodecyl ammine (DDA) collectors and adjusting the pH of pulp were used. Finally, the results 
showed an increase in the concentrate grade from 66.2 to 66.65%. 

 

 

Keywords: Iron grade, Statistical study, Characterization, Gangue minerals, Flotation. 

Introduction 

First product obtained from iron rock is concentrate during the steel production chain. Iron 
concentrate have quality characteristics that the most important are included Fe, FeO and sulfur 
content, moisture and blain number. Among them Fe content (Fe grade) has a particular importance 
and effects quantity and quality of pellets, sponge iron and steel. Therefore, maintaining iron grade in 
permitted range for customers has exclusive significance. Due to fluctuations of input feed during 
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recent years for instance feed iron content, process plants have faced with iron grade decreasing in 
final concentrate. For this reason, efforts and studies continue to achieve higher iron grade.  

One of the most important iron deposit in Iran is sangan iron ore mines that is located in the 
Khorasan-Razavi Province, Middle East of Iran with an iron ore reserve more than 1.2 billion tons. 
Opal Parsian Sangan Industrial and Mining (OPSIM) Company, located at 18 km north-east of Sangan, 
started its activity on 2012. OPSIM is the first iron ore processing plant in Sangan region annually 
produces 2.6 million tons of concentrate with an iron grade of more than 66% (Ghasemi, et al. 2019). 
Products are included iron concentrate and pellets where nominal capacity of beneficiation plant is 3.1 
million tons per year and pelletizing plant is 5 million tons per year. Also, the 2.4 million-ton 
concentrate factory is in the stage of equipment installation and ready for operation in 2025. Pellets 
production is used to complete the steel production chain. In the OPSIM plant, the processing circuit 
consists of four sequential steps of low-intensity magnetic separation and flotation cells. The drum 
type magnetic separators have a diameter of 1220 mm, a length of 2400 mm, and a magnetic intensity 
of 1300 Gauss. The flotation process is consisting of conditioner, rougher, cleaner and scavenger stages 
that its purpose is removing sulphur present in the iron ore concentrate as pyrites (Nikmanesh poor, 
et al. 2015). 

Nowadays, by decreasing the ore grades, ordinary methods do not have good efficiency for 
processing of iron ores. In the recent years, iron grade and liberation degree of valuable minerals in 
raw materials deal to extreme reduction (Rahimi, et al. 2017). Since, design of plant equipment were 
conducted based on rock with higher grade and quality, production grade reach to lower amounts. It 
seems, optimization and modification for upgrading circuit of concentrate production is essential in 
these conditions. The froth flotation always introduces as an effective method for beneficiation of iron 
concentrates (Corathers, et al. 2006 and Mishra, et al. 2009). Also, collectors as surfactant agents play 
the most important role in the flotation of minerals (Mehdilo, et al. 2014 and Rahimi, et al. 2017). 
Anionic collectors especially xanthate groups are common in iron and sulfur flotation. Also, these 
collectors have high efficiency and availability, they aren’t effective about other impurities. The 
cationic collectors are commonly used in the flotation of oxide and silicate minerals (Bulatovic, et al. 
2010, Fen, et al. 2009, Fuerstenau, et al.  2005 and Gao, et al. 2017). Since, impurities present in the iron 
concentrate classified in the silicate oxide minerals, so the cationic collectors can play an important 
role in their removal. 

In this research, one of the most important problem in iron beneficiation plant as iron grade was 
investigated. Firstly, different samples from various anomalies at sangan ore deposit were studied and 
main impurities present were recognized. Then, different influential factors on grade reduction were 
monitored and it was identified one of the most effective parameters on grade concentrate using 
statistical methods. In the final stage, appropriate methods have suggested in chemical reagents and 
flotation process for upgrading of concentrate. 

1. Material and methods 

1.1. Iron ore sample 

The Sangan iron ore mine is located in the Khorasan-Razavi Province, east of Iran. It is one of the 
largest iron mines in Iran and in the Middle East with an iron ore reserve more than 1.2 billion tons. 
The most important anomalies in this area are known by the names of Northern Crooks (CN), Baghak 
(BG), Dardvay (DV), A and B. These anomalies have had different physicochemical properties and 
different composition of them effect on concentrate quality especially iron grade. The samples used in 
this work was taken from the all anomalies as representative. For this purpose, total samples were 
taken in a one-month period and then, the samples were communicated, separated, homogenized and 
used for characterization methods. These samples with the size of -150+45 μm were prepared by 
grinding and sieving taken from the deposit. Also, by adjusting of feed composite, three main 
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compositions from different mines were fed to the concentrate plant, and were conducted the 
mineralogical analysis of feed and concentrate samples.  

1.2. Statistical methods 

By statistical methods including of histogram, fish-bone, rout-cause analysis and scatter plots, 
different impressive parameters and its impact coefficient were investigated using Minitab 2022 
software. The main categories including of raw material, equipment and process and sub-factors are 
influenced on grade fluctuations. Based on root-cause analysis forms; fish-bone diagram was 
prepared. It became clear that, various parameters including of iron grade, iron oxide and sulfur 
content of feed, size distribution of concentrate and other impurities are decisive about product 
quality and iron content.  

1.3. Characterization methods 

The mineralogical composition of the anomaly samples was determined by Philips-Xpert Pro X-ray 
diffraction (XRD) analyzer. Philips PW 1400 X-ray Fluorescence (XRF) analyzer was used for 
determining the chemical composition of the sample. The Fe and FeO contents of the sample were 
chemically determined by titration with potassium dichromate according to the ASTM E246 and 
ASTM D3872 standard test methods, respectively. The sulfur content of the sample was determined 
by Leco instrument. Different phases of the samples were determined through high-resolution 
imaging using mineralogy by Zeiss transmitted polarizing optical microscope in Iran mineral 
processing research center in Alborz province; with production of thin and polished sections. 

  

1.4. Flotation experiment  

The flotation experiments were carried out on 300 g of ore sample with a -150μm size fraction in a 1l 
Denver cell with a solid percentage of 25% (wt.%). After mixing and agitating the pulp for 4 min, the 
pH of the pulp was adjusted in a range of 7-7.5. Then the collector agents including of DDA and SIPX 
were added (100 g/t) and the suspension was conditioned for 5 min for each of them. Finally, MIBC 
(70 g/t) as frother agent was added with a conditioning time of 2 min. The froth phase was collected 
for 4 min. The flotation concentrate and tailing were filtered, dried and weighed, and analyzed by 
titration. 

 

2. Results and discussion 

2.1. Characterization results 

The samples used in this work were taken from different anomalies were analyzed by XRF and the 
mineralogical compositions were determined using X-ray Diffraction (XRD) analysis. The result of 
semi-quantitative mineralogy was shown in Table 1 and presented in Fig.1 A-C section (A, B and C 
are related to BG, CN and DV, respectively). The results showed that the most amount of sulfur as the 
known main disturbing element; there is as Pyrrhotite and Pyrite minerals in BG, CN, D and A 
anomaly, respectively. It is noteworthy that, sulfur in Pyrrhotite form is exist in BG and CN anomaly. 
Also, there is the highest amount carbonate minerals and calcite in BG and A, B anomalies, 
respectively. Clay minerals and biotite are present at CN and DV anomalies.  

According to XRD and XRF analysis, there are Al2O3, SiO2, MgO and CaO as main impurities besides 
sulfur in all anomaly samples (Khaphaje, 2019). Since, there isn’t any suitable reagent for their 
removing, presence of oxide impurities up to the flotation stage and failure of elimination in the 
various magnetic separation can lead to a reduction of final concentrate product grade. Therefore, it 
was investigated detecting an appropriate technique for removing these impurities in the next step. 
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Table 1. Result of semi- quantitative analysis of XRD and XRF. 

Minerals name Chemical formulas 
Anomaly name 

BG CN DV B A 

Pyrite FeS2 55 40-45 35 - 10 

Carbonate minerals (Ca,Mg,Fe)(CO3)2 25-30 - - - - 

Pyrrhotite Fe1-xS 5-8 10-15 3 - 5 

Magnetite 
Fe3O4 

5 - 
15-
20 

70 55 

Pyroxene XY(Si,Al)2O6 5 5 - 5 10-15 

Chalcopyrite CuFeS2 < 2 < 2 - - - 

Hematite Fe2O3 - - - 10 5 

calcite CaCO3 - - - 15 5-10 

Biotite K(Mg,Fe)3AlSi3O10(F,OH)2 - 15 25 - - 

Clay minerals - - 5-10 5 - 5 

Chlorite (Mg,Fe)3(Si,Al)4O10 - 10-15 - - - 

Amphibole NaCa2(Mg,Fe,Al)5(Al,Si)8O22(OH)2 - - 10 - - 

 

 

 

Carbonate minerals 

Magnetite 

Pyrotite 

Pyrite 

A 
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Fig.1 XRD results of different anomalies (A, B and C are BG, CN and DV, respectively). 

 

In this phase, the samples related to main feed, flotation feed and flotation product were studied in 
278 days of one working year. These data were categorized in different grade levels of concentrate and 
were brought in Table 2. The results demonstrated that excluding lowest grade level (65-65.3%), sulfur 
amounts are approximately constant (0.3-0.35%). Thus, sulfur content couldn’t be an influential factor 
on grade of iron concentrate. Consequences disclose, when the total amount of oxide impurities 
reduce from 6.8% to 5.6%, concentrate grade rises from 65 to 66. Therefore, one of the most important 
elements in maintaining the concentrate grade in the acceptable district is related to the amount of 

impurity removal. Consequently, it should be used adequate chemical reagents for impurity removal 
in flotation as final upgrading process.  

Table 2. Sulfur and other impurities content at grade levels of concentrate. 

Grade levels Concentrate sulfur (%) Feed impurities (%) Concentrate Impurities (%) 

65-65.3 0.63 31.12 6.8 

65.3-65.5 0.35 27.93 6.41 

65.5-65.8 0.33 26.27 6.09 

65.8-66 0.3 25.74 5.9 

> 66 0.3 25.18 5.63 

B 

Carbonate minerals 

Pyrotite 
Pyrite 

Magnetite 

C Magnetite 

Pyrite 

Pyrotite 
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2.2. Statistical study results 

Iron grade is the most important qualitative indicator of concentrate for the market supply. The results 
of investigating obtained data from 278 days in Fig. 2, showed that the highest frequency data are in 
the range of 66-66.3%. These data constitute 45% of total data, approximately. Mean grade and 
standard deviation of the results are 66% and 0.316, respectively. Also, skew the normal histogram 
graph is toward to the right and higher than 66.3%.   

Three main categories including of raw material, equipment and process are influenced on grade 
fluctuations. In this part, divers reasons are introduced as sub-factors and subset of main reasons. 
Based on the frequency of these causes in different days in root-cause analysis forms; fish-bone 
diagram was prepared in Fig. 3. Survey show the factors inclusive of feed iron content, feed iron oxide 
content, feed sulfur percentage, percentage of other impurities and concentrate size distribution are 
the most conspicuous. 

 

 

Fig .2 Normal histogram for concentrate grade in 278 working days. 

 

 

In the next step, were plotted diagram of relationship between main effective factors and grade 
indicator (Fig. 4 A to F) and correlation amount was calculated. Results of correlation number for 
various factors were brought in Table 3. These results illustrate that Fe content of concentrate increase 
with increments of Fe, sulfur and FeO content in raw materials. This issue show that rocks with higher 
sulfur content for instance BG, CN and DV anomalies produce better grade of concentrate. Also, Fe 
grade rise with reduction of tonnage and impurity content of feed and d80 of concentrate. Therefore, 
feed tonnage increase maybe leads to lack of control on size distribution and d80 in production and 
decline of grade content. Among the examined parameters, the most relevant factors are d80 of 
concentrate, tonnage, Fe and sulfur content, impurity and FeO content of input feed, with -0.479, -
0.319, +0.19, +0.138, +0.094 and -0.09 correlation coefficients, respectively. 
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Fig .3 Fish-bone diagram for grade problem based on root-cause analysis forms. 

 

The interesting point is that among the impurities present, increasing sulfur content in raw material 
causes to Fe grade rising. While, other impurities content has destructive effect on product grade. It 
seems, there is appropriate solution for sulfur removal in flotation process when other impurities exist 
in small quantities, but with other impurities rise there aren’t suitable reagent for their removing. 
Therefore, suitable reagents in flotation process for impurities reduction were experimented in the 
next step.  

 

  

A 
B 
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Fig 4. Scatterplots for main effective factors on concentrate grade. 

 

Table 3. Correlation coefficient for main effective factors on concentrate grade. 

Factors name units Correlation coefficient 

D80 concentrate Micron -0.479 

Feed Fe grade % +0.19 

Feed tonnage Ton -0.319 

Feed sulfur content % +0.138 

Feed FeO content % +0.094 

Feed impurity content %  -0.09 

 

2.3. Flotation results 

In this phase, for determining the chemical and mineralogical composition of feed and concentrate; 
three main probable combinations from different anomalies were fed to the concentrate plant, and 
were taken samples from feed and production. Amount of each anomaly in these three composite 
were given in Table 4. Phase composition related to these three main compositions were shown in Fig 
5. A to C. Results illustrate that in composition 1 with 70% from A and B anomalies, main impurities 
in input feed are Calcite and Diopside that there are both of them in concentrate composition as major 

C D 

E F 
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minerals. Although CN constitutes the main part of the structure in composition 2, the main phases of 
impurities are Calcite, Diopside and Phlogopite in concentrate product. In the case of composition 3 
with higher amount of BG and DV, in addition to Diopside, Pyrrhotite adds as main impurity to 
concentrate composition too. Consequently, silicate and carbonate minerals of aluminum, silicon, 
magnesium and calcium are the most important groups which are present with the concentrate as 
interfering compounds.    

Table 4. Anomaly amounts in three main composite of feed. 

Composition name 
Contribution of anomalies (%) 

CN BG DV A B 

Composition 1 20 5 5 35 35 

Composition 2 48 8 8 18 18 

Composition 3 35 20 15 20 10 

 

Since, there aren’t any used suitable reagent in flotation process for other impurities removing, in this 
research, individual chemicals were suggested for reduction of identified impurities in ore 
characterization instead of ordinary reagent in iron ore flotation. The flotation experiments carried out 
at conventional conditions of concentrate plant and with identical consumption (100 gr/ton collector 
and 70 gr/ton frother). Based on the previous literatures, cationic collectors can froth oxide mineral 
such as calcite and quartz (Rahimi, et al. 2017). In this research, it was applied DDA as cationic 
collector. The flotation tests were carried out at pH=7.5 using different dosages of DDA and SIPX. The 
optimal results are presented in Table 5. The Fe content concentrates and Fe recovery produced using 
mixing both collectors and each collector alone was reported in the Table 5. The results show that 
using DDA and SIPX as mixing can increase Fe content from 66 to 66.6%. Obtained Fe recovery in the 
concentrates by mixing collectors is a little less than SIPX. These results show that a final concentrate 
containing almost 66.6% Fe with 97.5% recovery can be produced by the combination of anionic and 
cationic collectors in flotation process. 

 

 
 

Diopside 
Calcite 

Quartz 
Diopside 

Calcite 

A1 A2 
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Fig 5. Phase composition of three main compositions (A1, A2: feed and concentrate of composite 1, B1, B2: feed and 
concentrate of composite 2 and C1, C2: feed and concentrate of composite 3). 

 

Table 5. Fe content and Fe recovery produced by mixing collectors in flotation tests. 

Composition name Fe (feed) Fe (concentrate) Fe (tail) Weight recovery Fe recovery S (feed) S (concentrate) 

SIPX 

Composition 1 65.82 66.18 35.8 98.8 99.35 0.388 0.118 

Composition 2 65.95 66.23 35.18 98.5 99.5 0.558 0.282 

Composition 3 65.89 66.2 35.5 98.9 99.45 0.554 0.322 

 SIPX + DDA 

Composition 1 65.82 66.58 36.87 97.4 98.56 0.388 0.115 

Composition 2 65.95 66.65 37.06 97.63 98.66 0.558 0.275 

Composition 3 65.89 66.63 36.9 97.51 98.6 0.554 0.35 
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Pyrite 
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3. Conclusion 

 The most amount of sulfur; there is as Pyrrhotite and Pyrite minerals in BG, CN, DV 
and A anomaly, respectively, but sulfur in Pyrrhotite form is exist in BG and CN 
anomaly.  

 There is the highest amount carbonate minerals and calcite at BG and A, B anomalies, 
respectively. Clay minerals and biotite are present at CN and DV anomalies. 

 Survey show the factors inclusive of iron, iron oxide, sulfur and other impurities 
percentage in raw materials, and size distribution of concentrate are the most effective 
factors on iron grade. 

 Silicate and carbonate minerals of aluminum, silicon, magnesium and calcium are the 
other most important groups which are present with the concentrate as interfering 
compounds.    

 Among the examined parameters, the most relevant factors are concentrate size 
distribution, feed tonnage, Fe and sulfur content, impurity and FeO content of raw 
material, respectively. 

 Increasing sulfur content of feed causes to Fe grade rising, and, other impurities 
content has destructive effect on product grade. So, one of the most important factors 

maintaining the concentrate grade is amount of other impurity removal.  

 The final concentrate containing almost 66.6% Fe with 97.5% recovery can be 
produced by the combination of anionic and cationic collectors in flotation process 
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Abstract: 

Nowadays, most of the metallic zinc is produced through hydrometallurgical processes. In order to 
attain high-purity zinc through electrowinning, the concentration of chlorine ions in the electrolyte 
should not exceed 0.5 g/L due to its negative consequences. One in particular is the corrosion of non-
consumable lead anodes, which is responsible for the dissolution of Pb that causes impurity in the 
produced zinc metal. Moreover, chlorine emission in the work environment could be a danger to the 
health of staff, which stems from the oxidation of chlorine ions on the non-consumable Pb anodes. In 
this research, a potential alternative procedure is employed to significantly reduce chlorine in zinc 
concentrate. The results showed that under the appropriate conditions of T=60 °C and 1 h of 
experiment, two-step dichlorination using water along with 20 g/L Na2CO3 had a salient efficiency of 
98% and the lowest amount of 0.48 g/L chlorine remaining in the leaching solution. Compared to 
traditional dichlorination methods of zinc, the employed procedure had satisfying dichlorination 
efficiency, considering the economic aspects of the produced zinc, particularly on the industrial scale. 

 

Keywords: Dichlorination, Zinc, Electrowinning, Leaching, Chlorine 

1. Introduction 

Recently, the importance of zinc continues to increase in the metallurgical industry and particularly, in 
the galvanization industry. Zinc is produced from both sulphide and oxide-based ores, but the zinc 
hydrometallurgical process is of paramount importance due to its numerous advantages compared to 
pyrometallurgy, such as low energy consumption and air pollution (Behnajady & Moghaddam, 2017a; 
Dai et al., 2018). With regard to its invaluable advantages, in recent years, most of the metallic zinc is 
produced through the hydrometallurgical process. The zinc hydrometallurgical production process 
usually involves grinding, acidic leaching, neutralizing, purification, and electrowinning. In the 
leaching process, sulphuric acid (H2SO4) is employed in a solid/liquid = 250 g/L. In the neutralizing 
step, in order to remove some impurities such as Arsenic, Germanium, and Iron in its hydroxide form, 
calcium hydroxide is used to increase the pH and adjust it around 4 (Dongxia et al., 2023; Hu et al., 
2018). As the next step, the solution undergoes the Hot Purification process after filtration. According 
to its name, this process takes place at T=70-80 °C, where KMnO4 and [Ca(OH)2] are used to oxidize 
Co, Mn and remaining Fe and remove them in their oxide and hydroxide forms (Behnajady & 
Moghaddam, 2017b, 2023, 2024; Nusen et al., 2015). After removing the mentioned impurities, the 
final pH of the solution will be 3-3.5. In order to remove the other remaining impurities, such as Cu, 
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Cd, and Ni, the solution is subjected to the next step, which is the Cold Purification process (Ashtari & 
Pourghahramani, 2015; Balesini Aghdam et al., 2020; Behnajady et al., 2024). To remove Cadmium, the 
best temperature is 50 °C, but Ni requires higher purification temperatures. In this stage, the pH of the 
solution is 4 – 4.5, and zinc powder is used for purification due to its higher oxidative potential (Dai et 
al., 2018; Su & Chen, 2013; Yin et al., 2011). After these steps, the pregnant leach solution is ready to be 
electrowin and produce metallic zinc. 

Hydrometallurgical zinc production industries deal with the chloride ion, which enters the pregnant 
leaching solution before moving on to the electrowinning section. Before the electrowinning process, 
the concentration of chlorine ions in the electrolyte should not exceed 0.5 g/L due to its negative 
consequences. Chlorine emission in the work environment could be a danger to the health of staff, 
which stems from the oxidation of chlorine ions on the non-consumable lead anodes. Moreover, 
HClO4 which is formed as a result of the oxidation of chlorine ions could cause corrosion in non-
consumable lead anodes and consequently, since it is more active compared to zinc and easily 
deposits on the aluminum cathode, the negligible amount of the dissolved Pb could be responsible for 
possible impurity in produced zinc through electrowinning process (Antuñano et al., 2013; Tang et al., 
2004). 

Numerous investigations have been conducted concerning the issue of chlorine ions in zinc 
hydrometallurgical production (Liu et al., 2016; Zhao et al., 2022). Wu et al. (2013) have selected 
copper plates and Ag/AgCl as working and opposite electrodes, respectively, to remove Cl ions in the 
zinc sulphate solution. They have reported that under optimum conditions such as t=3 h, potential of 
0.6 V, and ultrasonic stirring intensity of 50 W, 54.5% of chloride ions were removed successfully. 
Ahmadi et al. (2018) have investigated the effect of temperature, stirring speed, and potential on Cl 
ions removal efficiency using copper as an anode and cathode with 99.99% purity. They have found 
the optimum experiment conditions at pH=5, t= 4 h, optimal potential 0.8 V, stirring speed of 200 rpm, 
and T= 25 °C, which led to the 42.6% Cl removal from the initial concentration of 295 mg/L in the 
electrolysis solution. Dong et al. (2024) investigated the chlorine-deep removal in zinc sulfate solution 
using highly active copper from copper slag. They obtained a dichlorination rate of 90.41% under the 
optimum conditions such as; 30 g/L solution acidity, t= 30 mins, T = 20 °C, and the ratio of copper 
slag to zinc powder = 7:6. Furthermore, they found that increasing the amount of zinc powder eight 
times resulted in a dichlorination of 95.43%. 

In this study, we investigated a new method to reduce chlorine in zinc concentrate using several 
different approaches and dichlorination steps. This research was initiated due to the economic aspects 
of zinc production and also a potential alternative method for dichlorination using copper or silver, 
which have significant chlorine ion removal efficiency, albeit they are not cost-effective in the zinc 
production industry. 

2. Materials and methods 

2.1. Material 

Sodium carbonate (Na2CO3) (98%) and sulfuric acid (H2SO4) (98%) were purchased from Mojallali Co., 
and used as received without any additional purification. The primary material used in the 
experiments was chlorine bearing zinc concentrate, which contains approximately 17.5% zinc. This 
concentrate was supplied by Zanjan Zinc Khales Sazan Industries Company (ZZKICo), located in 
Zanjan, Iran 

2.2.   Experimental Procedure 

The dichlorination step was conducted using a beaker, and each approach was done in a 350 g/L pulp 
density, T=60 °C, and t=1 h. A mechanical stirrer and a heater were applied to stir the pulp and adjust 
the desired experimental temperature. Noteworthy is the fact that for those approaches that were 
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required to heat the concentrate, the chlorine bearing zinc concentrate was subjected to direct heating 
and facilitated the dichlorination process by allowing the desired reactions. Soon after the concentrate 
heated up, it was added to the beaker due to the dichlorination process. Consequently, upon the 
expiration of the mentioned dichlorination time, the contents of the beaker were filtered immediately, 
and the filtrate was subjected to analysis of chlorine and zinc concentration in the solution. 
Subsequently, the filtercake that remained undergoes a second dichlorination step. After a two-step 
dichlorination process, the filtercake that remained from the second dichlorination was subjected to 
acidic leaching using sulfuric acid at a pH around 1. The leaching process's other parameter conditions 
were conducted under the same conditions as the dichlorination, such as T=60 °C, t=1 h, using a 
mechanical stirrer and a heater to obtain the desired experimental temperature. As soon as the 
expiration of leaching time, the solution was filtered briskly, and the filtrate was subjected to analysis 
to determine the concentration of Zn and chlorine that was entered into the solution during the 
leaching process. 

3. Results and Discussion 

The conditions and results of the experiments conducted were presented in Tables 1 to 4. A glance at 
the Tables supplied reveals some striking information concerning the dichlorination in the zinc 
hydrometallurgical process. According to Table 1, the first approach involved a two-step 
dichlorination process using water alone. This method resulted in the dissolution of 15 g/L of chlorine 
in the first step and 2 g/L in the second step. However, 1.1 g/L of chlorine remained in the leaching 
solution after this process, indicating limited effectiveness in chlorine removal by water washing. 

Table 1. The results of dichlorination using water at T=60 °C and t=1 h 

Steps 
Concentrate 

weight (g) 

Volume of 

water (cc) 

Volume of 

filtrate (cc) 

Zinc concentration 

(mg/L) 

Chlorine 

concentration (g/L) 

First dichlorination 350 1000 985 55 15.4 

Second dichlorination 
Filtercake of 

first step 
1000 1024 26 2 

Leaching 383.24 1000 865 57000 1.1 

In the second dichlorination approach, which is illustrated in Table 2, the chlorine bearing zinc 
concentrate was heat treated for 1 h before undergoing the two-step dichlorination with water. This 
approach yielded slightly better results, with 17.4 g/L of chlorine dissolved in the first step and 3.5 
g/L in the second step. Despite this improvement, the remaining chlorine in the leaching solution was 
still 1.1 g/L, suggesting that heating did not significantly enhance the dichlorination efficiency. 

Table 2. The results of dichlorination after heat treating the concentrate 

Steps 
Concentrate 

weight (g) 

Volume of 

water (cc) 

Volume of 

filtrate (cc) 

Zinc concentration 

(mg/L) 

Chlorine 

concentration (g/L) 

First dichlorination 350 1000 795 73 17.4 

Second dichlorination 
Filtercake of 

first step 
1000 840 32 3.5 

Leaching 438 1000 805 59000 1.1 
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The introduction of sodium carbonate (Na2CO3), as given in Table 3, marked a turning point in the 
results. When 350 g of the chlorine-bearing zinc concentrate was mixed with 20 g of Na2CO3

 and 
heated, the two-step dichlorination process resulted in a dissolution of 20.3 g/L in the first step and 
2.6 g/L in the second step. Notably, only 0.625 g/L of chlorine remained in the leaching solution, 
indicating a substantial improvement in chlorine removal efficiency compared to the water washing 
method. 

Table 3. The results of dichlorination after heat treating the mixture of concentrate and Na2CO3 

Steps 
Concentrate 

weight (g) 

Volume of 

water (cc) 

Volume of 

filtrate (cc) 

Zinc concentration 

(mg/L) 

Chlorine 

concentration (g/L) 

First dichlorination 350 1000 735 121 20.3 

Second dichlorination 
Filtercake of 

first step 
1000 875 13 2.6 

Leaching 408 1000 805 58000 0.675 

The most effective approach involved dissolving 20 g of Na2CO3 in 1000 cc of water and conducting 
the dichlorination at 60°C for 1 hour. This method achieved remarkable results, which are illustrated 
in Table 4, with 18.8 g/L of chlorine removed in the first step and 3.4 g/L in the second step, leaving 
less than 0.5 g/L of chlorine in the leaching solution. This was the lowest concentration of chlorine 
remaining across all tested methods, demonstrating the effectiveness of using Na2CO3 in the 
dichlorination process. 

Table 4. The results of dichlorination using water along with 20g/L Na2CO3 at T=60°C and t=1 hour. 

Steps 
Concentrate 

weight (g) 

Volume of 

water (cc) 

Volume of 

filtrate (cc) 

Zinc concentration 

(mg/L) 

Chlorine 

concentration (g/L) 

First dichlorination 350 1000 875 120 18.8 

Second dichlorination 
Filtercake of 

first step 
1000 935 298 3.4 

Leaching 387 1000 790 62000 0.48 

Figure 1 illustrates the dichlorination efficiency for each approach. Dichlorination, which was 
conducted after heating the concentrate in the absence of Na2CO3, does not have a salient 
dichlorination efficiency compared to other approaches and resulted in 94.98% dichlorination. With 
clarity, using sodium carbonate (Na2CO3) has significantly improved the dichlorination efficiency, 
both along with the thermal effect and adding to water, which resulted in 96.93 and 98.10 % 
dichlorination efficiency, respectively. Dichlorination using water containing Na2CO3 had a striking 
dichlorination, which was the most effective approach. The overall dichlorination efficiency was 
significantly enhanced when sodium carbonate was used. The efficiency reached 96.93% and 98.10% 
for the methods involving Na2CO3, compared to 94.98% for the method without it. This highlights the 
critical role of sodium carbonate in improving the dichlorination process. 

According to Figure 2, which demonstrates the concentration of chlorine in the leaching solution, 
dichlorination using water and also after heating the concentrate had the highest remaining chlorine 
in the leaching solution, which was 1.1 g/L for both of the mentioned approaches. Dichlorination 
using Na2CO3, which was conducted in two different approaches, had lower chlorine remaining in the 
leaching solution. This amount was 0.48 g/L in dichlorination using water along with 20 g/L Na2CO3 
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and 0.675 g/L in dichlorination after heating the mixture of concentrate and Na2CO3. As discussed 
above, the most significant approach to remove chlorine from chlorine-bearing zinc concentrate was 
the one in which 20g/L Na2CO3 was solubilized in water and used in dichlorination. 

 
Figure 1. Dichlorination efficiency for each approach. 

 

 

Figure 2. The amount of chlorine in the leaching solution for each approach. 

 

4. Conclusions 

In this research, different approaches were investigated concerning the dichlorination of chlorine 
bearing zinc concentrate. The results showed that in almost all of the employed approaches, 
significant dichlorination efficiencies were obtained, and more than 90 % of the chlorine was removed. 
Dichlorination using 20 g/L Na2CO3 solved in water at T=60 °C, and 1 hour of dichlorination resulted 
in approximately the highest dichlorination efficiency of 98.10% and the lowest concentration of 
chlorine in the leaching solution, 0.48 g/L. So, it was selected as the appropriate approach compared 
to the others. Concerning traditional procedures that used copper and silver in the dichlorination of 
zinc PLS, this approach had satisfactory efficiency, particularly in the economic aspects of the 
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produced zinc. The obtained results suggest a potential alternative to traditional dichlorination 
procedures, especially on an industrial scale. 
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Abstract: 

In mineral beneficiation through the flotation process, selecting appropriate chemical reagents 

plays a crucial and decisive role in improving grade, efficiency, and separation performance. 

Among these reagents, the choice of a suitable frother is of high importance due to its role as 

the connecting link between bubbles and collectors, as well as its impact on bubble size and the 

volume of bubbles producedan aspect that has often been overlooked. In this study, by replacing 

two frothers, KF60N in the rougher stage and KF50 in the scavenger stage, instead of the MIBC 

frother, the concentrate grade of the produced copper remained constant, while the recovery 

increased to approximately 84.26% and the separation efficiency improved to 82.02%.
 

Keywords: Frother, flotation, separation efficiency, copper recovery 

1. Introduction 

Frothers play a significant and effective role in the flotation process [1, 2]. They help stabilize bubbles 
and facilitate the attachment of particles to air bubbles, while also stabilizing the attachment of mineral 
particles to collectors [3]. The type of foam formed and its stability directly influences the separation of 
valuable material from tailings and the efficiency of the flotation process [4]. Certain minerals, such as 
molybdenite or graphite, possess a special structure that inherently imparts hydrophobic properties, 
allowing them to float easily on the water's surface [5, 6]. However, extracting most valuable minerals 
and metals requires the addition of appropriate collectors and frothers to the flotation cell [7]. 

The properties of frothers depend on various parameters, including the structure of the hydrocarbon 
chain, the number of carbons, chain length, and the power and type of hydrophilic agent in the chain 
[8]. Their performance in the flotation process is also influenced by the characteristics of the tested ore, 
particle size, pH, type of tailings accompanying the valuable material, residence time, and other 
effective parameters. Therefore, frothers should be selected in a way that aligns with the conditions of 
the feed to the plant and the flotation line, achieving the best results [9, 10]. 

One of the most effective methods for concentrating copper ores is flotation. Copper ores are categorized 
into two types: oxidized (malachite, azurite) and sulfide (chalcopyrite). The Takht-e-Gonbad copper 
deposit falls under the category of sulfide ores, with the primary copper mineral being chalcopyrite at 
an average grade of 0.38%. 

So far, the importance of the type of frother in flotation processes has been overlooked in many 
processing plants, where only the methyl isobutyl carbonate (MIBC) frother is used. In this research, 
two frothers suitable for the feed of the Takht-e-Gonbad copper plant were designed based on the 
structure of the ore, the minerals present in it, and the surface interactions among these minerals in an 
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aqueous environment [11]. One of these frothers, named KF60N, was used in the rougher stage, and 
KF50 in the scavenger stage of the flotation line. This change in frother had a significant impact on the 
separation efficiency and final recovery in the flotation line. 

2. Material and methods 

2.1. Material 

The feed ore from the Takht-e-Gonbad copper mine, sized below 100 micrometers, was used. A 
flotation cell with a capacity of 2600 milliliters, lime with a purity of 93.75% and lime activity of 
89.37%, 5% sulfuric acid, collectors SPAX and Z11, collector aid 4132, Chinese MIBC frother, and 
synthesized frothers F90, F70S, KF60N, and KF80 were utilized, as well as the frother aid K515. 

2.2. Flotation test method 

A pulp with a solid percentage of 28% and an amount of 880 grams of the Takht-e-Gonbad copper ore 
sample obtained from a ball mill was added to the flotation cell. The density of the feed used was 2.61 
g/cm³. The mixing time of the pulp was 5 minutes, at a temperature of 25 degrees Celsius, with an 
impeller speed of 800 rpm in the rougher cell and 1344 rpm in the scavenger cell, and an initial pH of 8. 
During the chemical preparation stage, the total preparation time was 30 minutes with a mixing speed 
of 11 Hz. To adjust the pH to 11.65, 0.2 grams of lime were added at 60-second intervals 15 times. After 
adjusting the pH to 11.65, the flotation process was performed by adding the mentioned collectors and 
frothers as outlined in Table 1. A total of 4 frothing operations were performed, with 2 corresponding 
to the rougher cell and 2 to the scavenger cell. The amount and type of chemicals used in each test are 
detailed in Table 1. 

Table 1: Conditions for performing flotation tests 

Test 

Number 

Frother 

Used 

Amount 

Of 

Frother  

(gr/ton) 

 The 

Second 

Frother 

Used 

Amount 

Of 

Second 

Frother  

(gr/ton) 

Co-

Frother 

Used 

Amount 

Of Co-

Frother  

(gr/ton) 

Collector 

Used 

 

Amount 

Of 

Collector 

(gr/ton) 

Co-

Collector 

Used 

 Amount 

Of Co-

Collector 

(gr/ton) 

1 MIBC 7 _ _ F515 15 Z11 25 C4132 10 

2 MIBC 10 _ _ F515 15 Z11 25 C4132 10 

3 MIBC 15 _ _ F515 15 Z11 25 C4132 10 

4 F90 7 _ _ F515 15 Z11 25 C4132 10 

5 F90 10 _ _ F515 15 Z11 25 C4132 10 

6 F90 15 _ _ F515 15 Z11 25 C4132 10 

7 F50 7 _ _ F515 15 Z11 25 C4132 10 

8 F50 10 _ _ F515 15 Z11 25 C4132 10 

9 F50 15 _ _ F515 15 Z11 25 C4132 10 

10 F70S 7 _ _ F515 15 Z11 25 C4132 10 

11 F70S 10 _ _ F515 15 Z11 25 C4132 10 

12 F70S 15 _ _ F515 15 Z11 25 C4132 10 

13 MIBC 15 _ _ F515 15 SIPX 10 C4132 10 

14 MIBC 15 _ _ F515 15 SIPX 15 C4132 10 

15 MIBC 15 _ _ F515 15 SIPX 20 C4132 10 

16 MIBC 15 _ _ F515 15 PEX 10 C4132 10 

17 MIBC 15 _ _ F515 15 PEX 15 C4132 10 
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18 MIBC 15 _ _ F515 15 PEX 20 C4132 10 

19 KF60N 7 _ _ F515 15 Z11 25 C4132 10 

20 KF60N 10 _ _ F515 15 Z11 25 C4132 10 

21 KF60N 15 _ _ F515 15 Z11 25 C4132 10 

22 KF80 7 _ _ F515 15 Z11 25 C4132 10 

23 KF80 10 _ _ F515 15 Z11 25 C4132 10 

24 KF80 15 _ _ F515 15 Z11 25 C4132 10 

25 MIBC 15 _ _ F515 15 SIPX 10 C4132 10 

26 KF60N 15 _ _ F515 15 Z11 25 C4132 10 

27 KF60N 12 KF50 3 F515 15 Z11 25 C4132 10 

28 KF60N 11 KF50 4 F515 15 Z11 25 C4132 10 

29 KF60N 12 KF50 3 F515 15 Z11 25 C4132 10 

30 KF60N 11 KF50 4 F515 15 Z11 25 C4132 10 

31 KF60N 12 KF50 3 F515 15 Z11 25 C4132 10 

32 KF60N 10 KF50 5 F515 15 Z11 25 C4132 10 

33 KF60N 11 KF50 4 F515 15 Z11 25 C4132 10 

34 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

35 KF60N 14 KF50 4 F515 15 SIPX 25 C4132 10 

36 KF60N 15 KF50 5 F515 15 SIPX 25 C4132 10 

37 KF60N 12 KF50 6 F515 15 SIPX 25 C4132 10 

38 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

39 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

40 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

41 KF60N 12 KF50 3 F515 12 SIPX 25 C4132 10 

42 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

43 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

44 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 12 

45 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 12 

46 KF60N 12 KF50 3 F515 15 SIPX 25 C4132 10 

47 MIBC 12 KF50 3 F515 15 SIPX 25 C4132 10 

48 KF60N 24 MIBC 6 F515 15 SIPX 25 C4132 10 

49 KF60N 22 KF50 9 F515 15 SIPX 25 C4132 10 

3.  Results and Discussion  

3.1. Particle Characterizations 

Three samples from the Takht-e-Gonbad copper plant feed were prepared and sent for XRD analysis. 
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Figure 1: XRD analysis of sample 1 

 

Figure 2: XRD analysis of sample 2 
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Figure 3: XRD analysis of sample 3 

According to the XRD analysis results of the submitted samples, they contain quartz, albite, potassium 
feldspar, and amphibole group minerals, with quartz and silicate minerals being the main gangue 
associated with them. Additionally, dolomite and calcite were found in the samples, which may impact 
the flotation process. 

Three samples from the Takht-e-Gonbad copper plant feed were also sent for XRF analysis. The analysis 
results indicated that the sample contains approximately 0.37% copper. The main gangue associated 
with copper in this sample includes iron, clay, and some calcite and dolomite. 

 

 

Table 2: XRF analysis for the Takht Gonbad Derakhshan copper plant feed 

Na2O 

(%) 

MgO 

(%) 

Al2O3 

(%) 

SiO2 

(%) 

P2O5 

(%) 

SO3 

(%) 

Cu 

(%) 
Sample 

1.78 2.49 13.56 54.55 0.08 3.24 0.27 CL1-03/06/10 

1.85 1.67 11.49 60.36 0.05 3.48 0.32 CL2-03/06/10 

1.41 1.73 11.72 57.93 0.06 4.23 0.41 CL3-03/06/10 

BaO 

(%) 

TiO2 

(%) 

Cr2O3 

(%) 

Fe2O3 

(%) 

CaO 

(%) 

K2O 

(%) 

LOI 

(%) 
Sample 

<0.01 0.36 0.02 7.3 8.16 0.77 7.16 CL1-03/06/10 

0.01 0.28 0.02 7.79 5.11 1.27 6.12 CL2-03/06/10 

0.01 0.33 0.01 8.91 5.54 1.25 6.25 CL3-03/06/10 

3.2.  Flotation Test Results 

After conducting flotation tests under the conditions outlined in Table 1, the results of concentrate and 
tailing assays, as well as the recovery and separation efficiency for each test, were summarized in Table 
3. 
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Table 3: Flotation test results 

Test 

Number 

Frother 

Used 

Amount 

Of 

Frother  

(gr/ton) 

 The 

Second 

Frother 

Used 

Amount 

Of 

Second 

Frother  

(gr/ton) 

Collector 

Used 

 

Amount 

Of 

Collector 

(gr/ton) 

 Feed 

Grade 

(%)  

Tailing 

Grade 

(%) 

Concentrate 

Grade (%) 

Recovery 

)%( 

Weight 

Recovery 

(%) 

Separation 

efficiency (%) 

1 MIBC 7 _ _ Z11 25 0.38 0.08 11.077 79.522 2.754 77.585 

2 MIBC 10 _ _ Z11 25 0.38 0.09 11.258 76.931 2.783 75.151 

3 MIBC 15 _ _ Z11 25 0.38 0.11 10.826 71.782 2.868 70.163 

4 F90 7 _ _ Z11 25 0.38 0.11 11.628 71.731 2.583 70.24 

5 F90 10 _ _ Z11 25 0.38 0.12 10.636 69.202 2.747 67.667 

6 F90 15 _ _ Z11 25 0.38 0.11 9.392 71.895 3.249 69.992 

7 F50 7 _ _ Z11 25 0.38 0.11 8.938 71.938 3.41 69.927 

8 F50 10 _ _ Z11 25 0.38 0.11 7.937 72.051 3.827 69.754 

9 F50 15 _ _ Z11 25 0.38 0.11 10.141 71.832 3.055 70.088 

10 F70S 7 _ _ Z11 25 0.38 0.11 9.76 71.863 3.145 70.041 

11 F70S 10 _ _ Z11 25 0.38 0.12 9.664 69.281 3.18 67.57 

12 F70S 15 _ _ Z11 25 0.38 0.11 8.466 71.988 3.54 69.851 

13 MIBC 15 _ _ SIPX 10 0.38 0.11 10.043 71.839 2.823 70.076 

14 MIBC 15 _ _ SIPX 15 0.38 0.1 8.21 74.416 2.93 72.55 

15 MIBC 15 _ _ SIPX 20 0.38 0.094 9.177 76.042 3.618 73.859 

16 MIBC 15 _ _ PEX 10 0.38 0.09 8.872 77.098 3.203 74.769 

17 MIBC 15 _ _ PEX 15 0.38 0.12 9.072 69.338 2.953 67.5 

18 MIBC 15 _ _ PEX 20 0.38 0.13 8.562 66.804 3.106 64.986 

19 KF60N 7 _ _ Z11 25 0.38 0.12 8.605 69.389 3.403 67.438 

20 KF60N 10 _ _ Z11 25 0.38 0.11 8.575 71.976 3.401 69.869 

21 KF60N 15 _ _ Z11 25 0.38 0.08 9.663 79.606 3.48 77.347 

22 KF80 7 _ _ Z11 25 0.38 0.11 6.703 72.238 3.817 69.468 

23 KF80 10 _ _ Z11 25 0.38 0.1 9.049 74.508 2.793 72.379 

24 KF80 15 _ _ Z11 25 0.38 0.12 10.736 69.194 2.734 67.676 

25 MIBC 15 _ _ SIPX 10 0.37 0.08 8.487 79.124 3.757 76.617 

26 KF60N 15 _ _ Z11 25 0.37 0.08 9.34 79.056 3.263 76.803 

27 KF60N 12 KF50 3 Z11 25 0.37 0.1 8.19 73.875 3.723 71.603 

28 KF60N 11 KF50 4 Z11 25 0.37 0.11 9.423 71.1 2.915 69.296 

29 KF60N 12 KF50 3 Z11 25 0.37 0.06 10.527 84.264 2.559 82.023 

30 KF60N 11 KF50 4 Z11 25 0.37 0.13 7.646 65.987 4.153 64.034 

31 KF60N 12 KF50 3 Z11 25 0.37 0.1 8.88 73.804 3.376 71.728 

32 KF60N 10 KF50 5 Z11 25 0.37 0.1 8.395 73.853 3.011 71.642 

33 KF60N 11 KF50 4 Z11 25 0.37 0.06 6.879 84.521 4.33 80.929 

34 KF60N 12 KF50 3 SIPX 25 0.37 0.11 7.274 71.349 3.706 68.939 

35 KF60N 14 KF50 4 SIPX 25 0.37 0.11 5.175 71.796 5.333 68.288 

36 KF60N 15 KF50 5 SIPX 25 0.37 0.13 6.248 66.243 4.725 63.798 

37 KF60N 12 KF50 6 SIPX 25 0.37 0.1 8.095 73.886 3.693 71.584 
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38 KF60N 12 KF50 3 SIPX 25 0.37 0.08 6.577 79.344 4.75 76.022 

39 KF60N 12 KF50 3 SIPX 25 0.37 0.08 6.346 79.379 5.157 75.926 

40 KF60N 12 KF50 3 SIPX 25 0.37 0.11 5.844 71.618 3.999 68.549 

41 KF60N 12 KF50 3 SIPX 25 0.37 0.11 6.354 71.508 4.498 68.709 

42 KF60N 12 KF50 3 SIPX 25 0.37 0.07 7.899 81.806 4.423 78.908 

43 KF60N 12 KF50 3 SIPX 25 0.37 0.11 6.061 71.569 4.412 68.621 

44 KF60N 12 KF50 3 SIPX 25 0.37 0.08 6.618 79.337 4.421 76.039 

45 KF60N 12 KF50 3 SIPX 25 0.37 0.1 5.011 74.459 5.916 70.556 

46 KF60N 12 KF50 3 SIPX 25 0.37 0.1 6.417 74.128 4.549 71.152 

47 MIBC 12 KF50 3 SIPX 25 0.37 0.08 5.847 79.466 4.882 75.689 

48 KF60N 24 MIBC 6 SIPX 25 0.37 0.08 5.626 79.509 5.733 75.571 

49 KF60N 22 KF50 9 SIPX 25 0.37 0.09 5.138 77.025 5.768 72.957 

 

In tests 1, 2, 3, 13, 14, 15, 16, 17, 18, and 25, the Chinese MIBC frother was used, while synthesized 
frothers from Taksin Petrochemical were utilized in the remaining tests. Initially, tests were conducted 
with a single type of frother, showing minimal performance differences between the Chinese frother 
and synthesized frothers. However, from tests 27 to 49, the use of two types of frothers in the rougher 
and scavenger cells exhibited noticeable effects; the recovery and separation efficiency increased relative 
to earlier tests. 

Notably, as indicated in Table 3, by keeping the quantity and type of collector, collector aid, and frother 
constant, merely changing the frother and its amount led to an increase in recovery and separation 
efficiency without a significant drop in concentrate grade. For example, in tests 42 and 14, all conditions 
were identical except for the type of frother, resulting in an increase in recovery from 74.41% to 81.8% 
and separation efficiency from 72.5% to 78.9%. It is worth noting that the initial grade of the feed in test 
14 was approximately 0.38%, while in test 42 it was around 0.37%. The highest recovery achieved with 
the Chinese MIBC frother was 79.5%, while the highest separation efficiency with the synthesized 
frothers reached 84.26% and 82.02% in the best conditions. 

4.  Conclusions 

This research demonstrated that the type of frother used and its compatibility with the plant feed can 
be critically important, significantly impacting the final flotation results. Additionally, the amount and 
duration of each frother's use can affect the final flotation outcomes, resulting in a 5% increase in 
recovery and separation efficiency. 
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Abstract: 

Nowadays, various beneficiation processes, including gravity separation, flotation, and cyanidation are 
normally employed for the extraction and processing of gold-bearing ores. In this study, a sample from 
Gold Mine No. 3, in the Hirad deposit was investigated to determine convenient upgrading methods. 
Mineralogical results revealed that the metallic minerals in the sample mainly consist of pyrite, 
arsenopyrite, and minor amounts of chalcopyrite, galena, and sphalerite. Additionally, gold was found 
primarily as fine microscopic particles within sulfide minerals, and to a lesser extent, in free form. 
Microscopic studies indicated that the sulfide minerals in the sample have fine particle sizes 
(approximately -106 +75 microns), and gold is predominantly trapped within these minerals. The gold 
grade in prepared sample was 2.03 ppm. Experimental results demonstrated that the gravity separation 
method was not suitable, whereas flotation achieved a higher recovery. During the flotation 
experiments, various parameters, including the type and dosage of collectors and frother were 
investigated. The results showed that using 50 g/t of Z6 collector led to a gold recovery of 62.2% with 
a gold grade of 12.58 ppm, while using 50 g/t of Z11 collector resulted in a recovery of 46.0% with gold 
grade of 7.32 ppm. Furthermore, increasing the dosage of the frother polypropylene glycol (A65) from 
50 to 100 g/t improved the gold recovery from 62.2% to 77.5% and increased the gold grade from 12.58 
ppm to 13.41 ppm, as well. 

 

Keywords: Gold, Hirad deposit, Flotation, Gravity separation 

1. Introduction 

Gold is an element located in the sixth period of the transition metals group in the periodic table, with 
an atomic number of 79. It crystallizes in the cubic system, and its crystals have a face-centered cubic 
lattice arrangement, but gold also exists in filamentous and branched forms. The element gold is known 
by the chemical symbol Au which is derived from its Latin name, Aurum, meaning "glow of dawn". 
Gold is a soft, dense, and ductile metal with a bright, shiny yellow color and is classified as a precious 
metal. From ancient times to the present, this metal has attracted human attention due to its brilliant 
color and chemical stability (Altinkaya, 2021). Gold extraction methods have advanced over the times, 
like other parts of the mining industry, and despite the decrease in gold grade and the increase in mining 
depth, gold extraction remains economical. In fact, with the advancement of science and technology, 
the economic cut-off grade of gold has decreased from 20 ppm to 0.5 ppm which of course presents its 
significance. Gold is usually found in siliceous veins, as well as in placers and sedimentary veins, along 
with quartz and pyrite. Due to the significant difference in specific gravity between gold and its 
associated minerals, the first method used for processing and extracting this element was gravity 
separation, and it was generally extracted from alluvial and placer deposits (Safari, 2021). 
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Given that gold plays a beneficial and effective role in stabilizing the regional and global economic 
market, it has always been sought new and technologically advanced approached to increase the 
production and efficiency of gold. Due to the decline of high-grade gold reserves worldwide and its 
increasing economic value following the expansion of its applications, gold extraction from low-grade 
sources is becoming increasingly important (Fazlavi, 2001). 

The Hirad gold mining area is located in South Khorasan province, Iran, 140 km south of Birjand. This 
area was first introduced as a gold anomaly in 2001 based on the regional geochemical studies and 
economic geological surveys. By further studies, four gold-bearing mineral zones were identified as 
Gold Target 1 to 4 (Eshraghi et al.,2005; Askari and Feiz, 2011, Emami Jafari et al., 2023). Fig. 1 shows 
the geographical location of the study area. The target of this study is to process the gold bearing sample 
supplied from Hirad deposit, in order to verify the procedures of upgrading approaches. 

 

Fig. 1. Geographical location of Hirad region 

2. Gold Beneficiation Methods 

Gravity separation is a physical process used to separate one or more minerals from associated tailings 
based on the relative movement of particles in a fluid, influenced by gravity, centrifugal force, and 
certain other forces. In addition to specific gravity, the weight, shape, size of particles, and the resistance 
force of fluid layers are also important parameters in determining the relative movement of particles in 
this process. Although the flotation method has expanded and diminished its importance, gravity 
separation offers significantly lower costs, method simplicity, less environmental pollution, and the 
absence of chemical usage compared to flotation. 

Taggart presented Equation 1 regarding the applicability of gravity methods which can be used to 
obtain criteria for assessing the quality of concentration. In this equation, CC is the concentration 
criterion, ΔH is the specific gravity of the heavy mineral, ΔF is the specific gravity of the fluid, and ΔL 
is the specific gravity of the light mineral (Rezaei, 1998). 

𝐶𝐶 =
(∆𝐻−∆𝐹)

(∆𝐹−∆𝐿)
 (1) 

In the equation above, if the coefficient CC is greater than 2.7, gravity concentration is accordingly 
recommended. Consequently, based on this equation, gravity concentration would be suitable for gold 
particles separation. In this method some parameters should be optimized, such as operating 
parameters to find out the best grade and recovery (Abdollahi, 2005). 

Froth flotation is the most efficient and widely used mineral processing method, enabling the 
exploitation of large, low-grade ore deposits with complex mineralization. This method was initially 
used for sulfide ores of copper, lead, and zinc, and then expanded to oxide and non-metallic ores 
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(Nematollahi, 2008). Froth flotation is a mineral separation method that operates based on the 
physicochemical properties of solid surfaces with using chemicals as collectors and frothers in an 
agitated environment (Rezaei, 1996). 

The example of refractory gold-bearing sulfide minerals flotation is in the Muteh gold mine. It was 
carried out by determining effective parameters such as particle size, collector concentration, frother 
concentration, pH, and time. The optimal flotation process conditions were collector concentration of 
30 to 35 g/t, frother concentration of 25 to 30 g/t, and time of 9 to 10 minutes in neutral environment 
(Ebrahimi Basabi and Mesroghli, 2021). 

The dissolution of gold by cyanide has been known since the beginning of the 19th century, but it was 
not economically used until the late 1980s. Minerals containing free gold were processed by direct 
cyanidation, with exceeding 80% recovery (Augusto and Martins, 2001; Jeffrey and Breuer, 2000). In this 
method, the ore is typically crushed to a size of about 60-75% passing 74 microns, and then is directly 
conducted to the cyanidation process (Yannopoulos, 2012). Cyanidation is considered the simplest and 
most economical method for gold leaching. Despite its high efficiency, its toxicity and environmental 
effects necessitate alternatives. Currently, thiosulfate leaching of gold is used at the Goldstrike mine in 
Nevada, and thiourea is used in other mines such as the New England antimony and Quebec mines 
(Azizitorghabeh et al., 2021). Thiocyanate has been introduced as a less hazardous alternative for 
humans and aquatic organisms, and its advantages include lower cost, lower toxicity, and selective 
performance. Compared to thiourea and thiosulfate, thiocyanate leaching systems require less reagent 
consumption and lower costs and are more stable (Azizitorghabeh et al., 2021). 

3. Sample Characterization 

3.1. Sample Preparation 

To perform identification tests, a representative sample, approximately 1000 kg (1 ton) was prepared, 
and presented to mineral processing laboratory of the University of Tehran for further studies. This 
sample, after passing through three crushing stages by primary and secondary jaw crushers and a roll 
crusher, reached to size finer than 3360 microns. Then, using mixing and riffle splitting approaches, it 
was divided into 2-kilogram samples. Also, using a pycnometer, the true specific gravity of the sample 
was determined which was approximately 2.73 g/cm3. 

3.2. Property Analysis 

X-ray Diffraction (XRD), X-ray Fluorescence (XRF), Fire assay, and ICP analyses were performed on the 
Hirad gold ore sample. According to the Fire assay results, the prepared representative feed sample 
contains 2.03 ppm of gold. 
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Fig. 2. XRD analysis results 

According to the XRD analysis, the graph presented in Fig. 2, the main minerals in the sample are 
Quartz, Dolomite, and Muscovite-illite, while the accessory minerals include Pyrite, Calcite, Albite, and 
Potassium Feldspar. 

Table 1. XRF analysis results 

Element SiO2 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 LOI 

Percentage 49.30 9.63 7.92 5.46 3.14 4.48 0.23 0.09 0.13 5.83 0.48 13.5 

 

According to the XRF analysis results in Table 1, the major component is SiO2, constituting 
approximately 49.30% of the sample. This finding is confirmed by comparison with the XRD analysis 
results, as well. The results of ICP chemical analysis are presented in Table 2. As can be seen, iron, 
calcium, and aluminum are the main components of this ore. 

Table 2. ICP analysis results 

Element Ag Al As Ba Be Bi Ca Cd Ce Co Cr Cs Cu Dy 

Percentage 0.4 618.3 100< 305 0.9 0.1> 41722 2.9 31 11.7 15 12.8 22 3.1 

Element Er Eu Fe Gd Hf In K La Li Lu Mg Mn Mo Na 

Percentage 1.9 1.11 36776 3.5 1.9 0.5> 23478 16 40 0.3  %2< 1584 1.5 475 

Element Nb Nd Ni P Pb Pr Rb S Sb Sc Se Sm Sn Sr 

Percentage 5 12.7 4 593 13 3.34 147  %3<  %0.01< 15.9 0.5> 4 1.7 218 

Element Ta Tb Te Th Ti Tl Tm U V W Y Yb Zn Zr 

Percentage 71 159 1.63 15.8 7.5 118 1.4 0.4 1 2941 7.9 0.5> 0.6 4.1 
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3.3. Mineralogical Studies 

Mineralogical and petrological studies are the normal steps of characterizing the sample which is to be 
processed in further tests. This is due to the importance of understanding the phase formation of the 
valuable mineral which plays a crucial role in order to select the appropriate processing method (Hasani 
Pak, 2001). 

Microscopic studies were conducted using transmitted polarized light microscopes (Olympus model) 
and reflected light microscopes (Leitz model) with a maximum magnification of approximately 630x. 
The degree of liberation of pyrite and arsenopyrite minerals was determined as shown in Table 3. It 
indicates that for size fraction of -53+38 microns the liberation degree is 90-95% for pyrite and 74-78% 
for arsenopyrite. 

Table 3. Degree of liberation of gold bearing minerals in different fractions 

Fraction (micron) Pyrite liberation (%) Arsenopyrite liberation (%) 

-210+150 40-45 - 

-150+106 70-75 - 

-106+75 80-85 20-25 

-75+53 88-92 65-70 

-53+38 90-95 74-78 

-38 95< 85-90 

The results of the mineralogical studies in different fractions indicated that the metallic-semimetallic 
mineral phases were mainly of the sulfide type, with occasional oxide-hydroxide and sulfosalt phases. 
The sulfide phases included pyrite, with minor amounts of arsenopyrite and, rarely sphalerite. The 
oxide-hydroxide phases consisted of goethite and rutile-anatase. The abundance of pyrite was 
approximately 2–3% by volume, appearing as euhedral to subhedral crystals, ranging in size from 20 
microns to free particles up to a maximum of 300 microns. Pyrite crystals exhibited the optical properties 
of arsenic-bearing pyrite. Pyrite was mainly associated with transparent gangue minerals, and 
occasionally, arsenopyrite. 

Arsenopyrite was present in trace amounts (0.15–0.4% by volume), occurring as euhedral crystals 
ranging in size from finer than 15 microns to a maximum of 160 microns. It was entirely associated with 
transparent minerals, sometimes with pyrite and rarely with rutile-anatase. Sulfosalt-like crystals, finer 
than 100 microns, were observed in trace amounts, and exhibited the optical characteristics of sulfosalts. 
The degree of liberation of pyrite in the -210+150 micron size fraction was determined approximately 
40–45%, while no free arsenopyrite crystals were observed, as well. 

Under transmitted light, the transparent minerals, in order of abundance, were calcite, dolomite, 
sericite, feldspar remnants, clay minerals, and quartz. Fig. 3 presents examples of the microscopic 
images. In finer fractions, pyrite, arsenopyrite, and iron oxide-hydroxides, including goethite and rutile-
anatase, were observed in trace amounts (finer than 0.5% by volume). Additionally, in this fraction, 
besides 3.5–4.5% pyrite and 0.1–0.4% arsenopyrite, fine particles of rutile-anatase, hematite, magnetite, 
and a single free enargite particle were rarely observed. 
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Fig. 3. (a) Transparent minerals, (XPL), (b) Pyrite and arsenopyrite inclusions, (PPL), +150-210 fraction, (c) 
intergrown pyrite and arsenopyrite crystals, (PPL), (d) Pyrite intergrown with arsenopyrite and transparent non-
metallic minerals, (PPL), 150-210 fraction 

4. Materials and Methods 

4.1. Chemical Reagents 

In flotation experiments, potassium amyl xanthate (Z6), and sodium isopropyl xanthate (Z11) were used 
as collectors, and Polypropylene glycol (A65) was the frother. The specifications of the chemical reagents 
used are presented in Table 4. 

Table 4. Specifications of chemicals used 

Chemical Name Chemical Formula Trade Name Function Structural Formula 

potassium amyl 
xanthate 

CH3(CH2)4OCS2K Z6 collector 

 

sodium 
isopropyl 
xanthate 

C3H7OCS2Na Z11 collector 

 

Polypropylene 
glycol 

C3H8O2(CH2CH2O)n A65 frother 
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4.2. Experimental Works 

4.2.1. Shaking Table 

The sample was prepared using a laboratory rod mill in a controlled procedure and screened to a size 
of approximately d80=600 and 300 microns to be used in shaking table tests. The shaking table was a 
Wilfley model with dimensions of 129×64 cm. For the experiment, approximately 2 kg of sample with 
particle sizes of 300 and 600 microns was prepared. The operating conditions were as follows: table 
slope of 8 degrees, feed water flow rate of 10 liters per minute, and wash water flow rate of 12 liters per 
minute. After the test, samples of concentrate, middling, and tailing were collected and gold fire assay 
analysis was employed to determine their gold grades. 

4.2.2. Flotation 

For flotation tests, the size of sample reached to d80=75 microns by laboratory rod mill. For the 
experiment, approximately 1 kg of sample was selected, and after adding water, a weight solid percent 
of 30% was examined. To keep the parameters constant, all experiments were conducted under natural 
pH, and a frothing time of 5 minutes. 

5. Results 

The calculations were performed based on the weight and grades of the concentrates and tailings. In 
order to make sure of evaluation, it was decided to use weight recovery (yield) and grade recovery, by 
corresponding calculation formulas given in Equations (2) and (3), respectively. 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝑊𝑒𝑖𝑔ℎ𝑡

𝐹𝑒𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡
× 100 (2) 

𝐺𝑟𝑎𝑑𝑒 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 ×𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 𝐺𝑟𝑎𝑑𝑒

𝐹𝑒𝑒𝑑 𝐺𝑟𝑎𝑑𝑒
× 100 (3) 

The Enrichment Ratio (ER) indicates how many times the feed grade has been concentrated in the final 
product. Therefore, grade recovery serves as an appropriate criterion for evaluating and determining 
the optimal operating conditions. 

Table 5 shows the gold grade and recovery of the products obtained from the shaking table experiments. 

Table 5. Results of Shaking Table tests 

Test No. Particle Size Range (µm) Product  Gold grade (ppm) Gold Recovery (%) 

Test 1 600 
Concentrate 

Middling 
Tailings 

4.52 
1.95 
1.82 

24.6 

Test 2 300 
Concentrate 

Middling 
Tailings 

3.35 
2.25 
2.07 

13.8 

Table 6 shows the gold grade and recovery of the flotation tests. 
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Table 6. Results of different flotation tests 

Test 
No. 

Collector 
Collector 

Concentration 
(g/t) 

Frother 
Frother 

Concentration 
(g/t) 

Product  
Gold grade 

(ppm) 
Gold 

Recovery 

Test 3 Z6 50 A65 50 
Concentrate 

Tailings 
12.58 
0.54 

62.2 

Test 4 Z11 50 A65 50 
Concentrate 

Tailings 
7.32 
1.19 

46.0 

Test 5 Z6 50 A65 100 
Concentrate 

Tailings 
13.41 
1.02 

77.5 

Test 6 Z11 50 A65 100 
Concentrate 

Tailings 
11.89 
1.22 

59.8 

6. Discussion 

6.1. Shaking Table 

As shown in Fig. 4, reducing the particle size from 600 to 300 microns decreased the gold grade from 
4.52 to 3.35 ppm, and the recovery also decreased from 24.6% to 13.8%. Consequently, decreasing the 
particle size did not improve the upgrading process. According to mineralogical studies, this would be 
postulated by the gold being locked with associated minerals of different specific gravities. 

 

Fig. 4. Comparison of Grade and Recovery of First and Second Shaking Table Tests 

6.2. Flotation 

6.2.1. Effect of Collector 

The effect of collector type was investigated under identical conditions. To investigate more precisely, 
the frother concentration increased from 50 g/t to 100 g/t, to determine its effect on grade and recovery. 
Fig. 5 shows that when the frother concentration was 50 g/t, changing the collector from Z6 to Z11 
decreased the gold grade from 12.58 to 7.32 ppm, and the recovery also decreased from 62.2% to 46.0%. 
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Fig. 5. Comparison of grade and recovery with changing collector, using 50 g/t of frother 

In addition, under identical conditions as before, as presented in Fig. 6, only by changing the frother 
concentration to 100 g/t and changing the collector from Z6 to Z11, the grade decreased from 13.41% to 
11.89%, and the recovery also decreased from 77.5% to 59.8%. This is due to the lower floatability of 
collector Z11 comparing with Z6. 

 

Fig. 6. Comparison of grade and recovery with changing collector, using 100 g/t of frother 

6.2.2. Effect of Frother Concentration 

Fig. 7 shows that when collector Z11 is used, increasing the frother concentration from 50 to 100 g/t, the 
gold grade increased from 7.32 to 11.89 ppm, and the recovery also increased from 0.46% to 59.8%. 
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Fig. 7. Changes in grade and recovery with changing frother concentration for collector Z11 

Moreover, under different conditions shown in Fig. 8, using collector Z6, increasing the frother 
concentration from 50 to 100 g/t, increased the gold grade from 12.58% to 13.41%, and the recovery also 
increased from 62.2% to 77.5%. It is important to note that this is likely due to the flotation of coarse-
grained sulfide particles which contained gold. 

 

Fig. 8. Changes in grade and recovery with changing frother concentration for collector Z6 

7. Conclusion 

In this research work, beneficiation approaches such as shaking table and flotation were employed, 
using the sulfide gold ore sample from Hirad deposit. Different experiments were performed and the 
following results were made: 

 In shaking table tests, it was observed that by decreasing the particle size, the gold recovery in 
concentrate also decreased. It seems that with the refinement of particle size, optimal separation 
of gold particles was not possible, and these particles, along with gangue minerals, entered to 
the middle and tailings parts, which accordingly reduced gold recovery in concentrate. 

 In flotation, by changing the type of collector from Z11 to Z6, the recovery increased. 
Furthermore, by changing the frother concentration from 50 g/t to 100 g/t, the recovery 
increased due to the flotation of coarse-grained sulfide particles containing gold. 

 The results indicated that using 50 g/t of Z6 yielded gold recovery of 62.2% with grade of 12.58 
ppm. Using 50 g/t of Z11 produced concentrate with 46.0% recovery and grade of 7.32 ppm. 
Also, increasing the frother (A65) from 50 to 100 g/t improved the gold recovery from 62.2% to 
77.5%, and increased the gold grade from 12.58 ppm to 13.41 ppm. 
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 Based on the results of shaking table and flotation tests, the use of flotation with its higher 
recovery would be recommended. 
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Abstract: 

In this study, the effect of spiral preconcentrating the hydrocyclone overflow sample of the Miduk 
Copper Complex side flotation plant containing 0.41% total copper (including 0.08% copper oxide) and 
its effect on increasing the efficiency of the flotation process were investigated. Spiral tests were 
conducted with 30% solids in four stages, and finally concentrates, middling, and tailing samples were 
analyzed. Subsequently, flotation tests were conducted under similar conditions on the feed, 
concentrate, middling, and tailings samples of the spiral test. The results of the spiral test showed that 
the copper grade was 2.7%, 2%, 1.7%, and 1% in the first to fourth concentrates, respectively (the total 
copper recovery in all the concentrates was 55.58%). The grade of the middling and tailing samples were 
0.17% and 0.27%, respectively. By performing flotation on the spiral concentrate sample, the rougher 
concentrate grade increased from 1.3% to 5.16% and the flotation process recovery increased from 65 to 
85%. The middling and tailing samples also did not responed the flotation process due to their fine 
nature (d80=40 micron). The results showed that by performing the spiral preconcentration, 87.76% of 
the feed intered to the middling and tailing sections. Hence, the flotation plant capacity can be increased 
by about 8-9 times. Considering the nature of the copper minerals in the tailings of the preconcentration 
process, this sample is a good candidate for the bioleaching process that needs further investigation. 

 

Keywords: Preconcentration, Copper Sulfide Ore, Spiral Separator, Miduk Copper Plant 

1. Introduction 

The final extraction processes typically performed on run of mine ores include smelting, 
hydrometallurgy, flotation, and electro-processes (Poloko, 2019). Due to the refractory nature of the 
copper sulfide minerals (particularly chalcopyrite), the conventional flotation-smelting method has 
been used to produce the majority of the world's copper since the 19th century (Neira et al., 2021).  

Due to the depletion of high-grade ores, direct processing of ores without preconcentration would be 
very expensive/energy-intensive (Poloko, 2019, Adewuyi et al., 2020). Physical preconcentration 
methods include gravity concentration, heavy media separation, magnetic separation, and sensor-based 
separation methods, etc. (Poloko, 2019). Gravity separation methods are low-cost and environmentally 
friendly. In recent years, some methods and equipment have been developed for processing very fine 
materials, including spiral separators for particles as small as 30 µm. In addition, various designs for 
spiral separators have been proposed based on gravity, particle size, and some other physical properties 
(Richards et al., 2000). 
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Due to the widespread use of flotation method for sulfide and some oxide copper ores (Asadi et al., 
2019), most of the research on gravity separation methods has been conducted on coal, iron, lead and 
zinc, gold and some other ores, and few studies have been conducted on copper ores. Nekoee Motlagh 
et al. (2023), by conducting gravity separation experiments on an IOCG ore containing 0.13% copper, 
concluded that conventional gravity methods were not suitable for preconcentration of this ore. 

A portion of the Miduk copper ore with a lower grade (typically around 0.3 to 0.4 percent) is processed 
by the Miduk copper complex’s side plant (with a nominal capacity of 300 tons per day) by flotation, 
which presents many challenges for flotation processing (including the low grade of the cleaner 
concentrate) compared to the ore entering the main plant due to its low grade and challenges in the 
mineralogy composition. This research aims to investigate and evaluate the effect of using a spiral 
separator as a preconcentration method in improving the efficiency and capacity of the copper flotation 
process from the Midoc copper complex’s side plant. Using a spiral separator as a method for 
preconcentration of copper ores is one of the innovative aspects of the present paper. The findings of 
this research can be used as a guide to improve and optimize the separation and preconcentration 
processes in the copper processing industry. 

2. Material and methods 

2.1. Sample preparation and characterization 

In this study, about 100 kg representative sample collected from the cyclone overflow of the side 
flotation plant of the Miduk Copper Complex and prepared for gravity separation tests using the spiral 
separator from Armis Company (Tehran, Iran). The results of the chemical analysis of the sample is 
presented in Table 1. According to Table 1, the feed sample contains 0.4% copper (total), of which only 
0.08% is in the form of oxide minerals. Therefore, 80% of the total copper in the feed sample is in the 
sulfide form and only 20% is in the form of copper oxide minerals. The results of microscopic studies 
also showed that the feed sample contained 8.7% of chalcocite, covellite, chalcopyrite, pyrite, sphalerite, 
hematite, magnetite metallic minerals, 91.2% non-metallic minerals and 0.14% copper oxide minerals. 

Table 1. Grade of Cu and Fe of the feed sample 

Percent Component 

0.4 Cu 

0.08 CuO 

3.76 Fe 

The grain size distribution diagram of the feed sample is shown in Figure 1a. According to Figure 1a, 
the d80 of the feed sample is about 101 µm and its d100 is about 250 µm. As the particle size becomes finer 
up to 32 µm, the copper content increases. In other words, the maximum copper grades occur in the 
finer size fractions, such that the copper grade in the +125 µm size fraction is 0.2% and in the of +32 µm 
size fraction is 0.62%. 
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Fig. 1. a) Size distribution of the feed sample and b) Cu grade in different size fractions.  

2.2. Spiral separator experiments 

Representative sample was processed by flotation method on a laboratory scale to compare the behavior 
of the sample in the flotation process before and after the spiral separator preconcentration. 

Preconcentration test with a spiral (with a solid percentage of about 30%) was carried out in four stages 
(Figure 2) to achieve the desired grade, which ultimately led to the separation of three final products 
including four concentrates, a final middling, and a final tailing. All the products were examined in 
terms of particle size distribution and grade of different size fractions to determine the effect of the 
spiral separator on the separation of coarse and fine particles. 

  

Fig. 2. Flowchart of the spiral tests (right) and a picture of the spiral separator (left). 

3. Results and discussion 

3.1. Effect of the preconcentration on the Cu grade 

Copper grade in different size fractions of concentrates 1 to 4 of the spiral separator is presented in 
Figure 3. Comparison of the grades of different size fractions in concentrates 1 to 4 showed that, as 
expected, the grade of the concentrate of the spiral separator decreased from concentrate 1 to 4. It is 
noteworthy that the maximum grade of 3% copper in the spiral concentrates is in the -32 µm size fraction 
of the first concentrate. The d80 of concentrates 1 to 4 is 118, 110, 131 and 116 µm, respectively, which is 
coarser compared to the d80 of the feed (101 µm), indicating that the particle size of the concentrate is 
coarser than the input feed. The d80 of the middling and the final tailings of the spiral separator 
experiment were 165 and 40 µm, respectively. The significant difference in the size of tailings particles 
compared to concentrates and middling products indicates that, given the fine nature of the samples, 
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particle size also had an effect on the concentration behavior of particles. It means that the particles with 
a smaller size had a greater tendency to inter the tailings section.  

 
 

  

 
 

  

Figure 3.  Size distribution and Cu grade in different size fractions of spiral test concentrates. 
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A notable point about the behavior of fine particles in the concentration process is that heavy particles 
had a greater tendency to transfer to the concentrate. This is clearly evident from comparing the grade 
of the concentrate and tailing sections, such that the copper grade in different tailings size fractions 
ranged from 0.07 in the +250µm size fraction to 0.33 in the -32µm size fraction. 

The results showed that the use of the spiral separation method for preconcentration was effective in 
increasing the copper grade. Furthermore, the recovery of copper in the concentrate, middling and 
tailings section was also investigated. 

3.2. Investigating the possibility of removing tailings with preconcentrating by spiral 

The results of the spiral separation experiment are presented in Table 2. According to Table 2, the weight 
percentage of the total concentrates is 12.25% of the total input feed. Copper grade and recovery of the 
total concentrates obtained from the spiral experiment is 1.86% and 55.52%, respectively. A notable 
point in the data presented in Table 2 is the lower grade of the middling section compared to the tailings 
section. This can be due to the significant difference in particle size of the middling and tailing sections 
(165 and 40 µm, respectively). On the other hand, 55.77% and 31.99% of the total feed has been entered 
the tailings and the middling sections, respectively. Therefore, the mixed grade of the middling and 
tailing sections is about 0.23%. 

Table 2. Results of the spiral concentration experiment. 

Product Weight Wt. % Cu Grade (%) Cu Recovery (%) 

Feed 85.35 100.00 0.41 100.00 

1st Concentrate 2.76 3.23 2.7 21.30 

2nd Concentrate 2.57 3.01 2 14.69 

3rd Concentrate 2.47 2.89 1.7 12.00 

4th Concentrate 2.66 3.12 1 7.60 

Middling 27.3 31.99 0.17 13.26 

Tailing 47.6 55.77 0.27 36.73 

3.3. Effect of preconcentration on the flotation performance 

In order to investigate the effect of spiral preconcentration on the flotation process performance, 
experiments were conducted on the spiral feed sample (cyclone overflow of flotation plant), mixed 
sample of 4 spiral concentrates, and mixed sample of spiral middling and tailing under similar 
conditions. According to the results presented in Table 3, by performing flotation operation on spiral 
concentrate sample, the grade of rougher concentrate increased from 1.3% to 5.16% and the recovery 
increased from 65% to 85%. It is important to note that the final recovery (spiral + flotation) was about 
47.2%. The middling and tailings samples also did not respond well to the flotation process due to their 
fine nature (with d80 of about 40 microns). 

The results of the spiral and flotation experiments showed that, considering that one of the important 
challenges of the Miduk side flotation plant is the low grade of the flotation concentrate, this grade 
reduction can be overcome by preconcentration using a spiral separator. On the other hand, by 
performing the spiral preconcentration process, 87.76% of the feed with the grade of 0.23% (middling 
and tailing sections) is rejected. Hence, the capacity of the flotation plant can be increased by about 8-9 
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times. Considering the nature of the copper minerals in the tailings of the spiral preconcentration 
process, this sample is a good candidate for the bioleaching process that needs further investigation. 

Table 3. Results of the flotation experiments on the feed and spiral products. 

Flotation Feed Type 

Cu grade (%) 
Cu 

Recovery 
(%) in 

Flotation 

Overal 
Recovery 

(%) 
(Spiral+ 

Flotation) 

Feed Flotation Concentrate Flotation Tailing 

Original Feed (Cyclone Overflow) 0.41 1.3 0.18 65 65 

Spiral Concentrate 1.86 5.16 0.4 85 47.2 

Spiral Middling+Tailing 0.23 0.6 0.12 60 30.0 

4. Conclusion 

The results of this study showed that in the preconcentration process of Miduk low grade copper ore 
using four spiral stages, coarse particles with low grade were effectively separated in the middling part 
of the spiral (separation of the middling product with d80 equal to 165 micron and grade of 0.17% from 
the feed with d80 of 101 microns and grade of 0.41%). This separation allowed for the optimization of 
subsequent processes, especially the flotation stage. Accordingly, the use of this preconcentration 
method helps to increase the efficiency and effectiveness of the flotation process. In addition, this can 
lead to optimization of the consumption of chemicals used in copper sulfide flotation, which will 
significantly reduce costs and increase efficiency. By performing the spiral reconcentration process, 
87.76% of the feed with the grade of 0.23% has been rejected. Therefore, the capacity of the flotation 
plant can be increased by about 8-9 times. Considering the nature of the copper minerals in the tailings 
of the spiral pretreatment process, this sample is a good candidate for the bioleaching process that 
should be investigated. 
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Abstract 

The Angouran Zn-Pb deposit is located in the southwest of Zanjan and in the Sanandaj-Sirjan tectonic 
zone, and stratigraphically is situated in the Takab Proterozoic metamorphic complex. The schists and 
dolomites of the Jangutaran are hosts of the ore mineralization. Mineralization in Angouran is divided 
into two sulfide and non-sulfide (carbonate) ores. Sphalerite and lesser extent galena and pyrite are the 
most important sulfides. The dominant texture includes massive, vein-veinlet, breccia, colloform and 
replacement. Smithsonite, hemimorphite, cerussite and mimetite are the dominant minerals in the 
carbonate ore. Sphalerite and smithsonite are considered the most important hosts of trace and critical 
elements in sulfide and carbonate ores, respectively, and their extraction is of particular economic 
importance. Based on microscopic and SEM studies on processing tailings samples, occurrences of 
critical elements such as Co, Ni, and Cd, and to a lesser extent Ga and Ge, have been identified. 

 

Keywords: Sphalerite, Smithsonite, Critical elements, The Angouran Zn-Pb deposit, the Sanandaj-Sirjan 
tectonic zone. 

1. Introduction 

Many of mine tailings, especially those from metalliferous, contain high concentrations of metals or 
metalloids that can be economically recovered if appropriate solutions are provided. The physical and 
chemical characteristics of tailings can vary depending on the mineralogy, geochemistry, the type of 
mining equipment, the particle size of the mineral, and even the humidity content (Lottermoser, 2010). 
In recent years, given the industrial and economic approaches that govern international societies in the 
application of elements, a number of low abundance critical raw elements (about 30 elements),  
including cadmium, indium, germanium, gallium, thallium, rhenium, selenium, and tellurium, are 
sporadically found in sulfide deposits (Paradis, 2015). Trace elements characteristics in sphalerite can 
record the effects of ore-forming fluids and distinguish the genetic types of Zn-Pb deposits (Ye et al., 
2011; Cook et al., 2009; Li et al., 2023; Zhang et al., 2022). Genetically, sulfide lead-zinc deposits are 
classified into two major groups: Mississippi Valley Type (MVT) and Sedimentary Exalative (SEDEX) 
deposits (Leach et al., 2010; Large, 2001). During the oxidation of primary sulfide deposits, non-sulfide 
(carbonate) deposits are formed, which are divided into hypogene and supergene deposits based on 
genetically and minelalogical characteristics (Large, 2001; Hitzman et al., 2003; Boni and Mondillo, 
2015). The Angouran zinc-lead deposit is one of the largest and most unique zinc-lead mines in Iran, 
with large sulfide and carbonate reserves of high tonnage and grade, and the presence of recoverable 
tails with economic potential. Mineralization in the Angouran deposits includes two parts: sulfide and 
non-sulfide, with the main part of the reserve being non-sulfide (carbonate) mineralization, and based 
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on the studies of Hitzman (2003) and Karner (2006) placing it in the category of non-sulfide deposits. 
Sphalerite and smithsonite are the main hosts of the sulfide and non-sulfide (carbonate) mineralization, 
respectively. To investigate mineralogy and elemental enrichment, geochemical studies of tailing and 
major host minerals were conducted using ICP-MS analysis and optical and SEM electron microscopy 
on the processing tailings from the Angouran deposit.  

2. Maaterials and Methods 

A total of 25 thin-polished sections were prepared from the processing taillings samples taken from the 
Angouran mining complex at the Kharazmi University labratory in Tehran. Petrographic and 
mineralogical studies were performed by SEM and optical microscopy laboratory of Kharazmi 
University and Iranian Mineral Processing Research Center (IMPRC). Twenty samples were also 
subjected to X-ray diffraction (XRD) at the Sharif University of Technology Laboratory Services Center 
and the Iranian Mineral Processing Research Center (IMPRC), for additional mineralogical studies. 

3. Mineralogy 

3.1. Scanning Electron Microscopy (SEM) Studies 

3.1.1.  Processing Tailings in Ni-Cd Enrichment 

Microscopic and SEM studies of samples from the Ni-Cd enrichment processing tailings have identified 
the presence of anomalies of Zn, Pb, Ni, U, Ag and strategic elements Cd, Ga, Ge and In within the 
crystal lattice of sphalerite, galena, smithsonite and cerussite has been identified (Figure 1, A-C). Based 
on the X-ray maps prepared from this sample, the concentration of Cd and Zn elements is consistent 
with the location of sphalerite, galena, smithsonite and hemimorphite crystals (Figure 2). Ni, Ga, Cd, 
Ge and In elements were detected by SEM (Figure 3, A-C). Based on the X-ray maps, the concentration 
of Cd, Ga, Ge and In elements is consistent with the location of sphalerite, galena and smithsonite 
crystals (Figure 4). 

399



 IMPRS 2025 19-21 May, Alborz, Iran  

3 

 

 

Figure 1. Mineralization of Zn, U and the critical element Cd within the lattice of sphalerite, galena and smithsonite 
in sample from Ni-Cd-rich processing tailings. Sp: Sphalerite, Gn: Galena, Sm: Smithsonite. Abbreviation is based 
on Whitney and Evans (2010). 
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Figure 2. X-ray map of the dispersion of Cd and Zn elements in the Ni-Cd-rich processing tailings sample from the 
Angouran deposit. 
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Figure 3. Mineralization of Ni, Ag and the critical elements Ga, Cd, Ge and In within the lattice of sphalerite, galena 
and smithsonite in Ni-Cd-rich processing tailings. Sp: Sphalerite, Gn: Galena, Sm: Smithsonite, Ce: Cerussite. 
Abbreviation is based on Whitney and Evans (2010). 
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Figure 4. X-ray map of the dispersion of the elements Ge, Cd, In and Ga in the Ni-Cd-rich processing tailings from 
the Angouran deposit. 

 

 

 

 

 

 

 

 

 

403



 IMPRS 2025 19-21 May, Alborz, Iran  

7 

 

3.1.2. Co-rich Processing Tailings 

Microscopic and SEM studies of Co-rich processing tailings samples indicate the presence of anomalies 
of Zn, Pb, Fe, Mn, Mg, Se, As, and the critical elements Ga, Ge and Cd within the crystal lattice of the 
sphalerite, galena and hemimorphite (Figure 5, A-C). In addition, based on X-ray maps prepared from 
the Co-rich processing tailings sample, the concentrations of the elements Cd, Ga and Ge were 
correlated with the location of the crystals (Figure 6).  

 
Figure 5. Mineralization of Mn, Mg, Se, As, and the critical elements Ga, Ge, and Cd within the lattice of sphalerite, 
galena, and hemimorphite in the Co-rich processing tailings from the Angouran deposit. Sphalerite, Gn: Galena, 
He: Hemimorphite, Ce: Cerussite. Abbreviation is based on Whitney and Evans (2010). 
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Figure 6. X-ray map of the dispersion of the elements Cd, Ga, and Ge in the Co-rich processing tailings from the 
Angouran deposit. 

3.2. X-ray Diffraction (XRD) Studies 

3.2.1. Ni-Cd-rich Processing Tailings 

Based on X-ray diffraction (XRD) studies, the trace minerals are zincite and smithsonite which contain 
Cd, and the gangue minerals calcite and gypsum are clearly visible (Figure 7). In addition, anglesite, 
and lead oxide are detected, and gypsum, zinc hydroxyoxalate, and cadmium phosphate hydrate are 
other minerals (Figure 8). 
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Figure 7. X-ray Diffraction (XRD) diagram of the Ni and Cd-rich processing tailing from the Angouran deposit. 

 

 
Figure 8. X-ray Diffraction (XRD) diagram of the Ni and Cd-rich processing tailing the Angouran deposit. 
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3.2.2. Co-rich Processing Tailing 

Based on X-ray diffraction (XRD) studies on the Co-rich Processing tailing from the Angouran deposit, 
gypsum and hydrated magnesium sulfate are clearly visible as the main minerals in this sample (Figure 
9). 

 
Figure 9. X-ray Diffraction (XRD) diagram of the Co-rich processing tailing from the Angouran deposit. 

4. Conclusion 

Mineralization at Angouran consists of two parts: sulfide and non-sulfide (carbonate); sphalerite and 
smithsonite are considered to be the major hosts of high-tech elements (Ga, Ge and In) in sulfide and 
carbonate ores, respectively. The presence of sphalerite, galena, smithsonite, hemimorphite, cerussite 
and mimetite as hosts for strategic elements in tailings samples from the Angouran deposit is 
economically significant. Mineralogical and SEM studies of the tailing’s samples have identified the 
presence of anomalies of high-tech elements (Ga, Ge and In) and other trace elements such as Co, Ni 
and Cd within the crystal lattice of sulfides and less common carbonates. In addition, based on X-ray 
diffraction (XRD) studies of the processing tailings samples at the Angouran deposit, Co bearing 
sphalerite, Cd bearing smithsonite, quartz, gypsum, muscovite and others are clearly observed. 

Reference 

Boni, M., & Mondillo, N., (2015). "Calamines" and the "Others": The great family of supergene non-
sulfide zinc ores. Ore Geology Reviews, 67, p. 208-233. 
https://doi.org/10.1016/j.oregeorev.2014.10.025  

Cook, N.J., Ciobanu, C.L., Pring, A., Skinner, W., Shimizu, M., Danyushevsky, L., & Melcher, F., (2009). 
Trace and minor elements in sphalerite: A LA-ICPMS study. Geochimica et Cosmochimica Acta, 
73(16), p. 4761-4791. doi: https://doi.org/10.1016/j.gca.2009.05.045 

Hitzman, M.W., Reynolds, N.A., Sangster, D.F., Allen, C.R., & Carman, C.E., (2003). Classification, 
genesis, and exploration guides for nonsulfide zinc deposits. Econ Geol 98, p. 685–714. 
http://dx.doi.org/10.2113/98.4.685  

407

https://doi.org/10.1016/j.oregeorev.2014.10.025
https://doi.org/10.1016/j.gca.2009.05.045
http://dx.doi.org/10.2113/98.4.685


 IMPRS 2025 19-21 May, Alborz, Iran  

11 

 

Kärner. K., (2006). The Metallogenesis of the Skorpion Non-Sulphide Zinc Deposit Namibia. Doctoral 
Thesis, Wittenberg: Universität Halle ـ Wittenberg. 

Large, R.R., Bull, S.W., & Winefield, P.R., (2001). Carbon and oxygen isotope halo in carbonates related 
to the McArthur River (HYC) Zn-Pb-Ag deposit: Implications for sedimentation, ore genesis, and 
mineral exploration. Economic Geology 96, p. 1567-1593. http://dx.doi.org/10.2113/96.7.1567  

 Leach, D.L., Bradley, D.C., Huston, D., Pisarevsky, S.A., Taylor, R.D., & Gardoll, S.J., (2010). Sediment 
hosted lead-zinc deposits in Earth history. Economic Geology 105, p. 593-625. 
http://dx.doi.org/10.2113/gsecongeo.105.3.593  

Li, G., Zhao, Zh., Wei, J., & Ulrich, Th., (2023). Trace element compositions of galena in an MVT deposit 
from the Sichuan-Yunnan-Guizhou metallogenic province, SW China: Constraints from LA-ICP-MS 
spot analysis and elemental mapping. Ore Geology Review 150, 105123. 
https://doi.org/10.1016/j.oregeorev.2022.105123 

Lottermoser, B.G., (2010). “Mine Wastes: Characterization, Treatment and Environmental Impacts”, 3rd 
edition, Springer Heidelberg Dordrecht London New York, 410 p. 

Ye, L., Cook, N.J., Ciobanu, C.L., Yuping, L., Qian, Z., Tiegeng, L., Wei, G., Yulong, Y., & Danyushevskiy, 
L., (2011). Trace and minor elements in sphalerite from base metal deposits in South China: a LA-
ICP-MS study. Ore Geol Rev 39, p. 188–217. https://doi.org/10.1016/j.oregeorev.2011.03.001   

Zhang, J., Shao, Y., Liu, Zh., & Chen, K., (2022). Sphalerite as a record of metallogenic information 
using multivariate statistical analysis: Constraints from trace element geochemistry. Journal 

of Geochemical Exploration 232, 106883. https://doi.org/10.1016/j.gexplo.2021.106883  

 

408

http://dx.doi.org/10.2113/96.7.1567
http://dx.doi.org/10.2113/gsecongeo.105.3.593
https://doi.org/10.1016/j.oregeorev.2022.105123
https://doi.org/10.1016/j.oregeorev.2011.03.001
https://doi.org/10.1016/j.gexplo.2021.106883


 IMPRS 2025 19-21 May, Alborz, Iran  

1 

 

 Sustainable Iron Recovery from Dry Tailings: Application of Advanced 
Magnetic Separation and Circular Economy Principles, A Case Study of 

Golgohar Mining and Industrial Company 

Pouya Karimi1*, Seyed Sajjad Hosseininejad2, Alireza Farazmand3 

1PhD in Mineral Processing Engineering | Venture Capital Specialist, Golgohar CVC Fund (GTech) 

2Supervisor of Mineral Processing Laboratory & Pilot Plant, Research & Technology Center, Golgohar Mining & Industrial Company 

3M.Sc. in Mineral Processing Engineering and Head of Mineral Processing Laboratory, Sepanta Development Soreen (STS) 

*Corresponding author: Pouya.karimi62@gmail.com (Pouya Karimi) 

 

Abstract: 

This research investigates the challenges of iron recovery from dry tailings of the Golgohar Mining and 
Industrial Company's concentration plant. Initially, physical (particle size distribution) and chemical 
(total iron and ferrous oxide) properties were characterized, along with XRD analysis, mineralogical 
studies, and morphological examinations (SEM, EDAX, and QEMSCAN). The studied tailing sample, 
produced through magnetic separation processes at a field intensity of 1100 Gauss in plant, had an 
average iron grade of 11% and a D80 of 467 microns. Magnetic separation experiments were conducted 
using laboratory-scale dry magnetic separators at field intensities of 1200, 3500, and 5000 Gauss in two 
stages. In the first stage, the effect of magnetic field intensity on iron recovery and product grade was 
evaluated. The results showed that increasing the magnetic field intensity significantly improved iron 
recovery, from 4.9% (with an iron grade of 29.9%) to 15.7% (with an iron grade of 18.9%). Based on these 
findings, a second stage of experiments was performed using an innovative two-stage rougher-cleaner 
method at field intensities of 3500 and 1200 Gauss, achieving a recovery of 10% with a product iron 
grade of 40%. This study highlights the importance of advanced recovery methods in optimizing 
processes and reducing tailings. Furthermore, iron recovery from tailings using magnetic separators 
aligns with circular economy principles, as it promotes the reuse of mineral resources and minimizes 
waste. The results of this research can significantly contribute to improving industrial efficiency and 
reducing the environmental impact of tailings. 

 

Keywords: Iron Recovery, Dry Tailings, Magnetic Separation, Circular Economy, Sustainable Mining 

1. Introduction  

The mining and mineral processing industry, particularly in the iron ore sector, faces numerous 
challenges including declining ore grades, increasing volumes of processing tailings, and 
environmental concerns related to waste disposal (Zhang et al., 2021). In this context, the recovery of 
iron from dry processing tailings not only enhances economic efficiency but also represents a crucial 
step toward reducing environmental pollution and implementing circular economy principles 
(Kirchherr et al., 2017). 

The Golgohar mining and industrial complex, with its rich iron ore deposits, stands as one of the most 
prominent mining and industrial hubs in the Middle East. This region possesses significant potential to 
become a major competitive player in Iran's mining sector and on the global stage. The area comprises 
six registered mineral anomalies with a total geological reserve of 1,019 million tons and proven reserves 
of 1,000 million tons, making it the largest known iron ore deposit in the Middle East (Golgohar Mining 
Report, 2024). Conventional technologies face limitations in recovering these fine particles, making 
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advanced high-intensity magnetic separation techniques a promising solution for iron reclamation from 
these tailings (Xiong et al., 2020). 

This research aims to evaluate the feasibility of sustainable iron recovery from Golgohar's dry tailings 
by combining innovative magnetic separation methods with circular economy principles. Magnetic 
separation experiments were conducted using laboratory-scale dry magnetic separators at field 
intensities of 1200, 3500, and 5000 Gauss in two stages. The study investigates the impact of key 
parameter (magnetic field intensity ) and multi-stage separation processes on recovery rates and 
product grade.  

2. Material and methods 

For comprehensive physico-chemical and mineralogical characterization of dry tailings from the 
concentration plant (final tailings from a three-stage dry magnetic separation circuit comprising 
rougher, cleaner, and scavenger stages, producing three output streams: final dry concentrate, 
middling’s, and final dry tailings), systematic sampling was conducted. Sampling frequency was set at 
once per working shift (equivalent to 3 samples per day) during the study period from September 1 to 
September 30, 2022 (Shahrivar 1401). Particle size distribution (D80) was determined using ASTM 
standard test sieves (1000, 710, 500, 355, 250, and 180 μm) and Laser diffraction analysis (Sympatec 
GmbH LPS analyzer). Iron content (total Fe) and ferrous oxide (FeO) were quantified through wet 
chemical methods according to: ASTM E246-10 (Standard Test Methods for Determination of Iron in 
Iron Ores) and ASTM D3872-05 (Standard Test Method for Ferrous Iron in Iron Ores). In the section of 
Mineralogical Characterization Advanced analytical techniques were employed using Scanning 
Electron Microscopy (SEM): EFI ESEM Quanta system, Energy Dispersive X-ray Spectroscopy (EDAX): 
2017 silicon drift detector, X-ray Fluorescence (XRF): ASENWARE AW_XDM300 spectrometer and X-
ray Mapping for elemental distribution analysis. Dry magnetic separation tests were performed using 
drum separators (Sepanta Development Soreen Co. [STS]) at varying magnetic field intensities Low-
intensity: 1,200 Gauss, Medium-intensity: 3,500 Gauss and High-intensity: 5,000 Gauss.  

3. Dry Magnetic Separation Circuit Process Description of factory 

The sub-3 mm material from the double-deck screen and underflow of air cyclones is conveyed to the 
dry magnetic separation section. The feed material is initially stored in eight feed silos, each with a 
capacity of 189 tons. Each silo is equipped with a chain feeder that continuously supplies material to the 
magnetic separators. The low-intensity dry magnetic separation system consists of eight parallel 
processing lines. Each line incorporates a three-stage separation configuration: One rougher, one cleaner 
and scavenger magnetic separator.  

 Feed material characteristics: 

o Particle size distribution: 80% passing 450 μm 
o Bulk density: 2.7 t/m³ 

 Magnetic separator specifications: 

o Field intensity: 1,100 Gauss (low-intensity) 
o Motor power: 22 kW per separator 

 Operational parameters: 

o Drum rotational speeds: 

 Rougher: 5 m/s 
 Cleaner: 6 m/s 
 Scavenger: 3 m/s 

o Operating temperature: 100°C 
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The material flow through the rougher-cleaner-scavenger circuit produces three product streams: Final 
concentrate, Middling’s product and final tailing. Figure 1 illustrates the feed distribution system and 
product streams between the rougher, cleaner, and scavenger stages, showing the final concentrate, 
middling’s, and tailings outputs. 

 

Fig. 1.  Feed material distribution system to low-intensity dry magnetic separators of concentration plant 

4. Results and discussions  

4.1. Particle Size Distribution Analysis 

Particle size distribution was determined using both laser diffraction analysis (Sympatec GmbH LPS 
analyzer) and standard ASTM test sieves (1000, 710, 500, 355, 250, and 180 μm). The laser diffraction 
results revealed the following characteristic diameters: D₅₀: 274 μm and D₈₀: 467 μm. Complementary 
sieve analysis yielded a D₈₀ value of 484 μm, showing good agreement with the laser diffraction method 
(relative difference: 3.5%). The complete particle size distribution curve of the mentioned dry feed 
sample is presented in Figure 2. 

 

Fig. 2.   Particle size distribution graph of the feed tests 
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4.2. XRD Mineralogical Analysis 

Given the significance of both iron-bearing and gangue mineral types in the investigated tailings 
sample, XRD analysis was performed. The quantitative phase analysis revealed the Iron-bearing 
minerals of Hematite (Fe₂O₃): 11 wt%, Magnetite (Fe₃O₄): 4 wt% and Pyrite (FeS₂): 5 wt%. In addition 
to, the dominant gangue minerals consist of : Spinel (MgAl₂O₄): 40 wt%, Biotite 
(K(Mg,Fe)₃AlSi₃O₁₀(F,OH)₂): 20 wt%,  Silicon Dioxide (SiO₂): 15 wt% and Vermiculite 
((Mg,Fe,Al)₃(Al,Si)₄O₁₀(OH)₂·4H₂O): 5 wt%. The complete quantitative XRD results are presented in 
Table 1. Figure 3 shows the diffraction pattern with characteristic peaks of the identified mineral phases, 
confirming the mineralogical composition. 

 

Fig. 3.  XRD pattern of Dry tailing sample from the dry magnetic separation circuit of concentration plant 

4.3 Chemical and XRF Analysis Results 

Given the critical importance of iron content (Fe) and ferrous oxide (FeO) percentages for determining 
optimal magnetic field intensity to achieve acceptable iron concentrate grade, wet chemical analysis was 
performed on the tailings sample. The results revealed Total iron (Fe): 10.82 wt% and Ferrous oxide 
(FeO): 3.80 wt%. These values confirm the predominantly hematitic-magnetitic nature of the tailings 
sample. Furthermore, X-ray fluorescence (XRF) analysis was conducted to quantify impurity elements 
(sulfur and phosphorus) and other elemental oxides present in the sample. The complete quantitative 
results are presented in Table 1.  

Table 1. XRF Chemical Analysis of Investigated Dry Tailings Sample 

Dry Tailing Sample Fe (%) FeO (%) S (%) 
SiO2 
(%) 

Al2O3 
(%) 

CaO 
(%) 

MgO 
(%) 

TiO2 
(%) 

K2O 
(%) 

LOI 
(%) 

Value (%) 10.82 3.80 6.304 39.18 8.48 5.11 14.96 .396 1.747 10.1 

4.4 SEM, EDAX, and X-Ray Mapping Analyses 

To investigate the microstructure, particle morphology, and size distribution of the dry tailings sample 
at the micron scale, scanning electron microscopy (SEM) was performed. The corresponding 
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micrographs are presented in Figure 4. Preliminary SEM analysis revealed a particle size 
distribution ranging from 20 to 650 μm in the examined zones. Energy-dispersive X-ray spectroscopy 
(EDAX) provided the following elemental composition (wt %): Fe: 11%, Ti: 0.51%, Ca: 4%, K: 1.7%, 
S: 6.38%, Si: 18%, Al: 7%, Mg: 13%, Na: 1.8% and O: 40%. The EDAX spectrum of sample is shown 
in Figure 5. As observed, the peaks corresponding to oxygen (O), silicon (Si), sodium (Na), and iron 
(Fe) exhibited higher intensities compared to other elements. This finding aligns well with the XRD 
quantitative results, confirming the dominant presence of hematite (Fe₂O₃), silica (SiO₂), and 
vermiculite in the sample. The X-Ray mapping results (Figure 6) further illustrate the spatial distribution 
of key elements: Iron (Fe) and Oxygen (O): The strong overlap in their distributions confirms the 
presence of iron oxides (hematite) as the primary Fe-bearing phase. Sulfur (S): Exhibits coarse-grained 
clusters, indicating localized concentrations, likely as sulfides (e.g., pyrite). Silicon (Si): Shows both fine 
and coarse particle distributions, consistent with quartz (SiO₂) and silicate gangue minerals. 

 

Figure 4. SEM micrographs of dry tailings from the concentration plant 

 

Figure 5. EDS spectrum of the investigated dry tailings sample 
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Figure 6. X-ray elemental maps of iron (Fe), oxygen (O), Magnesium (Mg), sulfur (S), silicon (Si), and titanium 
(Ti) in tailings sample 

4.5 Dry Magnetic Separation Experiments  

The dry magnetic separation tests were conducted using drum separators under the following 
experimental conditions: Magnetic Field Intensities of 1,200 Gauss (two configurations, without 
separation blades and with separation blades), 3,500 Gauss and 5,000 Gauss. Drum Specifications were 
Diameter: 400 mm and Rotational speed linear velocity of 2 m/s (Angular velocity: 95 rpm (constant 
across all tests). It must be mention that the dry tailings sample contained 10.82% iron (Fe) grade and 
3.80% iron oxide (FeO). Figure 7 (left) demonstrates the iron grade (%) of magnetic separation products 
across varying magnetic field intensities. As evidenced, increasing the magnetic field intensity from 
1,200 G to 5,000 G resulted in a decrease in iron grade from approximately 30% to 19%. This inverse 
relationship suggests that: 

 Higher field intensities capture more weakly magnetic particles, diluting concentrate grade 

 The optimal trade-off between recovery and grade occurs at intermediate intensities 
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Figure 7 (right) presents the mass recovery (%) of dry magnetic separation over the same intensity range 
(1,200-5,000 G), showing an increase from ~5% to ~16%. This positive correlation indicates:  

 Enhanced particle capture efficiency at higher fields 

 Progressive liberation of iron-bearing minerals across intensity levels 

 Potential for multi-stage separation to balance grade and recovery 

  

Figure 7. Iron grade (%) of magnetic separation products across varying magnetic field intensities (Left) and mass 
recovery (%) of dry magnetic separation over intensity ranges (Right) 

Based on the first experiments set, a second stage of experiments was performed using an innovative 
two-stage rougher-cleaner method at field intensities of 3500 and 1200 Gauss, achieving a recovery of 
10% with a product iron grade of 40%. 

Conclusions 

This study systematically evaluated dry magnetic separation for iron recovery from Golgohar’s tailings, 
demonstrating that: Process Optimization  of two-stage rougher-cleaner approach (3,500 G → 1,200 G) 
achieved optimal results, yielding: 

 40% Fe grade (2.7× enrichment from feed) 

 10% recovery rate of total iron content 

 Field intensity >3,500 G increased recovery (16% at 5,000 G) but reduced grade (19% Fe), 
highlighting the grade-recovery tradeoff. 
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Abstract: 

Manganese is widely used in various industries, including metal alloys, batteries, pigments, glass, 
ceramics, and the production of cast iron and stainless steel. Leaching is an essential process in 
mineral processing, which, according to the Pourbaix diagram, should be carried out under acidic and 
reducing conditions. Different types of reducing agents have been employed for manganese ore 
leaching, classified into three main categories: chemical reductants, plant-based reductants, and 
microorganisms. In this study, a manganese concentrate (MnO: 39.76%) was obtained from the 
Cheragah Amir Tabriz deposit using a shaking table Device. The X-ray diffraction (XRD) and X-ray 
fluorescence (XRF) analyses of the concentrate showed that the MnO, CaO, and SiO2 contents were 
38.9%, 28.9%, and 4.77%, respectively. The major mineral phases identified in the concentrate were 
pyrolusite, calcite, and silica. Willow bark was used as a natural reducing agent, and hydrochloric acid 
was applied as a leaching agent. The effects of key process parameters, including hydrochloric acid 
concentration, reducing agent dosage, leaching time, and temperature, were systematically 
investigated. Under the optimal conditions—0.5 M hydrochloric acid concentration, 5 g willow bark, 4 
hours of leaching time and a temperature of 75°C—the manganese dissolution efficiency reached 
97.06%.  

 

Keywords: Leaching, manganese, hydrochloric acid 

1. Introduction 

Manganese and its compounds are essential in numerous industries, including metallurgy, chemical 
manufacturing, battery production, and electronics. However, as demand for manganese-based 
products rises and high-grade manganese ores become scarcer, the processing of low- and medium-
grade ores has become increasingly critical  (Naseri et al., 2023).  Ranking as the fourth most utilized 
metal by volume—after iron, aluminum, and copper—manganese faced a significant supply-demand 
imbalance in 2022. Global demand reached 28.2 million tons, while production lagged at 19.1 million 
tons (Statista, 2018). This growing disparity is projected to escalate manganese prices in the future. 
The depletion of high-quality manganese deposits, driven by rising consumption, has contributed to 
higher costs for the metal, raw ore, and manganese alloys (Ghosh et al., 2018). Additionally, the 
intricate mineral composition of low-grade ores poses technical and economic challenges for their 
efficient extraction and processing. Manganese ores are classified into three grades based on 
manganese content: high-grade (or metallurgical-grade) ores containing 44–48% manganese, medium-
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grade ores with 35–44% manganese, and low-grade ores containing less than 35% manganese (Xiong 
et al., 2018; Acharya et al., 2004). 

The extraction of manganese from manganese oxide ore deposits is carried out through 
pyrometallurgy, hydrometallurgy, and biohydrometallurgy (Zhang, Cheng, 2007). The conventional 
thermal treatment method involves roasting manganese oxide minerals with carbon at approximately 
700–900°C (Timor, 2023). Hydrometallurgy offers advantages over pyrometallurgical and 
biohydrometallurgical processes and has attracted researchers' attention over the years due to its high 
efficiency and low energy consumption. Since manganese recovery from manganese ore requires the 
reduction of manganese oxide, the type of reducing agent used in hydrometallurgical processes has 
become a key factor in the development of such extraction methods. A major advantage of the 
leaching method is direct reduction, where the reduction and leaching stages occur in a single step. A 
wide range of reducing agents have been employed for manganese recovery from various types of 
manganese ores and secondary sources (Sinha, Purcell, 2019).  

The leaching efficiency of manganese oxide ores depends on several factors, among which the choice 
of reducing agent plays a pivotal role (Sinha, Purcell, 2019). To achieve cost-effective and high-yield 
manganese extraction, researchers have utilized various reducing agents, broadly categorized into 
three groups: chemical reducing agents, microorganisms, and plant-based reducing agents Among the 
plant-based reducing agents used for dissolving manganese oxide ores are sawdust, sugarcane 
molasses, corn stalks, tea waste, orange peel, and others (Hariprasad et al., 2007; Feng et al., 2016; 
Hariprasad et al., 2009; Naseri et al., 2023; Zhang et al., 2013). 

Relatively few studies have been conducted on the leaching of manganese ore using plant-derived 
reducing agents. In the present study, the effective parameters of leaching high-grade manganese 
oxide ore using willow bark were investigated, which had not been investigated in the research 
reported to date. 

2. Material and methods 

2.1. Sample Preparation   

In the leaching experiments, a pyrolusite concentrate was used. After determining the optimal 
crushing and shaking table conditions, a concentrate with a grade of 38.9% MnO and D80: 180 µm was 
obtained. The chemical analysis of the concentrate, performed using X-ray fluorescence (XRF), is 
presented in Table 1. The major impurities in the manganese concentrate were CaO (28.9%) and SiO2 
(4.77%). The mineralogical analysis results (Figure 1) revealed that the primary minerals in the 
concentrate were pyrolusite, calcite, and silica. The SEM analysis results in Figure 2 confirm the 
presence of minerals constituting the studied ore. The distribution of manganese (Mn), silicon (Si), 
sulfur (S) and calcium (Ca) elements is shown in Figure 2.  

Table 1. Chemical analysis of the concentrate by XRF 

BaO SiO2 CaO MnO Chemical 
composition 

1.16 4.77 28.9 38.9 Content(%) 

P2O5 MgO SO3 Fe2O3 Chemical 
composition 

0.24 0.35 0.48 0.57 Content(%) 
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(b) SEM images of the concentrate were obtained (a) SEM images of the concentrate were obtained 

  

(D) Calcium distribution map (c) Manganese distribution map 

  

(F) Silicon distribution map (E) Sulfur distribution map 

Fig. 1. Results of SEM studies 
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Fig. 2. Mineralogical analysis results by XRD 

 

2.2. Materials and Equipment 

The chemical composition of the concentrate was characterized using X-ray fluorescence spectroscopy 
(XRF) with a PHILIPS X'UNIQUE II spectrometer. For mineral phase identification, X-ray diffraction 
(XRD) analysis was conducted using a PHILIPS Expert Pro diffractometer. Scanning electron 
microscopy (SEM) studies were carried out to examine the leaching residues after experiments with 
willow bark, conducted using an XL 30 microscope (Philips). Atomic absorption spectroscopy (AAS) 
was applied to determine manganese recovery efficiency, with flame atomic absorption spectroscopy 
being used for measuring manganese ion concentrations (model: AA240FS). For the leaching 
experiments with willow bark as a reducing agent, a magnetic hot plate stirrer (model: HSD 330, 
MTOPS) was utilized. Other equipment used throughout the study included thermometers, pH 
meters, sieves, beakers, glassware, and related laboratory apparatus. 

2.3. Method 

The leaching experiments were performed using willow bark as a reducing agent to investigate the 
effects of key parameters including reaction time, temperature, Hydrochloric acid concentration and 
Amount of willow bark. The experimental procedure began with the preparation of a leaching 
solution by adding sulfuric acid to triply distilled water, which was then diluted to a final volume of 
250 mL. This solution was transferred to a beaker and heated to the predetermined experimental 
temperature. Once the target temperature was achieved, 5 g of upgraded manganese concentrate was 
introduced into the solution. Following a 2-minute equilibration period, the willow bark reducing 
agent was added to initiate the leaching process, allowing for systematic evaluation of the various 
parameters under investigation. 
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3. Results 

3.1. Experimental design 

The experimental design was carried out using the Taguchi method, and 16 series of experiments were 
conducted with different combinations of acid (x1), reducing agent (x2), temperature (x3), and time (x4). 
The independent variables and their coded/ actual levels are listed in Table 2. 

Table 2. Levels of independent variables in the Taguchi design 

Taguchi levels Symbol Parameter 

Level4 Level3 Level2 Level1 

2 1.5 1 0.5 x1 Acid concentration (M) 

10 5 2.5 1.25 x2 Reducing agent (g) 

75 60 45 30 x3 Temperature (℃) 

240 120 60 30 x4 Time (min) 

3.2. Effect of parameters 

Table 3 presents the coded/actual values of the parameters and the experimental results.   

Table 3. Taguchi experimental design and parameter optimization results 

MEAN1 SNRA1 Recovery (%) Time 
(min) 

Temp 

(℃) 

Reducer 

(g) 

Acid (M) No 

10.68 20.5714 10.68 30 30 1.25 0.5 1 

15.21 23.6426 15.21 30 45 2.5 1 2 

18.26 25.2300 18.26 30 60 5 1.5 3 

20.16 26.0898 20.16 30 75 10 2 4 

22.21 26.9310 22.21 60 30 5 1 5 

36.19 31.1718 36.19 60 45 10 0.5 6 

28.04 28.9556 28.04 60 60 1.25 2 7 

39.29 31.8856 39.29 60 75 2.5 1.5 8 

46.23 33.2985 46.23 120 30 10 1.5 9 

40.34 32.1147 40.34 120 45 5 2 10 

32.16 30.1463 32.16 120 60 2.5 0.5 11 

30.24 29.6116 30.24 120 75 1.25 1 12 
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46.52 33.3528 46.52 240 30 2.5 2 13 

64.35 36.1710 64.35 240 45 1.25 1.5 14 

90.54 39.1368 90.54 240 60 10 1 15 

97.06 39.7408 97.06 240 75 5 0.5 16 

 

Assuming all variables are measurable, the response can be expressed by Equation (1): 

𝑦 = 𝑓(𝑥1. 𝑥2. 𝑥3. 𝑥4)                                                                                                                                         (1) 

where y is the output response and xi represents the input variables. The data from the experiments 
were entered into Minitab software and the final regression model for manganese recovery was 
derived as Equation (2): 

𝑌 = 42.37 + 8.23𝑥1 + 12.45𝑥2 + 5.67𝑥3 + 18.32𝑥4 − 3.12𝑥1𝑥2 − 2.45𝑥1𝑥3 − 1.78𝑥1𝑥4 − 1.23𝑥2𝑥3 +
0.89𝑥2𝑥4 + 2.34𝑥3𝑥4 − 4.56𝑥1

2 − 3.78𝑥2
2 − 2.34𝑥3

2 − 1.89𝑥4
2                                                                   (2) 

The regression analysis revealed reaction time as the most influential parameter with a coefficient of 
18.32, followed by the reducing agent quantity (coefficient: 12.45), highlighting its crucial role in the 
leaching process. Optimal conditions achieving maximum recovery (97.06%) were obtained with low 
acid concentration (0.5 M), moderate reducing agent dosage (5 g), high temperature (75°C), and 
extended duration (240 minutes).  

The model demonstrated excellent agreement with experimental data, as evidenced by an R² value of 
0.936 (Table 4), while the highly significant p-value (<0.0001) confirmed the statistical validity of the 
proposed model.  

Table 4. parameters of the Taguchi experimental design 

P-value R2-adjusted R2 

0.0001 0.853 0.936 

 

Analysis of variance (ANOVA) reveals that reaction time emerges as the most statistically significant 
parameter affecting the response, with an F-value of 77.59 and an extremely significant p-value < 
0.000003. While temperature (p-value = 0.043) and reducing agent quantity (p-value = 0.026) also 
demonstrate statistically significant effects, their influence is substantially weaker compared to 
reaction time (Table 5).  

Table 5. ANOVA results of the regression model for metal recovery   

P-value F-value Mean Square Sum of 
Squares 

Df Source of Variation 

0.000028 22.78529 2109.38 8437.52 4 Regression 

0.2153 1.7291 160.06 160.06 1 Acid concentration (M) 

0.0259 6.6243 613.24 613.24 1 Reducing agent (g) 
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0.0435 5.1999 481.38 481.38 1 Temperature (°C) 

0.000003 77.5904 7182.84 7182.84 1 Time (min) 

  92.57 1018.31 11 Error 

   9455.83 15 Total 

 

Figure 3 clearly shows that time has the greatest impact on the reductive leaching process. The 
reducing agent (willow bark) and temperature are other influential factors in the reductive leaching of 
manganese concentrate. Additionally, acid concentration has the least effect on the leaching process. 

 

Fig. 3. Effect of factors on manganese recovery 

 

3.3. Interaction Effects of Parameters   

3.3.1. Time-Temperature Effects   

Figure 4 shows that in the low temperature range (30-40°C) and short duration (less than 50 minutes), 

the system exhibits the lowest recovery efficiency (less than 20%). Increasing the reaction time to 50-

100 minutes within the same temperature range improves the recovery to 20-40%. The optimal 

operational conditions are observed in the temperature range of 55-75°C and duration of 220-240 

minutes, which deliver the highest recovery (>80%). 
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Fig. 4. Investigation of Temperature and Time Effects on Manganese Recovery   

3.3.2. Interaction Effects of Acid and Time   

As shown in Figure 5, the synergistic relationship between acid concentration and leaching duration 

significantly influences manganese recovery efficiency. Results from examining different regions 

indicate that the highest recovery (>80%) is achieved in the acid concentration range of 0.5-1.25 M and 

reaction time of 220-240 minutes. This optimal range represents conditions where dissolution rate, 

system stability, and completion of main reactions are in favorable balance. At low acid concentrations 

(0.5-1.25 M) and short reaction times (less than 50 minutes), recovery below 20% are observed, 

primarily due to kinetic limitations and incomplete dissolution reactions. When reaction time is 

increased to 35-145 minutes, the system achieves 20-40% recovery across a wide range of acid 

concentrations (0.5-1.75 M). At times above 190 to 220 minutes, recovery is in the range of 40 to 60 

percent, and at times above 220 minutes, recovery is above 80 percent. 

 

Fig. 5. Effects of Acid Concentration and Time on Manganese Recovery 
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3.3.3. Interaction Effects of Willow Bark and Time   

Figure 6 illustrates the interaction between reaction time and reducing agent quantity on manganese 

extraction efficiency. The results demonstrate that the highest recovery (>80%) is obtained within the 

range of 4-10 grams of reducing agent combined with a reaction time of 200-240 minutes. Under 

conditions of short duration (less than 50 minutes) and moderate reducing agent quantities (2-7 

grams), recovery remain below 20%, primarily due to incomplete reduction reactions. When the 

reaction time is extended to 45-170 minutes, the system achieves recovery of 20-40% across a broad 

range of reducing agent quantities (1-10 grams). From an operational perspective, these findings 

indicate that the optimal reducing agent quantity falls within the range of 4-7 grams, with a minimum 

required reaction time of 200 minutes to achieve desirable recovery.  

 

Fig. 6. Investigation of Reducing Agent Concentration and Time Effects on Manganese Recovery 

3.3.4. Interaction Effects of Acid Concentration and Temperature   

Figure 7 illustrates the interdependent effects of acid concentration and temperature on manganese 

extraction recovery. The results indicate that the highest recovery (>80%) is achieved within the acid 

concentration range of 0.75-1 M combined with temperatures of 55-65°C. Under conditions of low acid 

concentration (0.5-1 M) and reduced temperatures (30-45°C), recovery remain below 20%, primarily 

due to insufficient activation energy to overcome the reaction's thermodynamic barrier. With 

gradually increasing the temperature to the range of 45-75°C, the recovery of manganese dissolution 

reaches 20-60% in a wide range of acid concentrations (0.5-2 M). 
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Fig. 7. Investigation of Acid Concentration and Temperature Effects on Manganese Recovery 

3.3.5. Interaction Effects of Willow Bark and Temperature   

Figure 8 shows the interaction effect of willow bark content and temperature on manganese recovery. 

The results from the study of different areas indicate that the highest recovery (>80%) is achieved in 

two specific ranges of reducing agent content of 4-8 g at 75 °C and 10 g at 60-65 °C. At low reducing 

agent content (2-5 g) and medium temperatures (40-65 °C), recovery is less than 40%, which is due to 

the limitation in the formation of active manganese complexes. With a gradual increase in reducing 

agent content to the range of 5-10 g and temperature to 65-75 °C, the recovery increases to 60-80%. The 

results show that the temperature of 75 °C with 4-8 g of reducing agent is more economically optimal. 

 

Fig. 8. Investigation of reducing agent quantity and temperature effects on Manganese recovery 
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3.3.6. Interaction Effects of Willow Bark and Acid Concentration 

Figure 9 shows the interaction of reducing agent amount and acid concentration on manganese 

extraction recovery. The results from the different regions indicate that the highest recovery (>80%) is 

achieved in two distinct ranges; reducing agent amount of 4.5-5.8 g with very low acid concentration 

(0.5-0.6 M) and high reducing agent amount (5.9-10 g) with moderate acid concentration (0.75-1 M). In 

the low ranges of both parameters (1-6 g reducing agent and 0.5-1.25 M acid), recovery is less than 

20%. With a gradual increase in acid concentration to the range of 0.75-2 M and reducing agent 

amount to 1-10 g, recovery increases to 20-40%. 

 

Fig. 9. Investigation of reducing agent quantity and acid concentration effects on Manganese recovery 

4. Conclusion 

The use of low-grade manganese resources is very important, considering the exhaustion of high-grade 
manganese mines and the existence of low-grade manganese mines in the country. In the present study, a 
concentrate with a grade of approximately 40% MnO was prepared from a feed with a grade of 13% MnO using 
gravity methods. The results of XRF, XRD and SEM studies show that pyrolusite, calcite, quartz and barite are the 
main minerals constituting the concentrate. In the present study, hydrochloric acid was used as a dissolving agent 
and willow bark was used as a reducing agent in the manganese ore leaching process. The parameters of time and 
hydrochloric acid concentration had the greatest and least effect on the reductive leaching process, respectively. 
The optimal leaching conditions were obtained at a half-molar concentration of hydrochloric acid, a time of 4 
hours, a temperature of 75 ° C and an amount of 5 grams of willow bark. 
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Abstract: 

The Bayer process recovers only 3% of the alumina from Malatya diasporic bauxite. The components 
of Malatya diasporic bauxite are 4.41% silica, 54.0% alumina, 15.0% iron oxide as ferric oxide and 
11.3% loss on ignition. Due to the low silica content of this type of bauxite, it is not necessary to use 
the lime soda sintering method to avoid creating billet waste and consuming more energy. Therefore, 
a sintering method with sodium carbonate and carbon was used for selective extraction of alumina. 
Experimental design was performed by surface response method (RSM) using central composite 
design. Selected parameters are temperature, soaking time, mass ratio of sodium oxide to bauxite 
(S/B), mass ratio of carbon to bauxite (C/B). The maximum amount of extraction of alumina from 
Malatya diasporic bauxite by sintering method is 78.9%, which is obtained in the optimal values of the 
parameters as follows: A temperature of 1100°C, a soaking time of 31.9 minutes, a mass ratio of 
sodium oxide to bauxite (S/B) of 1.27 and a mass ratio of carbon to bauxite (C/B) of 0.105. In 31 run 
experiments, the mixture of materials powder was transferred to an alumina crucible and heated in a 
muffle furnace at temperatures and soaking times determined by the experimental design. The 
sintered material was pulverized. The resulting powder was leached by 150 mL of a boiling alkaline 
solution (NaOH 50g/L) for 30 minutes at a stirring speed of 300rpm. Extracted aluminum from the 
leaching stage was analyzed by atomic absorption spectrometry.  

 

Keywords: Sintering, Alumina, Malatya diasporic bauxite, Central Composite Design.  

 

1. Introduction 

In 2024, global alumina production reached unprecedented levels, with October alone recording a 
monthly output of 12.61 million tons, marking a 5.6% increase from the previous month and a 3.62% 
rise compared to October 2023 (Liu, 2025). China led this surge, producing approximately 86.33 
million metric tons, followed by Australia and Brazil (SENGUPTA, 2024). This escalation in 
production underscores the growing demand for alumina, a critical component in various industries, 
including aluminum production, ceramics, and refractories (Desai, 2024; Liu, 2025).  

The importance of efficient alumina extraction methods is underscored by the increasing demand and 
the environmental implications of traditional extraction processes. Conventional methods, such as the 
Bayer process, are energy-intensive and generate significant amounts of red mud, posing 
environmental disposal challenges. Innovations in extraction techniques are essential to address these 
concerns and to utilize low-grade bauxite ores effectively (Chen et al., 2023; Meher, 2016). Recent 
research has explored various methods to enhance alumina extraction efficiency (Le et al., 2017a). For 
instance, studies have investigated the sintering of bauxite residue with additives like soda, 
metallurgical coke, and other reagents to recover aluminum and sodium (Tam et al., 2019). 
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Additionally, microwave roasting combined with alkaline leaching has been proposed as a novel 
approach for extracting alumina from low-grade diasporic bauxite ores (Le et al., 2017b) . These 
studies highlight the ongoing efforts to develop more sustainable and efficient extraction methods. 
Recent research has explored various methods to enhance alumina extraction efficiency. For instance, 
studies have investigated the sintering of bauxite residue with additives like soda, metallurgical coke, 
and other reagents to recover aluminum and sodium (Kar et al., 2023). Additionally, microwave 
roasting combined with alkaline leaching has been proposed as a novel approach for extracting 
alumina from low-grade diasporic bauxite ores (Gu et al., 2018). These studies highlight the ongoing 
efforts to develop more sustainable and efficient extraction methods. 

The carbon-assisted sintering method, also referred to as the calcification–carbonization method, is a 
novel approach designed to treat low-grade bauxite ores. This process involves the use of carbon as a 
reducing agent to facilitate the decomposition of bauxite minerals and enhance alumina extraction. 
The method is particularly effective for diasporic bauxite, which is known for its high silica content 
and refractory nature (Chen et al., 2023; Weiguang et al., 2016). 

Key steps in the process include: calcination, carbonization, sintering, and leaching. The carbon-
assisted sintering method generates residues that are rich in calcium carbonate (CaCO₃) and calcium 
silicate (CaSiO₃). These residues can be directly utilized in the cement industry, reducing waste 
disposal challenges (Weiguang et al., 2016). Additionally, the process minimizes red mud generation 
compared to traditional Bayer methods, contributing to a more sustainable alumina production (Zhou 
et al., 2023).  

The carbon-assisted sintering method offers a promising approach for extracting alumina from 
Malatya´s diasporic bauxite. By combining calcination, carbonization, sintering, and leaching, this 
method achieves high alumina recovery rates while reducing environmental impact. Further 
optimization of process parameters, such as temperature and alkali dosage, is essential to enhance 
efficiency and sustainability (Sun et al., 2023; Weiguang et al., 2016). 

The table 1 highlights the advantages of the carbon-assisted sintering method in terms of alumina 
recovery and waste reduction. 

Table 1: Comparison of Key Parameters in Alumina Extraction Methods 

Parameter Carbon-Assisted 

Sintering 

Traditional Bayer 

Process 

Citation 

Alumina Recovery 

Rate 

~81–83% ~70–80% (Chen et al., 2023; Weiguang 

et al., 2016) 

Silica Reduction ~18–20% ~10–15% (Ma et al., 2013; Sun et al., 

2023) 

Energy 

Consumption 

High due to sintering Moderate (Sun et al., 2023) 

Waste Generation Low (residue utilized in 

cement) 

High (red mud 

generation) 

(Zhou et al., 2023) 

 

Despite these advancements, a gap remains in the research concerning the extraction of alumina from 
specific bauxite deposits, such as those found in Malatya, Turkey. The unique mineralogical 
composition of Malatya's diasporic bauxite presents challenges that are not adequately addressed by 
existing methods. Furthermore, the potential benefits of carbon-assisted sintering in this context have 
not been thoroughly investigated. The current research aims to address this gap by exploring the 
extraction of alumina from Malatya's diasporic bauxite using a carbon-assisted sintering method. This 
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approach seeks to enhance alumina recovery rates while mitigating environmental impacts associated 
with traditional extraction techniques. The study will analyze the mineralogical characteristics of the 
bauxite, optimize sintering parameters, and assess the efficiency of alumina extraction. The central 
question guiding this research is: Can carbon-assisted sintering effectively improve the extraction 
efficiency of alumina from Malatya's diasporic bauxite compared to conventional methods? 
Addressing this question will contribute to the development of more sustainable extraction processes 
and the effective utilization of low-grade bauxite resources. The structure of the paper is as follows: 
The next is the methodology section outlines the experimental procedures employed in the study, 
including sample preparation, experimental design, sintering processes, and analytical techniques. 
The results section presents the findings of the experiments, followed by a discussion interpreting the 
results in the context of existing literature. Finally, the conclusion summarizes the key insights and 
suggests directions for future Material and methods 

1.1. Material 

Malatya’s diasporic bauxite was received from the mine owner. Table 2 shows the chemical 
composition of this bauxite. 

Table 2. Chemical composition of Malatya’s diasporic bauxite 

LOI CaO% %3O2Fe O%2K O%2Na %3O2Al %2SiO  

11.3 0.047 15.0 0.42 0.40 54.0 4.41 Bauxite 

 

Industrial grade sodium carbonate with a purity of 99% was used in this research work. The carbon 
used in these experiments was Graphite Fine Powder from LOBA Chemie with Extra Pure purity. 

 

1.2. Instruments 

Atomic absorption spectrometry analysis (Varian 220 Atomic Absorption Spectrometer, Australia) 
was used to determine the aluminium in the pregnant solution resulting from the leaching of sintered 
material. 

Sintering of the dry powder mixture of materials was carried out in a muffle electric furnace with a 
capacity of 30 dm3 manufactured by ATBIN temperature instruments Company (Iran). 

Roller crusher and disc mill manufactured by Danesh Faravaran Company (Iran) were used to crush 
and pulverize mineral rocks and sintered materials. 

1.3. Experimental design 

The design of experiments was carried out using the response surface methodology (RSM) and the 
Central Composition Design (CCD) technique using version 19 of Minitab software. Four parameters 
affecting the process (the number of factors, k = 4) were defined as RSM factors: temperature, soaking 
time, mass ratio of sodium oxide to bauxite (S/B), mass ratio of carbon to bauxite (C/B). In all 
experiments, 2 g of bauxite were used. The yield of alumina leached was selected as the response of 
the model. 

The evaluation of the obtained model was carried out by analysis of variance (ANOVA). The modality 
of the polynomial equation was assessed statistically by the determination coefficient (R2), and its 
statistical importance was evaluated by F-test. Table 3 shows Actual and coded values of independent 
factors. Table 4 shows the design of the experiments. 

 

431



 IMPRS 2025 19-21 May, Alborz, Iran  

4 

 

Table 3. Actual and coded values of independent factors 

Factor Symbol -α -1 0 +1 +α 

Temperature A 900°C 950°C 1000°C 1050°C 1200°C 

Soaking time  B 0 min 10 min 20 min 30 min 40 min 

mass ratio of 
sodium oxide to 

bauxite 

C 0 0.35 0.70 1.05 1.40 

mass ratio of 
carbon to 
bauxite 

D 0 0.05 0.10 0.15 0.20 

 

Table 4. Design of the experiments 

Run A (T°C) B (min) C D R% 

1 950 10 0.35 0.05 30.4 

2 1050 10 0.35 0.05 30.1 

3 950 30 0.35 0.05 29.1 

4 1050 30 0.35 0.05 29.5 

5 950 10 1.05 0.05 45.0 

6 1050 10 1.05 0.05 61.7 

7 950 30 1.05 0.05 53.5 

8 1050 30 1.05 0.05 70.6 

9 950 10 0.35 0.15 32.7 

10 1050 10 0.35 0.15 31.8 

11 950 30 0.35 0.15 32.2 

12 1050 30 0.35 0.15 28.6 

13 950 10 1.05 0.15 46.6 

14 1050 10 1.05 0.15 70.0 

15 950 30 1.05 0.15 60.9 

16 1050 30 1.05 0.15 67.3 

17 900 20 0.7 0.1 43.9 

18 1100 20 0.7 0.1 66.1 

19 1000 0 0.7 0.1 49.9 

20 1000 40 0.7 0.1 61.3 

21 1000 20 0.0 0.1 2.25 

22 1000 20 1.4 0.1 56.8 

23 1000 20 0.7 0.0 55.5 

24 1000 20 0.7 0.2 57.7 

25 1000 20 0.7 0.1 56.5 

26 1000 20 0.7 0.1 58.3 

27 1000 20 0.7 0.1 58.8 

28 1000 20 0.7 0.1 56.8 

29 1000 20 0.7 0.1 59.3 

30 1000 20 0.7 0.1 56.8 

31 1000 20 0.7 0.1 59.5 

1.4. Processing procedure 
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Each experiment was carried out by mixing the material powder in the amount indicated in Table 3 
with 2 g of bauxite powder and subsequently transferring it to a crucible and heating it in the furnace 
at the temperatures and times determined by the experimental design. Then the furnace was turned 
off and after cooling, the sintered materials were removed from the crucible and powdered to 
dimensions below 100 μm. The resulting powder was leached for 30 minutes with 50 mL of boiling 
alkaline solution (NaOH 50g/L) at a stirring speed of 300 rpm. The leached solution was used to 
determine the amount of leached alumina by atomic absorption. Finally, the alumina recovery rate 
was calculated.  

 

1.5. RESULTS AND DISCUSSION 

Using the response surface methodology, the role of effective factors and the interaction of factors on 
alumina extraction is modelled and optimized. . In most cases, a second-order model is obtained by 
the equation below, where y is the response value of the parameter x. 

 

 

The factors affecting the process are: temperature, soaking time, mass ratio of sodium oxide to bauxite 
(S/B), mass ratio of carbon to bauxite (C/B). In the CCD (full factorial two-level design) experimental 
design method, the number of experiments is obtained from the equation1: 

𝑁 = 2𝐾 + 2𝐾 + 𝐶                                      (1) 

Where N is the number of experiments, K is the number of parameters, and C is the number of central 
point’s repetition.  

 

1.5.1. Statistical analysis 

The factor's levels and the experimental conditions are presented in Table 3. In column R%, the 
amount of alumina extracted by leaching the sintered material is entered as the response 
(experimental result). The effects of factors affecting response, including temperature, soaking time, 
mass ratio of sodium oxide to bauxite (S/B), mass ratio of carbon to bauxite (C/B) by the surface 
response method using the Central Composition Design. Data analysis by RSM provides the following 
model for the amount of alumina extracted (equation 2): 

 

 

 
 

where A, B, C, and D, are temperature (°C), soaking time of the reactants at the sintering temperature 
(min), mass ratio of sodium oxide to bauxite, mass ratio of carbon to bauxite, respectively. 

R% = -572 + 1.143 A + 2.71 B - 127.7 C + 322 D - 0.000579 A×A - 0.01298 B×B 
- 63.81 C×C - 419 D×D 
- 0.00234 A×B + 0.2425 A×C 
- 0.218 A×D + 0.616 B×C 
- 0.96 B×D + 27.5 C×D                                                                         (2) 
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ANOVA was used to evaluate the significance and quality of the obtained model. The p-values 
smaller than 0.05 at the significance level of 95% indicate the significance of the regression model. For 
the model of alumina extraction, the p-value was equal to 0.000, which is less than 0.05. 

The residual plots (Fig.1) indicate the Gaussian distribution of the residuals and the absence of 
significant bias in the residuals. The maximum amount of extraction of alumina from Malatya 
diasporic bauxite was predicted to be 78.9% The model predicts that the maximum amount of alumina 
extraction will be happened at a temperature of 1100 °C, a soaking time of 32 minutes, a mass ratio of 
sodium oxide to bauxite of 1.27, and mass ratio of carbon to bauxite of 0.105 (Fig. 2). Plotting the 
predicted alumina extraction versus the actual values (Fig.3) is linear (R2 predicted = 0.938). Contour 
plots (Fig.4) and surface plots (Fig. 5) show changes in the alumina extraction as a function of factors 
values. 

 

 

Fig. 1. Residual plots 
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Fig. 2. Factor’s levels at maximum extraction of alumina 

 

 

Fig. 3. Predicted alumina extraction versus the actual values 
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Fig. 4. Contour plots 
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Fig. 5. The Surface plots 

 

 

 

 

2. Conclusions 

This study investigated the extraction of alumina from Malatya's low-grade diasporic bauxite using a 
carbon-assisted sintering method. The findings demonstrate that this alternative approach can 
significantly enhance alumina recovery while minimizing environmental impacts associated with 
conventional methods like the Bayer process. Through optimization using response surface 
methodology (RSM) and central composite design (CCD), key process parameters—temperature, 
soaking time, sodium oxide to bauxite ratio (S/B), and carbon to bauxite ratio (C/B)—were 
systematically evaluated. 

The optimal conditions determined for maximum alumina extraction (78.9%) were a temperature of 
1100 °C, a soaking time of 31.9 minutes, an S/B ratio of 1.27, and a C/B ratio of 0.105. Statistical 
analysis confirmed the significance and reliability of the model (p-value < 0.05, R² = 0.938), 
highlighting the influence of each factor and their interactions on the extraction efficiency. 

In comparison to traditional methods, the carbon-assisted sintering process demonstrated superior 
performance in terms of alumina recovery and waste reduction, offering a sustainable alternative 
particularly suited for low-silica diasporic bauxite. Furthermore, the by-products of the sintering 
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process, being usable in the cement industry, contribute to the environmental and economic viability 
of the method. 

Future research should focus on scaling up this process, assessing the long-term environmental 
benefits, and exploring the potential integration of this method into existing alumina production 
facilities. 
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Abstract: 

Porphyry copper deposits (PCDs) are the world's largest Cu and Mo reserves, a major source of Au 
and Ag, and a key target for exploration of strategic and rare earth elements (REEs). The most 
important metals commonly extracted from these deposits include Cu, Mo, and Au. Recent studies on 
porphyry copper systems in different parts of the world have shown that these deposits can also be 
important for other elements, including Co, Se, Re, Te, REEs, and platinum group elements (PGEs). 
Therefore, the aim of this study is to investigate the chemistry of sulfide minerals in the phyllic 
alteration zone of the Keder porphyry copper deposit using scanning electron microscopy–energy 
dispersive X-ray spectroscopy (SEM-EDX) and electron probe micro-analyzer (EPMA). The Keder 
deposit is located in the northwest of Kerman province, at the northwest end of Kerman Cenozoic 
Magmatic Arc (KCMA). Mineralization in this area is associated with a granodiorite to quartzdiorite 
porphyry intrusive massif of Miocene age that has intruded into Eocene pyroclastic volcanic series. 
The studies show a trend of changes in the concentration of trace elements in the studied sulfide 
samples, which can be attributed to the change in the composition of the hydrothermal fluid during 
the evolution of the hydrothermal systems of this deposit. The results showed that the concentration 
of Re, Zn and Pb elements is relatively higher in chalcopyrite samples, while Te, Ag, Mo, Co, As and 
Au elements are mainly concentrated in pyrite samples. The results of this study can help in the 
processing of strategic elements from PCDs.

 

Keywords: Keder Porphyry Deposit, Sulfide Chemistry, SEM-EDX, EMPA. 

1. Introduction 

Porphyry deposits are the world’s largest reserves of Cu and Mo, a major source of Au and Ag, and a 
key target for exploration of strategic and rare earth elements. The most important metals typically 
extracted from porphyry copper deposits (PCDs) include Cu, Mo, and Au (Sillitoe 2010); more than 
60% of the world’s copper production comes from porphyry copper deposits (Tabelin, Park et al. 2021) 
and typically contain 100 million tons to more than 20 billion tons of ore (Sillitoe 2010, Taylor, 
Hammarstrom et al. 2012). Recent studies of porphyry copper systems around the world have shown 
that these deposits can also be important for other elements, including Co, Se, Re, Te, rare earth 
elements (REE), and platinum group elements (PGE) (Shan, Cao et al. 2023). In general, porphyry 
copper and porphyry molybdenum deposits are the largest sources of copper (~60%) and 
molybdenum (~95%) in the world. Given the large volume of rocks affected by mineralizing 
hydrothermal systems and the high tonnages of metals obtained from these deposits, other trace 
element concentrations (such as Re, PGMs, Te, Se, REEs, In, Li, Nb, and Ta) may also become 
economic in the coming years (John and Taylor 2016). Porphyry copper deposits and the systems 
containing these deposits have been the subject of much study, and many aspects of these systems 
have been reviewed in recent papers (Sillitoe 2010). Porphyry copper systems, together with 
associated skarn, replacement and epithermal deposits, currently provide approximately 3/4 of the 
world's copper, 1/2 of the world's molybdenum, 1/5 of the gold, about 80% of the world's Re, trace 
amounts of Se, Te, and minor amounts of Ag, Pd, Pt, Bi, Zn and Pb (Sillitoe 2010). Hydrothermal 
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activity in porphyry copper systems results in the concentration, redistribution or depletion of dozens 
of other major and trace elements in rocks that have been affected by hydrothermal fluids (Seedorff, 
Dilles et al. 2005, Barton 2010). Porphyry copper systems typically have alteration zoning from the 
center to the periphery of the intrusive mass (Japas et al., 2022). Usually, in porphyry systems, the 
transition from potassic to phyllic alteration is accompanied by a decrease in temperature and a 
decrease in the a(K+)/a(H+) activity of hydrothermal fluids (Pirajno, 2009). The mixing of 
atmospheric and magmatic fluids has long been considered an important factor in the occurrence and 
development of the phyllic alteration zone (Hemley and Hunt, 1992). It is worth noting that in 
porphyry systems, the main hypogene mineralization occurs at the end of the potassic alteration zone 
and in the vicinity of the phyllic alteration zone (Richards, 2012). In Iran, most of the Iranian porphyry 
copper deposits are located in the Urmia-Dokhtar Magmatic Arc, especially in the southeastern parts, 
which are called the Cenozoic Kerman Magmatic Arc (Shafiei et al., 2008). Porphyry copper systems in 
the Urmia-Dokhtar magmatic zone have been studied from various aspects such as petrogenic 
characteristics or mineral fluid evolution (Shafiei et al., 2008; Asadi et al., 2014; Zarasvandi et al., 
2015b). However, so far, fewer studies have been conducted on the physicochemical characteristics of 
the alteration zones of these deposits, especially the phyllic alteration zones. In this regard, 
considering the importance of phyllic alteration alteration in porphyry copper systems, this study 
attempts to characterize the parameters determining the chemistry of philic alteration sulfide minerals 
in the Keder porphyry copper deposit using modern exploration technologies such as scanning 
electron microscopy–energy dispersive X-ray spectroscopy (SEM-EDX) and electron probe micro-
analyzer (EPMA). 

 

2. Material and methods 

2.1. Material 

Sampling was carried out on the drill cores of Keder deposit at different depths. Polished thin sections 
were prepared from 1-2 cm blocks for optical microscopy and electron probe microanalyzer (EPMA) 
studies. Wavelength-dispersive (WDS) EPMA analyses of the samples were conducted at the 
Montanuniversität Leoben, Austria using the Jeol JXA 8200 instrument and the following analytical 
conditions: 15 kV accelerating voltage, 10 nA beam current and beam size set to spot mode (of about 
1μm). For analyzing the sericite minerals, the calibration standards were natural adularia, atacamite, 
rhodonite, titanite, fluorite, labradorite, wollastonite, and olivine for F, Si, Al, Fe, Mg, Ti, Cl, Ba, and 
Mn. For sulfide analyses including pyrite and chalcopyrite, the calibration standards used were pyrite 
for Fe and S, chalcopyrite for Cu, pentlandite for Ni, AuTe2 for Au and Te, Bi2Se3 for Se, CoAs3 for 
Co, GaAs for As, AgBiSe2 for Ag, and ZnS for Zn. 

 

3.    Results  

The Keder porphyry copper deposit is located in the northwest of Kerman Province and 14 kilometers 
southwest of Dehaj County (Fig. 1). Alteration-mineralization in this area is associated with a Miocene 
granodiorite to quartzodiorite porphyry intrusion that intruded Eocene pyroclastic volcanic series. 
This complex is intruded by a series of younger fine-grained granodiorite dikes (Sadat Mousavi, 2010). 
The most important structures in the area are NE-SW and E-W trending faults that appear to have 
controlled mineralization and alteration to some extent. The magmatic series of rocks in the Keder 
area falls within the medium-K calc-alkaline range. The Keder porphyry deposit is peraluminous and 
the host volcanic rocks are metaluminous. The semi-deep intrusive rocks and volcanic rocks in the 
Keder exhibit geochemical characteristics of igneous rocks of a subduction and collisional tectonic 
setting. Hypogene mineralization in Keder is characterized by the presence of pyrite and some 
chalcopyrite and a little bornite, covellite, chalcocite, pyrrhotite and small amounts of sphalerite, 
which are present in the form of veins and stockwork. Hydrothermal alteration in Keder covers an 
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area of more than 10 Km2 and in this respect is considered one of the largest alteration systems in the 
Kerman Copper Belt. Phyllic alteration is the most widespread and is especially affected by advanced 
clay alteration and silicic alteration in the surface zone. Silica forms the prominences of the region in 
the form of veins and ridges of different dimensions and mostly with shear texture. Potassic alteration 
is limited in the deep parts, which has been observed in drilling cores. This alteration is characterized 
by the abundance of biotite and the presence of k-feldspar, magnetite and gypsum-anhydrite veinlets. 
In addition, propylitic and argillic alteration have also been observed in the region (Sadat Mousavi, 
2010). 

 

Fig. 1. a) Zagros orogenic and metallogenic belt including three tectonic processes; Urmia-Dokhtar magmatic arc, 
Sanandaj-Sirjan metamorphic zone and Zagros fold-thrust belt (Hossein et al., 2017) Location of the Keder deposit 
in the southern part of the Urmia-Dokhtar magmatic belt 

Pyrite in the phyllic alteration of the keder deposit can be separated in two distinct generations (I and 
II). The first generation pyrites (I) in the keder deposits are usually seen as euhedral and cubic in 
different sizes (Figure 2-a). Also, these pyrites sometimes have porous and uneven surfaces and are 
found as scattered and shaped grains in areas that have been strongly affected by sericite and siliceous 
alteration. The second generation pyrites (II) in the Keder deposit are observed as amorphous with 
fractures (Figure 2-b). In general, the study of phyllic alteration sections of the keder porphyry deposit 
indicates the predominant occurrence of pyrite and chalcopyrite minerals, along with smaller amounts 
of pyrrhotite, rutile, hematite, and stibnite. These inclusions and associated minerals were examined 
and precisely identified using SEM-EDX. 
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Composition of Sulfides  

The most abundant sulfide minerals in the Keder deposit are pyrite and chalcopyrite. These minerals 
host a wide range of trace elements in their structure, of which Au, Co, Te, As, and Mo are more 
important (Zarasvandi et al., 2018). According to the results of electron microanalysis (Table 1), in 
pyrite samples from the Keder deposit, the average Fe is 46.73 wt% and the average S is 52.21 wt%. In 
the chalcopyrite samples from the Keder deposit, the average values of the main components (in terms 
of wt%) including Fe, S, and Cu are 28.18, 34.76, and 35.8, respectively. It can be said that the 
concentrations of the main components in the sulfide samples of the studied deposit are similar to the 
values previously reported for other Cu, Cu-Au, and Cu-Mo porphyry systems. 

Copper, gold, rhenium, and molybdenum are the main trace elements associated with porphyry-type 
ores (Sillitoe, 2010). According to Zarasvandi et al. (2018), the copper content of pyrite ores in 
porphyry copper deposits can be an indicator of the fertility of the porphyry system. For example, 
pyrites from the Meyduk porphyry copper deposit (with significant mineralization; 0.86% Cu, 170 mt; 
Taghipour et al., 2008) sometimes contain significant amounts of copper (close to 1 wt%) (Zarasvandi 
et al., 2018). The average copper concentration in pyrite samples from the Keder deposit is 0.0017 wt.% 
(Table 1). The data show that significant amounts of gold are present in pyrite and chalcopyrite 
samples of phyllic alteration of this deposit (Table 1). The gold concentration in pyrite samples from 
the Keder deposit has a maximum of 0.046 wt.% (Table 1). Also, the gold concentration in chalcopyrite 
samples from the Keder deposit has an average of 0.0169 wt.%. The average Mo concentration in 
pyrite samples from the Keder deposit is 0.7204 wt.% and in chalcopyrite samples is 0.4855 wt.%. 

Table 1. Results of EPMA of pyrite and chalcopyrite in the phyllic alteration of Keder deposit 

Element 
Pyrite Chalcopyrite 

Min Max Average Min Max Average 

   As     0.0337 0.076 0.04915 0.02 0.03 0.025 

   Te     0.0031 0.0037 0.0034 0.0014 0.0039 0.0026 

   S      50.76 53.07 52.215 34.51 35.01 34.76 

   Fe     46.55 46.92 46.7375 27.99 28.3 28.145 

   Cu     b.d 0.0068 0.0017 35.11 36.49 35.8 

   Se     b.d 0.0127 0.003175 b.d b.d b.d 

   Bi     b.d b.d b.d b.d b.d b.d 

   Re     b.d 0.0139 0.004925 0.0105 0.0125 0.0115 

   Ni     b.d 0.0171 0.0049 0 0 0 

   Co     0.0919 0.2149 0.13775 0.0494 0.0502 0.0498 

   Ge     b.d b.d b.d b.d b.d b.d 

   Hg     b.d b.d b.d b.d b.d b.d 

   Au     0.0129 0.046 0.024825 0.0127 0.0212 0.01695 

   Zn     b.d 0.0004 0.0001 0.0654 0.0801 0.07275 

   Th     b.d 0.001 0.00025 b.d b.d b.d 

   Sb     b.d 0.0034 0.00085 b.d b.d b.d 

   Ag     b.d 0.0186 0.006875 b.d 0.0012 0.0006 

   Pb     b.d b.d b.d 0.0204 0.0308 0.0256 

   Mo     0.7116 0.7278 0.720475 0.4568 0.5143 0.48555 

Total 98.1632 101.1323 99.91088 98.2466 100.5442 99.39535 
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Fig. 2- a & b) SEM-EDX of the Keder deposit minerals. Py: pyrite, Po: pyrrhotite, Ccp: chalcopyrite, Rt: Rutile, Stb: 
stibnite. Mineral abbreviations are taken from (Whitney and Evans, 2010). 

The results of EPMA of pyrite and chalcopyrite showed that the amounts of Re, Pb and Zn elements 
are higher in chalcopyrite, while the amounts of Mo, Co, As, Te, Ag and Au are higher in pyrite. Most 
of the pyrite and chalcopyrite samples studied are characterized by relatively high concentrations of 
Te. For example, the Te values in the Keder pyrite samples have a maximum of 0.0034 wt% and in the 
Keder chalcopyrite samples the amount of this element is 0.0039 wt%. It is worth noting that these 
values are above the range of 1.5 to 3 g/t considered as an economic threshold for extraction as a by-
product during the copper processing process (Ayres et al., 2002; Cioaca et al., 2014). Previous studies 
have shown that bornite and chalcopyrite are the most important Ag-carrying minerals in 
hydrothermal sulfides (Cook et al., 2011; Reich et al., 2013b). The highest average Ag for porphyry 
copper-gold deposits is reported to be 1.7 wt.% (Cox and Singer, 1988). According to the results of 
EPMA, the maximum Ag concentration in chalcopyrite and pyrite samples of Keder is 0.0012 wt.% 
and 0.186, respectively (Table 1). In the samples studied, selenium was only detectable in pyrite 
samples (maximum 0.0127 wt.%). Studies have shown that in porphyry copper systems, Re is usually 
concentrated in molybdenite (Zarasvandi et al., 2018). The maximum Re content in pyrite samples 
from the Keder deposit is 0.0139 wt.% and in chalcopyrite samples is 0.0125 wt.%. 

4.   Conclusions 

Mineralization in the Keder porphyry system is associated with granodiorite to quartzdiorite 
porphyry intrusive masses that are located. Although the extent of potassic alteration in this deposit is 
insignificant, phyllic alteration is extremely widespread, such that this alteration is observed from the 
surface areas to the deepest parts of the drilled boreholes. In general, the phyllic alteration of this 
deposit shows that quartz-sulfide veins are dominant in the Keder deposit, while anhydrite minerals 
have a lower occurrence. The results of EPMA on sulfide phases show that significant amounts of Au 
are present in pyrite and chalcopyrite samples of this deposit. The Au concentration in pyrite samples 
of the Keder deposit has a maximum of 0.046 wt% and in chalcopyrite samples has a maximum of 
0.0212 wt%. The change in the concentration of trace elements in the sulfide phases (pyrite and 
chalcopyrite) of the phyllic alteration zone indicates the fractionation of trace elements in the sulfide 
phases during this alteration. The results showed that the concentration of Re, Zn and Pb elements is 
relatively higher in chalcopyrite samples, while Te, Ag, Mo, Co, As and Au elements are mainly 
concentrated in pyrite samples. 
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Abstract: 

The long duration of the dewatering process (limitations in dewatering equipment) and the 

Incompatibility in capacity of the dewatering department with processing plant load are the most 
important current challenges of the tailings dewatering circuit of the Zarshuran gold processing plant 

(located in West Azerbaijan province). The purpose of this research is to investigate the possibility of 
increasing the capacity of the dewatering department of the Zarshuran plant using two solutions: 1) 

chemical pre-treatment of the tailings and 2) changes in the equipment and layout of the current 

dewatering circuit. In this regard, after measuring the properties of the tailings sample of this plant, 
pre-treatment-filtration, sedimentation-filtration, hydrocyclone-filtration flotation-sedimentation-

filtration tests using chemical agents including various flocculants and surfactants were conducted. 
Based on the results, the use of all three types of anionic surfactants (SLES, PEG and CTAB) increased 

the filtration rate and reduced the moisture content of the filter cake. Among them, the best results 
were obtained with anionic surfactant (SLES) at a concentration of 100 g/t - the moisture content of 

the filtered cake was less than 26%. By designing the filtration circuit, taking into account processing 

equipment, including hydrocyclone and thickener, the lowest moisture content in the thickener 
(without flocculant)-filtration circuit was 32%. 

 

Keywords: Thickener, Filtration, Surfactant, flocculent, Filtration rate 

1. Introduction 

Water resource management and consumption in the country are strategic and priority issues. Mines 

and mining industries, as one of the sectors consuming water resources, need policy-making and 

regulatory and executive measures to address the challenges and damages caused by inappropriate 
water consumption patterns and wastewater management, as well as environmental issues  related to 

wastewater. In the mining and mineral industries sector, the major water consumption in mineral 
processing units (such as enrichment and pelletizing, flotation, etc.) and production units in the value 

chain of mineral and metal products (such as iron and steel, copper, aluminum, lead and zinc, etc.) is 
as process water and water required for creating a bed for transporting minerals, cooling and 

temperature control (Bosman, 2016). By examining the quality and quantity of water resources in the 

mineral industries in the world, it has been determined that among the metals and alloys of iron, steel, 
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gold, copper, aluminum, cement products and sand, the highest water consumption is related to the 

production of gold metal, followed by the production of copper metal (Garner et al., 2012). 

Considering the need for sustainable management of water resources in mines and mining industries 
and reforming the consumption pattern in the mining sector, which is an important and priority issue, 

the quality and quantity of water resources in mines and mining industries in the country have been 
studied and compared with global standards. Analyses show that in the case of gold, water 

consumption in Iran is about five times the global consumption; therefore, it is necessary to quickly 
develop and implement special plans to reduce water consumption in this industry. In general, there 

are two main solutions for water resource management in the mining sector. The first option is to use 
saltwater instead of fresh water (seawater desalination), and the second option is to use water 

recycling processes in industrial-mining factories, including the use of water thickeners and filters 

(Galvez and Cisternas, 2017; Northey and Haque, 2013). 

Dewatering processes (thickeners and filters) are among the most important stages of mineral 

processing in water recovery and reducing tailings moisture. Improper performance of the 
dewatering-filtration circuit causes problems such as high tailings moisture and the exit of part of the 

tailings along with water. On the other hand, the efficiency and performance of these processes in a 
processing plant determines the volume of water returned to the plant (process water). Given that 

process water contains a variety of chemicals used during processing processes, returning these 

chemicals to the plant circuit will not only improve plant performance, but also reduce the 
environmental impacts of tailings discharge into dams and tailings depots  (Stockman et al., 2014; 

Leonida, 2024). Because high tailings moisture and its discharge into tailings dams can lead to 
undesirable environmental issues such as the infiltration of mineral drainage into groundwater and 

surface waters, soil pollution, and even the emission of toxic gases into the air; especially in cases 
where the tailings and the water with them contain chemicals and toxins (such as gold cyanidation 

tailings). In addition to the above, the capacity of the plant's water intake section has a significant 

impact on the overall capacity of the circuit and its work shifts. Increasing the filtration rate will 
increase the capacity of the water intake circuit and, consequently, the total capacity of the system 

(Morton, 2023; Cacciuttolo et al., 2023). 

In the Zarshuran gold processing plant, after carrying out various gold processing, the process tailings 

are transferred to two tanks (with a volume of approximately 70 m3). The particle size of the tailings 
pulp is approximately less than 45 microns and contains various clay minerals, sulfides, activated 

carbon particles and other minerals present in the plant's primary feed. The outlet suspension from 

these two tanks is transferred to the filtration unit. The tailings filtration equipment of the Zarshuran 
processing plant consists of 8 filter press series, with a total capacity of 140 m3 of pulp per hour. The 

filter plates are made of dense polypropylene with a cross-sectional area of 2.32 - 2.5, which operate 
under an operating pressure of 100 psi. The filtered cake with a moisture content of 20 to 30 percent is 

transported to the tailings dam by conveyor belt and truck. Due to the use of a dry stacking system in 
the Zarshuran processing plant, environmental problems caused by toxic wastewater of this plant 

have been minimized. Also, a significant portion of the water consumed is recycled to the plant 

circuit. The recovered water from the filter presses is discharged into concrete pond, than sent to the 
grinding department. The high moisture content (approximately 30%) of the tailings of the Zarshuran 

processing plant and the resulting environmental problems indicate the need to optimize the 
dewatering circuit of the Zarshuran gold tailings. On the other hand, the long duration of the 

dewatering process (limited dewatering equipment) and the mismatch in capacity between the 
dewatering depatment and the processing circuit of the plant can be considered the most important 

current challenges of the dewatering circuit of the Zarshuran. Therefore, increasing the capacity and 

efficiency of the filtration department of the plant can have a significant impact on the economic 
profitability of the plant by increasing its production. 

In order to improve the dewatering process in mineral processing plants, several studies have been 
conducted by various researchers to use polyacrylamide (PAM) flocculants to increase the pulp mass 

percentage and increase the dewatering rate (Vehmaanpera et al., 2018). Also, studies have been 
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conducted on the hetero-flocculation of tailings such as iron ore, coal, etc. (Mamghaderi et al., 2018; 

Liu et al., 2019). In general, during the studies and investigations, it was concluded that the use of 

flocculants and surfactants in dewatering is effective in terms of reducing cake moisture, dewatering 
kinetics and filtration, and consequently increasing the capacity of the dewatering circuit. The aim of 

this research, after examining the operational conditions of the circuit and improving it, is to increase 
the capacity of the plant's dewatering department using pre-treatment tailings by chemical and 

physical method. In this regard, after determining the chemical composition of the plant's tailings 
suspension, sedimentation and filtration tests were conducted to investigate the possibility of 

increasing the sedimentation and filtration speed and consequently increasing the filtration capacity, 
using chemical agents including various flocculants and surfactants. It should be noted that, given 

that some of these materials remain in the water returned from the dewatering circuit, consideration 

has been given to determining the type of material with the least impact on the oxidation and 
absorption sections. 

2. Material and methods 

To determine the optimal conditions for dewatering of the Zarshuran filtration circuit, a sample was 
taken from the tailings dam of the plant (Figure 1). In this sampling, all the instructions related to the 

removal of tailings from mineral tailings depots and dams were followed. In the first step, 

identification studies were carried out, including determining the particle size distribution, chemical 
composition (by XRF method) and mineralogical studies. 

 

Fig. 1. Images of filtration unit and tailing dam of Zarshuran processing plant 

Based on the particle size distribution analysis (Figure 2), more than 53% of the particles are 
concentrated in the -25 micron particle size fraction; followed by the +25-45 micron particle size 

fraction with 32%, which has the highest particle size in the relevant size range. Based on the curve in 
Figure 1, more than 95% of the particles are smaller than 90 microns. 
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Fig. 2. Particle size distribution curve of the tailings of the Zarshuran gold processing plant  

Table 1 shows the results of chemical analysis. Based on the values presented in Table 1, it can be said 

that most of the minerals in the tailings dam are in the carbonate and silicate phases. Calcium oxide, 
with a content of more than 40%, is the most important compound identified in the tailings of the 

Zarshuran gold processing plant. After that, silica is present at a level of approximately 16%, Al2O3 

(approximately 5%), and Fe2O3 and As2O3 are the most important compounds. 

Table 1. The result of XRF analysis of the tailings of the Zarshuran gold processing plant 
Na2O 
(%) 

SiO2 
(%) 

Al2O3 
(%) 

CaO 
(%) 

Fe2O3 
(%) 

As2O3 
(%) 

K2O 
(%) 

MgO 
(%) 

0.4 15.9 4.9 40.3 2.8 2.4 0.5 0.9 
P2O5 

(%) 
SO3 
(%) 

Cl (%) 
MnO2 

(%) 
ZnO 
(%) 

La & 
Lu (%) 

TiO2 
(%) 

LOI 
(%) 

<0.01 <0.01 <0.01 0.2 0.3 <0.01 0.4 31.0 

Based on mineralogical studies (conducted by polarized transmitted light microscopy), gold-bearing 

minerals in the Zarshuran tailings include native (free) gold, fine aggregates - probably activated 
carbon, dispersed sulfide particles - mainly pyrite, arsenopyrite, and small amounts of Realgar and 

orpiment, iron hydroxides such as goethite and limonite, and silicate minerals. By comparing these 
studies with the results of particle size analysis, it can be said that the majority of the -25 micron 

particles are silicate and carbonate minerals. 

2.1. Dewatering and filtration tests 

In the filtration of tailings from processing plants where the size of waste particles is less than 100 
microns; filtration faces the problem of low filter-cake formation rate. One solution to solve this 

challenge and improve the separation of solutions with fine and colloidal particles is to densify them 
with chemicals called filter aids. The mechanism of this process is to change the surface properties of 

the particles, change the properties of the liquid in the solution, or change the interaction between 
solid and liquid particles. In addition to this solution, changing mechanical and device methods can 

also be an effective factor in improving the dewatering process. In this research, with the aim of 

improving the efficiency of the Zarshuran dewatering circuit, the effect of both solutions has been 
investigated. Figure 3 shows a diagram of the tests conducted in this research to improve the 

Zarshuran dewatering circuit. It should be noted that all tests were conducted on pulp (20%) prepared 
from Zarshuran tailings, in accordance with the Zarshuran circuit tailings pulp flow conditions. 
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Fig. 3. Schematic of the tests conducted to improve the Zarshuran dewatering circuit 

3. Result and discussion 

3.1. Optimization of the Zarshuran dewatering circuit using surfactant 

Filtration tests were conducted at concentrations of 50, 100, and 150 g/t of chemicals (CTAB, PEG, 

SLES), at a pH of approximately 8.3 (the same pH as the Zarshuran tailing pulp). Filtration tests were 

performed using a Merik vacuum pump model MV0006 with a voltage of 220 AC/50 Hz, a power of 
1.3 HP, and an ultimate vacuum of 3*10-2 mbar. The vacuum filtration equipment was on a laboratory 

scale (Buchner funnel with a diameter of 7.5 cm) and the Top-Feed Leaf method was used for feeding. 

Figure 4 shows the results of the filtration tests. The use of CTAB surfactant at all concentrations of 50, 

100 and 150 g/t has reduced the percentage of moisture in the filter cake and increased the filtration 
rate. When this surfactant is used at a concentration of 50 g/t, a significant decrease in the percentage 

of moisture in the filter cake is observed compared to when the surfactant is not used. For a better 

understanding of the subject, for example, at a suction time of 10 seconds, the percentage of moisture 
has decreased from 71.53% to 47.14%, a decrease of 24.39%. At a suction time of 30 seconds, the 

percentage of moisture has decreased by 24.46%. Also, when this surfactant is used at a concentration 
of 100 g/t, the percentage of moisture in the cake has decreased similarly to the previous case, and at a 

suction time of 10 seconds, it has decreased from 71.53% to 50.65%, a decrease of 20.88%. At a suction 
time of 30 seconds, the difference in moisture percentage was 24.24. The use of CTAB surfactant at a 

concentration of 150 g/t, similar to the previous two cases, resulted in a decrease in the moisture 

percentage of the cake. At a suction time of 10 seconds, this decrease was 7.76%, and at a suction time 
of 30 seconds, a decrease of 11.72% was observed. 

In the next case, the tailing pulp of Zarshuran with a solid percentage of 20 was prepared using 
nonionic surfactant PEG at concentrations of 50, 100 and 150 g/t and then filtered using a Buchner 

funnel. By comparing the performance of different concentrations of PEG nonionic surfactant, it is 
concluded that the best results are related to the concentration of 100 g/t and then 50 g/t, and using 

this surfactant at a concentration of 150 g/t is not economical and logical, considering the changes in 

moisture percentage. 

The use of SLES surfactant in all three concentrations (100, 50 and 150 g/t) has reduced the moisture 

content of the filter cake and increased the filtration rate. When this surfactant is used in a 

Sample (tail of 
Zarshuran 

plant)

Pre-treatment of 
tailings pulp with 

chemicals

CTAB (Cetyl tri-
methyl ammonium 

bromide)

PEG (Polyethylene 
glycol)

SLES (Sodium 
Lauryl Ether 

Sulfate)

Pre-preparation of 
tailings pulp by 

mechanical equipment

Sedimentation (use of 
thickener before 

filtration)
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concentration of 50 g/t, the moisture content of the filter cake is significantly reduced in all suction 

times (5-30 seconds) compared to the case without surfactant. When this surfactant is used at a 

concentration of 100 g/t, a significant decrease in the moisture content of the filter cake is observed 
compared to the case without surfactant. At a suction time of 10 seconds, the difference in moisture 

content is 44.67%, and at a suction time of 30 seconds, this difference is 25.04%. It should be noted that 
the best filtration results are obtained in this case. 

 

Fig. 4. Changes in filter cake moisture percentage in filtration tests with different surfactants 

3.2. Improving the dewatering circuit by re-arranging of equipment 

The second solution to improve the efficiency of the dewatering circuit in the Zarshuran gold 
processing plant is to change the circuit's dewatering equipment. Using a thickener before the filter is 

an effective solution for improving filtration efficiency and increasing the capacity of circuit. On the 
sample of Zarshuran tailings dam, sedimentation tests were conducted at different flocculant 

concentrations to determine the optimal sedimentation mode; the corresponding curves are shown in 

Figure 5. The sedimentation test using A26 flocculant with a concentration of 100 g/t had a more 
favorable result than the other cases. In this test, sedimentation occurred at a faster rate. 

For sedimentation tests were conducted on the Zarshuran tailings dam without flocculant and with 
flocculant A26 at concentrations of 50, 100 and 150 g/t, filtration was performed with the same suction 

time of 45 seconds. Based on the results of previous tests, 45 seconds was considered an optimal time, 
and after that, with increasing time, the changes in the moisture content of the filter cake were small. 

Figure 5 shows the results of these tests. It should be noted that the average solids content of the pulp 
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in these tests was 45%. Based on the results under completely similar test conditions, the lowest 

moisture content of the filtered cake was related to the case where no flocculant was used for 

sedimentation. Also, with increasing flocculant concentration, the moisture content of the filter cake 
increased. The moisture content of the filter cake when no flocculant was used showed the value 

32.04%. This value increased with increasing the concentration of flocculant used and reached 53.55% 
at a concentration of 150 g/t, which is the highest moisture percentage. Therefore, the use of flocculant 

had a negative impact on the filtration process. 

  

Fig. 5. Sedimentation curves of Zarshuran tailing pulp with using by different concentrations of flocculant A26 

Hydrocyclone is another suitable equipment for use in the dewatering circuit. Classification was 

performed on the Zarshuran tailing pulp by hydrocyclone. Then, filtration tests were performed on 
the feed, overflow, and underflow of the hydrocyclone. The pulp related to the hydrocyclone feed had 

a solid percentage of 20, the overflow had a solid percentage of 10, and the solid percentage of the 

hydrocyclone underflow pulp was 35 percent. Based on Figure 6, it can be concluded that the moisture 
of the filter cake of feed at the same suction times is higher than the moisture of the underflow - filter 

cake and lower than overflow - filter cake, which indicates the effect of the particle size distribution on 
their filterability. Also, the studies showed that the finer particles has lower filtration speed, and the 

coarser particles has higher filtration speed. For example, at a suction time of 30 seconds, the moisture 
of the feed, overflow and underflow of the hydrocyclone were 27, 38.49 and 15.98 percent, 

respectively. 

 

Fig. 6. Filter cake moisture content at different suction times - hydrocyclone feed and products 
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Mineralogical studies indicate the misreported of fine active carbon (FAC) particles as well as gold in 

sulfide and silicate phases into the tailings of the Zarshuran circuit. During an experiment with 

flotation of the Zarshuran tailings, FAC and sulfide minerals were removed and then sedimentation 
and filtration tests were conducted on the final tailings. Based on the results of sedimentation tests, the 

use of flocculant B7 has had the most favorable results in the sedimentation of flotation tailing. 
Therefore, during tests, the filtration of settled particles (in other words, thickener sedimentation) by 

flocculant B7 and without it, was investigated. In the case of flotation tailings, the moisture percentage 
has also decreased with increasing suction time. By comparing the moisture percentages of different 

tests, it can be said that the use of flocculant for settling flotation tailings has a negative effect on the 
filtration process; such that the moisture content of the filter cake when using flocculant is 52.09 

percent and when not using flocculant is 48.85 percent. The formation of flocs using flocculant B7 has 

been an obstacle to the filtration process. 

4. Conclusions 

In this study, with the aim of improving the efficiency of the tailings dewatering circuit of the 

Zarshuran gold processing plant, the use of optimization solutions for the current circuit (using 
chemicals) and the design of a new circuit (using thickener, hydrocyclone, etc.) were investigated. In 

the case use of surfactants, in terms of the types of chemicals used, the rate of dewatering and 

filtration had a direct relationship with the filtration time. A filtration time of 45 seconds was the 
optimal time because after that, there was not much change in the reduction of filter cake moisture 

compared to increasing the filtration time. Based on the results, the use of all three types of anionic 
surfactants (SLES, nonionic polyethylene glycol (PEG), and cationic cetyl  tri-methyl ammonium 

bromide (CTAB) increased the filtration rate and reduced the moisture content of the filter cake. 
Among them, the best results were obtained with anionic surfactant (SLES) at a concentration of 100 

g/t. In this case, the moisture content of the filtered cake was less than 26%. By designing the filtration 

circuit, taking into account processing equipment, including hydrocyclone and thickener, the lowest 
moisture content in the thickener (without flocculant)-filtration circuit was 32%. By comparing these 

results and considering the huge costs of changing and equipping the circuit, it is conc luded that 
using surfactant in the plant's current circuit is the most appropriate solution for improving the 

dewatering circuit. 
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Abstract: 

In the pelletizing industry, the use of various additives plays a key role in improving the properties of 
pellets. Bentonite, lime, sodium silicate, and cement are among the common additives used in this 
process. Additionally, organic materials such as dextrin, sulfite, and bitumen are also widely utilized. 

In order to adjust the chemical composition and enhance the reducibility of pellets, the use of calcium 
and magnesium compounds (such as lime and dolomite) is recommended. Moreover, binding 
materials like Portland cement and hydrated lime can help improve the mechanical properties and 
reduce the fines in both raw and fired pellets. However, due to its favorable mechanical and 
metallurgical properties, bentonite remains the most widely used binder in pelletizing plants. 

At the Sangan Iron Ore Pelletizing Plant, bentonite is used as the primary additive, with sodium 
hydroxide (NaOH) as a supplement. In this study, the use of limestone was investigated to improve 
pellet quality. For this purpose, raw pellets containing limestone were prepared using a laboratory 
mixer and disc, and then placed in specialized baskets. The baskets were then sent into the pelletizing 
furnace, and after firing, they were retrieved from the furnace outlet. The basket test results indicated 
a significant increase in the quality of pellet strength (CCS). Consequently, based on the positive 
results of basket tests, the use of lime as an additive was implemented over a specified period to 
enhance pellet strength (CCS).  

 

Keywords: Pelletizing, Bentonite, Sangan Steel Mining Industries Company, Lime Stone, Cold compressive 
strength of pellets (CCS) 

1. Introduction 

In pellet production from iron ore concentrate, a binder is necessary for converting the concentrate 
into the green pellets. These formed pellets must exhibit an enough drop resistance to ensure they 
remain intact during handling and transfer to the indurating machine. Moreover, they are required to 
possess sufficient wet compressive strength (WCS) and dry compressive strength (DSC) so that they 
maintain their integrity on the travelling grate indurating machine’s bed during the drying phase. 
Ultimately, the binder must contribute to achieving the final fired pellet with the desired overall 
quality, particularly in terms of strength (Keshavarz Alamdari et al., 2017). 

Since the establishment of its pelletizing operations, Sangan Khorasan Steel Company has 
traditionally used bentonite -the industry’s most conventional additive- and supplementary caustic 
soda to achieve the necessary pellet quality. However, with the subsequent launch of the concentrate 
plant and the increased use of iron ore concentrate from the Sangan mines, a notable reduction in the 
cold compressive strength (CCS) of the pellets was observed. Although process modifications were 
introduced and provided some improvement, the results remained unsatisfactory. Consequently, 
alternative additives were evaluated. Based on a review of relevant literature and the operational 
experiences of other companies, limestone was selected for further investigation (QIU et al.2003). To 
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assess its reliability, a laboratory-scale basket test was conducted wherein green pellets were produced 
-using a mixer and a laboratory disc- with the limestone additive, then loaded into a basket, sent in to 
the indurating machine, and recovered at the indurating machine’s discharge. Upon observing the 
satisfactory results from the basket test, this additive was planned and implemented for a trial on the 
production line (Mehraban et al., 2024). 

2. Material and methods 

For the laboratory basket test, a predetermined quantity of limestone was procured and subsequently 
blended with iron ore concentrate from the Sangan mines, water, and caustic soda in a mixer. The 
resulting mixture was agglomerated into green pellets using a laboratory disc, and after size 
classification, the pellets were loaded into a Stainless-Steel basket (15 cm in diameter and 25 cm in 
height). This basket was placed on the pallet car bed alongside other pellets from the production line 
ensure complete firing during the pelletizing process (Chitsazan and Fathi Mostafa., 2020). After 
firing, the basket was retrieved from the indurating machine’s discharge end and the pellets were 
forwarded to the laboratory for quality analysis. 

2.1. Basket Test Results 

The basket tests generated data on several key parameters, including the amounts of bentonite, caustic 
soda, and limestone used, as well as measurements of CCS, porosity, FeO content, sulfur (S) content, 
drop number, WCS, and DSC. For example, one set of test results is summarized in the following 
table: 

Table 1. Basket Test Results 

Code 
Bentonite 

% 

Soda 

% 

Limestone 

% 
CCS Porosity FeO Sulfur Drop WCS DCS 

1 1.4 0.02 0 270 13.6 2.12 0.0023 3.8 1953 4747 

2 1.4 0.03 0 220 21.035 

  

5.1 

  

3 1.4 0.03 0 195 19.125 

  

2.5 

  

4 1.4 0.03 0 264 17.46 

  

2 

  

5 1.4 0.02 0.7 301 17.605 0.46 0.0072 7.2 1965 5532 

6 1.2 0.02 0.7 286 18.81 0.29 0.0132 3.7 

  

7 1.2 0 0.7 268 16.78 2.13 0.0169 5.3 1600 4271 

8 1.2 0.03 1 410 16.775 0.83 0.003 3.2 

  

9 1.2 0.03 1 338 18.24 0.21 0.0123 3.4 

  

10 1.2 0.03 0.3 236 22.495 0.42 0.0058 4.8 

  

11 1.2 0.02 0.8 392 18.8 0.64 0.0057 4 

  

12 1 0.03 0.7 276 15.07 

  

3 

  

13 1 0.03 0.7 237 19.23 

  

2.5 

  

The results clearly indicate that the incorporation of limestone increased pellet strength while 
maintaining other quality parameters within acceptable limits. Encouraged by these findings, 
limestone was advanced to a production line trial. For this trial, 400 tons of limestone were procured 
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from the corresponding mines, processed in a crushing operation, and allocated to two of the four 
bentonite storage bins feeding the production line. 

2.2. Limestone Trial on the Production Line 

Figure 1 illustrates the proportion of limestone relative to the overall quantity of additives used. The 
limestone trial was conducted over a period from the Ordibehesht 20th to the 25rd in 15 working 
shifts, with comparative data captured both before and after the trial period. 

 

The impact of limestone on CCS is presented in Figure 2. 

Figure 2 demonstrates that unlike the basket tests findings, increasing the proportion of limestone in 
the production line correlated with a marked reduction in the CCS of the fired pellets, alongside 
heightened fluctuations in strength. Furthermore, high levels of limestone resulted in increased 
cracking within the fired pellets, resulted in a reduction in CCS. This phenomenon is likely 

Figure 2: Effect of Limestone on Pellet Strength (CCS) 

Figure 1: Limestone Usage Versus Total Additives 

459



 IMPRS 2025 19-21 May, Alborz, Iran  

4 

 

attributable to the release of carbon dioxide during the firing of the limestone present in the pellets. A 
reduction in limestone usage was observed to yield an improvement in pellet strength. 

During this trial phase, the indurating machine feed rate was established at 700 tons per hour. 
However, minor variations in the feed rate were noted, reflecting changes in the raw pellet production 
and the resultant quality of the fired pellets. 

During this trial phase, the indurating machine feed rate was established at 700 tons per hour. 
However, minor variations in the feed rate were noted, reflecting changes in the raw pellet production 
and the resultant quality of the fired pellets (Figure 3). 

 

In addition to evaluating pellet strength (CCS), other quality parameters were examined in relation to 
limestone addition, as depicted in Figures 4, 5, and 6. Notably, while higher limestone content was 
associated with a decrease in the dry compressive strength (DCS) of green pellets, reducing the 
limestone usage improved the DCS. 

Figure 3: Limestone Usage (%) Versus Indurating Machine Feed Rate (Ton per Hour) 

Figure 4: Effect of limestone usage (%) and DCS of green pellets (gram per pellet) 
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The analyses presented in Figures 5 and 6 suggest that limestone had notable influence on the retained 
levels of sulfur and FeO in the final product. 

3. Conclusions 

The data obtained from the production line trial indicate that, in contrast to the promising results 
observed during laboratory basket tests, limestone adversely affected the CCS of fired pellets, leading 
to diminished strength, while exerting negligible impact on other critical quality parameters such as 
retained sulfur and FeO. Based on these findings, the use of limestone in the pelletizing process at 
Sangan was discontinued, and further research is currently underway to identify a more suitable 
additive. 

Figure 5: Relationship between limestone usage (%) and retained sulfur (S) in fired pellets 

Figure 6: Relationship between limestone usage (%) and retained FeO in fired pellets. 
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Abstract: 

Flotation is a type of mineral separation process that occurs in a water-mineral slurry. The surfaces of 
the selected minerals are rendered hydrophobic through conditioning with specific reagents. The 
material used in this study was gilsonite. After the preparation of the samples, two series of with and 
without irradiation on gilsonite flotation experiments were designed, using the central composite 
design method. Finally, it was concluded that the ultrasonic method achieves a higher desired 
recovery amount and lower ash percentage in the concentrate than the normal method in the rougher 

stage of flotation. 

 

Keywords: Gilsonite, Flotation, Rougher, Ultrasonic irradiation. 

1. Introduction 

Gilsonite is a crucial, widely used mineraloid with applications across various industries (Lozano-Periera et al. 

2023).  Due to its chemical composition, naturally occurring gilsonite consists of four fractions and is 

characterized by a high carbon content (>84%) and a minimal sulfur content (≪0.3%). This material exhibits 

properties similar to hydrocarbons, including saturated compounds, asphaltenes, resins, and aromatics. Its 

diverse applications encompass energy production, road paving, inks and paints, oil well drilling, gilsocarbon for 

nuclear reactors, additives for tire rubber, use in petroleum emulsions, metal smelting, and filters for cyanide 

ions and toluene retention, among others (Lozano-Periera et al. 2023). 

Bahrami et al. conducted experiments in two flotation stages, rougher and cleaner, utilizing different reagents: 

oil as collector with MIBC
1
 as frother and gasoline as collector with pine oil as frother (Bahrami et al. 2019). 

They also performed a test without any collector and frother to assess the impact of the reagent regime on the 

kinetic order and flotation rate of a gilsonite sample. The results indicated that the kinetics for the test using oil 

and MIBC, as well as the test conducted without any collector and frother, were first-order, contrasting with the 

kinetics observed in the test using gasoline and pine oil (Bahrami et al. 2019). The results indicate that all 

experiments align closely with the respective models. The kinetic constants (k) during the rougher stage were 

determined to be 0.1548 (s
−1

), 0.2300 (s
−1

), and 0.2163 (s
−1

) for oil – MIBC, gasoline – pine oil, and tests 

conducted without any collector or frother, respectively (Bahrami et al. 2019). In the cleaner stage, these values 

were 0.0450 (s
−1

), 0.1589 (s
−1

), and 0.0284 (s
−1

), respectively (Bahrami et al. 2019). Additionally, the 

relationship between k, maximum combustible recovery (R∞), and particle size was investigated. The findings 

revealed that R∞ and k were achieved with coarse particle sizes of (−250 + 106) mm during the rougher flotation 

process and (−850 + 500) mm in the cleaner flotation process (Bahrami et al. 2019). 

Bahrami et al. conducted flotation tests with various reagents, including collectors (gas oil, kerosene, and pine 

oil), frother (MIBC), and depressants (sodium silicate, tannic acid, sulfuric acid, and sodium cyanide) at different 

dosages (Bahrami et al. 2021). The findings indicated that the application of kerosene as a collector, MIBC as a 

frother, and a mixture of sodium silicate, tannic acid, sulfuric acid, and sodium cyanide as a depressant yielded 

the most favorable outcomes in the flotation of gilsonite during the rougher stage (Bahrami et al. 2021). 

                                                           

1 Methyl IsoButyl Carbinol 
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Doodran and colleagues carried out flotation tests by examining four factors: the dosage of collector, frother, and 

depressant, as well as the solid-to-liquid ratio across three different levels (Doodran et al. 2020). The aim was to 

reduce the ash content and enhance the recovery of Gilsonite. These tests were structured using the Taguchi 

method, facilitated by Design-Expert software (Doodran et al. 2020). Our findings revealed that the lowest ash 

content of 5.2% was achieved under conditions that included 200 g/t of Gasoil as the collector, 100 g/t of MIBC 

as the frother, 300 g/t of sodium silicate as the depressant, and a pulp density corresponding to a 5% solid-to-

liquid weight ratio (Doodran et al. 2020). 

Bahrami and his team conducted flotation tests during both the rougher and cleaner stages to ascertain the kinetic 

order and flotation rate of a gilsonite sample (Bahrami et al. 2019). The experiments utilized combinations of 

oil–MIBC and gas oil–pine oil, with one test performed without a collector and frother (Bahrami et al. 2019). 

Based on the results, the relationship between the flotation rate constant, maximum combustible recovery, and 

particle size indicated that the highest flotation combustible recovery and flotation rate occurred within the size 

range of -250 + 106 μm in both the rougher and cleaner stages (Bahrami et al. 2019). It was observed that the 

combustible recovery and flotation rate were greater during the rougher flotation process compared to the cleaner 

stage (Bahrami et al. 2019). 

Kazemi and colleagues conducted flotation experiments on samples of gilsonite from Kermanshah province to 

determine the flotation kinetics and the effect of particle size on it, as well as to examine the relationship 

between flotation constant, maximum recovery, and particle size (Kazemi et al. 2018). For this purpose, flotation 

tests were performed using a cleaner flotation process with a collector of kerosene and MIBC frother, a collector 

of diesel and pine oil frother, and one test was also conducted without using a collector or frother (Kazemi et al. 

2018). The results indicate that the maximum recovery and flotation constant in the flotation experiments 

conducted with gilsonite, without the use of a collector and frother, is associated with particle sizes of -850, +500 

µm. In the cleaner tests, the highest k value and recovery were found in the experiment using diesel collector and 

pine oil frother, with particle sizes of -850, +500 µm (Kazemi et al. 2018). 

Bahrami and colleagues conducted flotation experiments to determine the kinetic order and rate of flotation of a 

Gilsonite sample, performing tests in both rougher and cleaner stages (Bahrami et al. 2020). The experiments 

utilized combinations of oil-MIBC, gasoil-pine oil, and included one test without any collector or frother 

(Bahrami et al. 2020). Additionally, the maximum combustible recovery and particle size were analyzed. The 

results indicated that the maximum flotation combustible recovery and flotation rate were achieved with an 

intermediate particle size in both the rougher and cleaner flotation processes (Bahrami et al. 2020). Moreover, 

the combustible recovery and flotation rate during the rougher flotation process were found to be greater than 

those in the cleaner flotation process (Bahrami et al. 2020). 

A key challenge in utilizing raw gilsonite is the reduction of detrimental impurities. Several methods exist for 

removing these impurities, with flotation being the most important technique for very fine materials.  However, 

despite its widespread use, flotation often fails to reduce impurities (ash) to the desired level.  Therefore, this 

paper investigates the application of ultrasonic irradiation. In flotation technique, hydrophobic particles attach to 

air bubbles introduced into the pulp and are lifted to a froth layer above the slurry, thereby separating them from 

the hydrophilic particles (Wills and Finch 2016). To achieve better concentration and recovery, flotation 

operations can be conducted in one or multiple stages. When flotation is performed in a single stage, it is referred 

to as "rougher" flotation. In rougher operations, the primary focus is on the recovery parameter, while in the 

flotation of gilsonite, the undesirable parameter is the ash content. A low ash percentage combined with high 

recovery indicates an ideal rougher test. The one other technique used for mineral processing is called 

ultrasound. In this technique, ultrasonic waves are extensively utilized for the preparation and cleaning of 

mineral surfaces during physical, chemical, and physico-chemical processes, significantly influencing recovery 

rates. These waves enhance the efficiency of reagents and improve recovery by cleaning particle surfaces 

(Ebrahimi and Karamoozian 2020). It is proposed to use ultrasonic waves as a pre-treatment method for the 

flotation of coal with high ash content (Ebrahimi and Karamoozian 2020).  Also, in the ultrasonic radiation 

technique, which is carried out using ultrasonic waves, these waves act as a secondary collector on ore particles, 

resulting in better attachment of the collector to them (Ebrahimi and Karamoozian 2020). The flotation of 

gilsonite using the ultrasonic radioactivity method is a very novel approach that has not been applied to gilsonite 

before. Therefore, the present research holds innovative significance in this field. 
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2. Material and methods 

2.1. Gilsonite Samples 

The sample of gilsonite prepared in this research was obtained from the Gilaneh mine located in Ilam 

province in western Iran. Its precise coordinates are as follows: (33.877778˚N, 46.076944˚E). The gilsonite 

sample used in this research consists of uncrushed and unclassified feed contained gilsonite powder. This 

sample was sieved into twelve different size fractions to achieve better results for subsequent tests. The aim 

of this work was to identify a portion of the initial feed that had the lowest percentage of ash. After 

conducting a test and measuring the ash content, it was determined that the section (-710, +500) μm 

matched similar specifications, with an ash content measured at 54.74%. Following this stage, the entire 

feed was crushed using a laboratory roller crusher, resulting in two different size fractions. To separate 

these two sizes, the ASTM
2
 sieve analysis method was employed, with dimensions as follows: (+500) μm 

and (-500) μm. In the final stage of the experiment, the ash content of these sizes was again examined and 

evaluated to obtain more accurate results and to gain a better understanding of the characteristics of this 

sample. In Table 1 and Figure 1, analysis for screening of gilsonite samples and feed size distribution chart 

is showed, respectively. Table 2 shows XRF table for analyzing chemical combinations for detecting of 

tailing minerals there are into gilsonite smaples. As observed in this table, the concentrations of the 

chemical compounds CaO and SO3 exhibit a high percentage abundance in the composition of these 

gilsonite samples, indicating that the mineral present in this sample is, as tailings, either the mineral 

anhydrite or gypsum. Also Figure 2 shows XRD plot for determining frequenccy of each chemical element 

in samples. XRD analysis of the gilsonite waste revealed two chemical phases: calcium sulfate and calcium 

oxide. However, since the peaks corresponding to calcium sulfate showed a better match (with a scale 

factor of 0.723) to the main peaks of the sample than those of calcium oxide (with a scale factor of 0.045), 

the chemical composition of the mineral of gilsonite tailing is determined to be gypsum. 

Table 1. Analysis Table for Screening Gilsonite Samples 

Screen Size  

(μm) 

Residual 

Weight on 

Screen (g) 

Frequency 

Percentage 

(%) 

Cumulative 

Percentage on 

Screen (%) 

Cumulative 

Percentage 

Passing from 

Screen (%)  

181864 84.68 10.32 10.32 89.68 

131064 55.86 6.81 17.13 82.87 

35560 25.63 3.12 20.25 79.75 

3360 147.21 17.94 38.20 61.80 

2380 124.14 15.13 53.33 46.67 

1190 85.53 10.43 63.75 36.25 

1000 28.74 3.50 67.26 32.74 

710 37.57 4.58 71.84 28.16 

500 26.11 3.18 75.02 24.98 

350 38.02 4.63 79.65 20.35 

210 47.80 5.83 85.48 14.52 

<210 119.12 14.52 100.00 0.00 

Total 820.41       
 

                                                           

2
 American Society for Testing and Materials 
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Fig 1. Feed size distribution and ash content plot 

 

 

Fig 2. XRD Plot for Gilsonite Samples 

2.1.1. Reagents 

The chemical reagents used in these flotation experiments are gasoil and MIBC, where gasoil is utilized as a 

collector and MIBC as a frother. 

2.1.2. Flotation Experiments 

The flotation experiments conducted in this study utilized a one-step ore flotation method known as "Rougher." 

To perform the experiments, Denver-type mechanical flotation machines were employed. Regular rougher 
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experiments were carried out using the 2-liter cell, while ultrasonic rougher experiments were conducted with 

the 1-liter cell. An ultrasonic bath manufactured by Elma was used for irradiation. Several parameters influence 

the efficiency of the flotation process, and optimizing conditions can enhance the flotation rate. Additionally, the 

following fixed parameters were established: 

● Selected feed size: (-500) μm 

● Solid content: 5 (%); 

● Collector type: Gasoil; 

● Frother type: MIBC; 

● Temperature: room temperature (25°C); 

● pH: neutral (7); 

● Rotor speed: 1000 RPM; 

● Ultrasonic device power: 100 W; 

● Preparation time: 8 minutes; 

● Initial feed mass: 100 g (In regular rougher) and 52.63 g (In ultrasonic Rougher). 

Previous research has shown that reducing the solids content increases recovery; therefore, the minimum 

possible solids content (5%) was considered in this study (Murhula et al. 2022). Given the number and levels of 

parameters considered for the flotation experiments, a central composite design technique and response surface 

methodology were selected, resulting in 20 experiments. Experiments design is showed in Table 3; where (R1) 

is the percentage of gilsonite recovery in regular rougher method and (R2) is the percentage of gilsonite recovery 

in ultrasonic method. 

Table 3. Experimental Design for Gilsonite Rougher 

    Factor 1 Factor 2 
Response 

1 

Response 

2 

Std Run 
A: 

Collector 

B: 

Frother 
R1 R2 

    g/t g/t % % 

1 9 50 50 87.38 93.12 

2 3 200 50 85.47 94.54 

3 7 50 200 90.34 86.83 

4 2 200 200 86.41 83.15 

5 5 19 125 84.29 85.59 

6 8 231 125 82.86 86.74 

7 6 125 19 93.97 96.47 

8 1 125 231 80.14 86.69 

9 4 125 125 81.80 87.94 

10 10 125 125 82.67 87.41 
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2.1.3. Equations 

Equation (1) was used to calculate gilsonite recovery. (Wills and Finch 2016). 

(1) 𝑹 = (𝟏 −
𝒄×(𝒇−𝒕)

𝒇×(𝒄−𝒕)
) × 𝟏𝟎𝟎  

In this case, the grade of the concentrate (c) is the same as the ash percentage of the concentrate, the grade of the 

tailings (t) is the same as the ash percentage of the tailings and the grade of the feed (f) is as ash percentage of 

initial feed. 

2.1.4. Process Machine 

In these experiments, the process indicator is the DENVER mechanical flotation cell, which consists of three 

components: an air valve, a stirring blade, and a speed adjustment dial for the flotation stirring. Figure 3, shows 

shows the configuration of the setup system. 

 

 

Fig 3.  The setup system for flotation 
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2.1.5. Results and Discussion  

 

Fig 4. 3D Surface Plot of Regular Rougher Flotation Tests 
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Fig 5. 3D Surface Plot of Ultrasonic Rougher Flotation Tests 

 

Figure 4 and Figure 5 show the graph of changes in the recovery of a regular gilsonite rougher and ultrasonic 

rougher with respect to the effect and interaction of the variables of collector concentration and foaming agent 

concentration, respectively. The range of changes in the concentrations of collector and frother agent parameters 

was between 50 g/ton and 200 g/ton. In Figure 5, by increasing the value of parameter (A) to the optimal point 

and also decreasing parameter (B) to a certain optimal point, a better recovery rate can be obtained. In Figure 6, 

by relatively decreasing the values of parameter (A) and increasing the values of parameter (B) to the maximum 

point, the optimal point can be reached. Table 4 and Table 5 perform ANOVA tables for (R1) and (R2) 

responses. In table 4, the Model F-value of 32.01 indicates that the model is statistically significant, with only a 

3.06% probability that an F-value of this magnitude could arise from random noise. P-values below 0.0500 

suggest that the corresponding model terms are significant; in this scenario, B, B², and A²B qualify as significant 

terms. Values exceeding 0.1 indicate that the associated model terms lack significance. If there are multiple 

insignificant model terms—excluding those necessary to maintain hierarchical structure—considering model 

reduction may enhance the overall model performance. The Lack of Fit F-value of 2.72 suggests that the lack of 

fit is not significant when assessed against pure error, with a 34.69% likelihood of obtaining such a large Lack of 

Fit F-value due to noise. A non-significant lack of fit is favorable; our objective is to ensure that the model fits 

well. In table 5, The Model F-value of 29.52 indicates that the model is statistically significant, with only a 

0.30% likelihood that such a large F-value could arise from random variation. P-values below 0.0500 signify that 

the model terms are significant; in this instance, the terms B and B² are deemed significant. Conversely, values 

exceeding 0.1000 suggest that the model terms are not significant. Should there be multiple insignificant model 

terms—excluding those necessary to maintain hierarchy—reducing the model could enhance its performance. 

The Lack of Fit F-value of 10.22 suggests that the Lack of Fit is not significant when compared to pure error, 

with a 22.50% chance that such a Lack of Fit F-value could occur due to random noise. Table 6 and Table 7 

show suggested models for “R1” and “R2” responses. To find the appropriate model for the desired response, a 

model is deemed acceptable if it has higher values of R² and adjusted R². 
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Table 4. ANOVA for Reduced Quartic Model of “R1” Response 

Source Sum of Squares df Mean Square F-value p-value   

Model 157.13 7 22.45 32.01 0.0306 significant 

A-collector 1.03 1 1.03 1.47 0.3488   

B-Froth 95.74 1 95.74 136.52 0.0072   

A² 1.8 1 1.8 2.57 0.2502   

B² 23.25 1 23.25 33.16 0.0289   

A²B 68.85 1 68.85 98.18 0.01   

AB² 1.82 1 1.82 2.6 0.2484   

A²B² 8.69 1 8.69 12.38 0.0721   

Residual 1.4 2 0.7013       

Lack of Fit 1.03 1 1.03 2.72 0.3469 not significant 

Pure Error 0.3769 1 0.3769       

Cor Total 158.54 9         
 

 

Table 5. ANOVA for Reduced Quartic Model of “R2” Response 

Source Sum of Squares df Mean Square F-value p-value   

Model 163.5 5 32.7 29.52 0.003 significant 

A-Collector 0.0491 1 0.0491 0.0443 0.8436   

B-Froth 124.18 1 124.18 112.11 0.0005   

AB 6.52 1 6.52 5.89 0.0723   

A² 1.75 1 1.75 1.58 0.2773   

B² 19.92 1 19.92 17.98 0.0133   

Residual 4.43 4 1.11       

Lack of Fit 4.29 3 1.43 10.22 0.225 not significant 

Pure Error 0.1399 1 0.1399       

Cor Total 167.93 9         
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Table 6. Suggested Model Summary Statisyics for “R1” Response 

Source 
Std. 

Dev. 
R² 

Adjusted 

R² 

Predicted 

R² 
PRESS   

Linear 4.14 0.2426 0.0262 -0.6345 259.14 Suggested 

2FI 4.45 0.249 -0.1264 -1.8261 448.05   

Quadratic 4.46 0.4971 -0.1316 -2.5689 565.81   

Cubic 2.13 0.9428 0.7428 -2.5157 557.37 Aliased 
 

 

Table 7. Suggested Model Summary Statisyics for “R2” Response 

Source 
Std. 

Dev. 
R² 

Adjusted 

R² 

Predicted 

R² 
PRESS   

Linear 2.5 0.7398 0.6655 0.4037 100.13   

2FI 2.49 0.7786 0.668 0.4235 96.81   

Quadratic 1.05 0.9736 0.9406 0.815 31.07 Suggested 

Cubic 0.5972 0.9958 0.9809 0.7781 37.26 Aliased 
 

 

Figure 6 illustrates the Perturbation diagrams of values R1 and R2 corresponding to the optimal values of 

parameters A and B. 
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Fig 6. Perturbation Plot for R1 and R2 
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Figure 7 shows a comparison of the recovery percentage and ash percentage from tests conducted on both 

normal and ultrasonic rougher sections. According to this chart, test number 7 is the best, exhibiting both 

optimal recovery (highest recovery) and desirable ash percentage (lowest ash percentage) in both sections. 

 

Fig 7. Recovery-Ash Comparative Plot for Normal and Ultrasonicc Rougher 
 

 

3. Conclusions 

The examination and analysis of the findings and results are as follows: 

1) In the normal rougher, the best recovery percentage and ideal concentrate ash percentage were obtained, 

93.97% and 27.28% and in ultrasonic, 96.47% and 25.57%, respectively. 

2) In the ultrasonic rougher, the effect of ultrasonic waves caused a much lower ash percentage to be 

obtained in cases where we did not even have the desired recovery. 

3) By using ultrasonic waves, the desired concentrate ash recovery and percentage can be achieved at 

different dosages of collector and frother. 
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Abstract: 

This research investigates the process of cerium extraction from tailings that have been separated from 
iron using a magnetic drum separator, through both acid leaching and solvent extraction methods. 
Initially, the mineralogical characteristics of the samples were analyzed using microscopic studies. The 
main minerals identified were feldspar, garnet, calcite, gypsum, amphibole, and secondary minerals 
such as chlorite, quartz, and apatite. The metallic minerals were included pyrite, chalcopyrite, 
magnetite, and hematite. The sample was taken from the tailing’s damps, then it was crushed to a 
particle size of less than 800 microns. The sample was then placed in a stirred tank along with water, 
fed into a spiral separator, and subsequently into a shaking table. The analysis results showed that the 
cerium grade increased from 320 ppm in the feed to 1364 ppm. In the leaching experiments, the influence 
of various parameters including temperature, acid concentration, type of acid, leaching time, and 
particle size on cerium leaching recovery rate was evaluated. The results indicated that temperature and 
acid concentration had the greatest impact on the leaching rate of cerium. In this stage, 95% of cerium 
was dissolved. Optimization tests for leaching conditions showed that the best conditions for cerium 
leaching were using hydrochloric acid at a 1:3 concentration with water, at a temperature of 90°C and a 
leaching time of 4 hours. In the subsequent phase, an optimization experiment was conducted with the 
same parameters. Under these conditions, 96.5% of cerium was dissolved. Then, the solvent extraction 
process was examined using organic solvents, di(2-ethylhexyl) phosphoric acid and tributyl phosphate. 
The results showed that the highest cerium extraction rate (81%) was achieved when di(2-ethylhexyl) 
phosphoric acid was used, considering parameters such as pH 3, organic-to-aqueous phase ratio of 1:1, 
20-minute extraction time, 25°C temperature, and stirring speed of 300 rpm. Finally, the results of this 
research contribute to the optimization of the cerium extraction process and provide suggestions for 
improving the efficiency of this process. 

 

Keywords: Iron tailings, cerium extraction, acid leaching, solvent extraction. 

 

1. Introduction 

Rare Earth Elements (REEs) are a group of 17 chemical elements in the periodic table, consisting of 15 
lanthanides (from lanthanum to lutetium) along with scandium and yttrium. Due to their similar 
chemical and physical properties, these elements are commonly found together in various minerals and 
ores. Based on their geochemical behavior, rare earth elements are categorized into two groups: light 
rare earth elements (LREEs) and heavy rare earth elements (HREEs). The LREE group includes 
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), and samarium (Sm). The HREE 
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group includes europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), 
erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), and yttrium (Y) [1]. 

Cerium, one of the rare earth elements and a member of the lanthanide series, is represented by the 
symbol “Ce” and atomic number 58 in the periodic table [2]. It is classified as a soft, lustrous metal and 
is highly stable in combination with oxygen in the form of cerium oxide (CeO₂). Cerium is considered 
one of the most important metals in the rare earth industry and is widely used in various sectors, 
including alloy production, catalysts, pigments, solar panels, light-emitting diodes (LEDs), and glass 
polishing [3]. It is also used in the manufacture of permanent magnets and phosphorescent powders. 
Due to its unique chemical and physical properties, cerium plays a vital role in many industrial and 
technological processes, particularly in the automotive and electronics industries [4]. 

Cerium is primarily extracted from rare earth-containing minerals such as bastnäsite, monazite, and 
loparite. Major reserves of this element are found in China, the United States, and Australia [5]. Given 
the growing demand for cerium and its compounds, particularly in advanced technology industries, its 
separation and purification have become a major challenge in materials science and chemistry. Various 
techniques such as solvent extraction, ion exchange, adsorption, and precipitation are employed to 
extract and purify cerium from other rare earth elements and impurities [6]. 

During mining activities and the operation of crushing and magnetic beneficiation plants, waste dumps 
with different mineralogical compositions are formed, which certainly exhibit different behaviors 
during beneficiation processes. Therefore, the first step is to identify the samples and determine their 
mineralogical characteristics and processing behavior.   

The aim of this study is the separation of cerium from the loaded leach solution using solvent extraction. 
In this regard, two extractants di-(2-ethylhexyl) phosphoric acid (D2EHPA) and tributyl phosphate 
(TBP) in kerosene as a diluent were used, and the effects of various parameters were investigated. Also, 
in order to increase the cerium grade prior to the leaching process, a pre-concentration stage is carried 
out using gravity separation techniques, including spiral separators and shaking tables. 

 

Gravity Separation of Cerium 

Gravity separation is one of the traditional and cost-effective methods for separating heavy minerals—
including cerium-bearing minerals such as monazite and bastnäsite—from ore or lighter impurities. 
This method is based on the density differences between particles and the influence of gravitational 
force. Gravity separation is often employed as the initial step in the beneficiation of rare earth minerals. 

 

 Stages of Gravity Separation 

Gravity separation techniques assist in isolating heavy minerals like monazite and bastnäsite (with 
densities ranging from 4.5 to 5 g/cm³) from lighter impurities such as silica and quartz (with densities 
around 2.7 g/cm³). This process utilizes water, air, or another medium that enhances the effect of 
gravity. The ore is first crushed into finer particles to ensure full liberation of the minerals. Heavier 
particles settle to the bottom, while lighter ones are separated and removed [7]. 

Common Equipment Used in Gravity Separation: 

✔ Spiral Separator: 
This equipment is suitable for fine particles, such as rare earth minerals, and operates based on spiral 
water flow and gravitational force. The main component of the spiral separator is a helical or spiral-
shaped trough, typically made from wear-resistant materials. 

The spiral has a gentle slope that guides the particles downward. Mineral feed enters the spiral 
separator, usually with the assistance of water or a dilute solution to facilitate particle movement. 
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Heavier particles (which generally contain the target minerals) are discharged from the lower part of 
the equipment, while lighter particles are collected at the upper sections. 

To aid in particle movement and create a continuous flow along the spiral path, water or a dilute 
solution is constantly introduced into the system. 

✔ Shaking Table: 
A shaking table typically consists of an inclined surface with an adjustable slope. This inclination 
assists in particle movement and guides them in the desired direction. The table is equipped with a 
vibration mechanism, usually powered by a motor or an electrical system, which transmits oscillating 
motion to the table surface. 

As the particles move across the table, they are discharged into specific channels that separate heavier 
and lighter materials. Several collection basins or buckets are located beneath the table to gather the 
separated materials. 

The shaking table is an effective device for mineral recovery using gravity-based methods. It is 
particularly suitable for the separation of rare earth elements such as cerium, as well as precious 
metals, from ores with varying densities. 

However, to achieve optimal results, operational parameters—such as table inclination and vibration 
intensity—must be precisely controlled. 

Hydrometallurgical Processing: 

✔ Acidic Leaching 
Acids such as sulfuric acid, nitric acid, and hydrochloric acid are used to dissolve cerium and other 
rare earth elements into solution. 

✔ Solvent Extraction: 
Solvent extraction is a chemical process that involves two main steps: extraction and stripping. During 
the extraction step, the metal ions present in the aqueous phase react with an organic reagent to form 
metal-organic complexes. As a result, the metal components transfer from the aqueous phase into the 
organic phase. In the organic phase, metals do not form covalent bonds with carbon atoms, but 
instead coordinate with atoms such as oxygen, nitrogen, sulfur, or hydrogen through dative 
(coordinate) bonds. 

The reverse of the extraction process is called stripping, where metals are removed from the organic 
phase back into an aqueous phase. 

Solvent extraction is typically a continuous process and is mainly applied to clear and relatively 
concentrated solutions. It has a moderate operating cost and is widely used for the recovery of many 
metals. This method is especially useful in cases of high contamination levels or when a high-purity 
product is required [8]. 

Cerium-bearing ores are first dissolved in aqueous solutions. Then, organic solvents such as di(2-
ethylhexyl) phosphoric acid (DEHPA) are employed to extract cerium from the aqueous phase. During 
this process, the organic solvent selectively binds with rare earth elements like cerium, separating them 
from the aqueous solution. 
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Subsequently, cerium is stripped from the organic phase and converted into usable compounds such as 
cerium oxide (CeO₂) [9] 

2-Material and methods 

A total of 500 kg of samples were collected from various parts of the tailings dump for experimental 
studies. Since the particle size was 10 mm, the sample was ground in a ball mill to below 800 microns 
in a controlled manner. After homogenization, riffle splitting, and dividing the sample to obtain a 
representative portion, it was sent to the laboratory for ICP-MS, XRD, and thin polished section analysis. 
The results showed that the cerium grade in the tailings was 320 ppm. 

Subsequently, 10 kg of sample was prepared for gravity separation tests using spiral and shaking table 
methods. Gravity separation is a technique that utilizes the difference in mineral densities to separate 
and extract cerium and other rare earth elements from mineral matrices. This method is particularly 
effective for ores containing both heavy and light mineral phases. 

After conducting the spiral and shaking table tests to increase the cerium grade, it was observed that 
iron grade also increased along with cerium. To reduce the iron content, a dry magnetic separator was 
employed, and the magnetic fraction (magnetite-rich) was separated from the tailings. 

2-1 XRD Analysis 

X-ray diffraction (XRD) analysis was performed on the representative tailings sample from the iron ore 
processing plant. The analyses conducted using the XRD method on the submitted sample are presented 
in Table 1, and the corresponding XRD graphs can be seen in Figure 1. 

 

Table 1 The results of the X-ray diffraction (XRD) analysis 

-Albite (Na0.98Ca0.02)(Al1.02Si2.98O8) 

-Andradite Ca3Fe2(SiO4)3 

-Gypsum CaSO4·2H2O 

-Riebeckite 
Na1.38K0.13Ca0.17Mg0.25Mg2.81Fe1.66Fe0.48Al0.04Si7.94O22(

OH)2 

-Clinochlore (Mg0.99Al0.01)5(Al0.67Fe0.33)(Si3.02Al0.98)O10(OH)8 

-Calcite CaCO3 

-Quartz SiO2 

Amorphous phase - 
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Figure 1 XRD graph 

. 

2-2 Thin Polished Section Analysis 

Macroscopic description: The sample was in powder form, which was molded and then prepared as a 
thin polished section. 

• Main minerals: feldspar, garnet, calcite, gypsum, amphibole 

• Accessory minerals: chlorite, quartz, opaque minerals 

• Metallic minerals: pyrite, chalcopyrite, magnetite, hematite 

Microscopic description:  

As shown in Figure 2,3,4, The examined sample predominantly consists of feldspar, garnet, calcite, and 
amphibole, with lesser amounts of chlorite, gypsum, quartz, and opaque phases. These minerals appear 
as fine-grained and highly fractured. Feldspar is observed as fragmented crystals, probably albite, 
sometimes showing polysynthetic twinning. Garnet occurs as fine grains and occasionally subhedral 
fragmented crystals, approximately 600 microns in size. 

Fragments of gypsum and calcite are seen as independent particles and occasionally in association. 
Carbonate-rich zones are also present. Amphibole appears as fibrous, green-colored crystals up to 200 
microns, often associated with garnet and albite. 

opaque minerals appear as discrete grains up to 1 mm and are also embedded in rock fragments. 
Under reflected light, they were identified as pyrite, chalcopyrite, magnetite, and hematite. 
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• Pyrite appears as isolated grains with a spongy texture, up to 1 mm, and also as amorphous 
infillings in magnetite. 

• Chalcopyrite, with lower abundance, fills spaces between garnet crystals. 

• Magnetite appears subhedral, often undergoing replacement by hematite. 

A cluster of fine particles with high relief and strong birefringence, likely monazite, was observed at 
the edge of a carbonate fragment, although it was lost during section preparation. Accurate 
identification of this phase requires complementary analyses such as SEM or EPMA. 

 

                                    Figure 2                                                                                  Figure 3                                                               

 

 

Figure 4  

2-3 Leaching Test Procedure 

Following the spiral and shaking table gravity separation tests, the concentrate sample was ground 
using a ball mill in a controlled manner to two particle sizes: -50 microns and -100 microns, in 
preparation for leaching experiments. 

The leaching experiments were conducted on the representative samples using 100 mL beakers placed 
on hot plates equipped with magnetic stirrers capable of controlling stirring speed. In the first stage, a 
total of 16 leaching tests were designed and performed. 

The procedure for each leaching test was as follows: 

Initially, acid solutions of sulfuric acid, nitric acid, and hydrochloric acid were prepared based on 
predefined concentrations. Then, 5 grams of the representative mineral sample were mixed with a 
specific volume of the prepared acid solution according to a set solid percentage. This mixture was 
transferred into the beaker. 

After adjusting the stirring speed, the solution was stirred for a predetermined period of time. Upon 
completion of the leaching process, the resulting pulp was filtered, and the liquid phase (leachate) was 
sent to the laboratory for ICP-MS analysis to determine the cerium content. 
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This experiment was conducted at temperatures of 25, 45, 60, and 90°C, using three types of acids: 
hydrochloric acid, nitric acid, and sulfuric acid. It was carried out at different durations (1, 2, 3, and 4 
hours), with various water-to-acid ratios (1:1, 1:2, 1:3, 1:4, 1:5), and using two particle sizes (-50 and -100 
microns), across a total of 16 experiments. 

The influence of important parameters on the leaching process 

Temperature: 

In leaching processes, temperature is one of the most critical parameters that significantly affects metal 
recovery efficiency. For cerium, increasing the temperature leads to an enhancement in the rate of 
chemical reactions, resulting in higher recovery. As temperature rises, reaction rates increase. Chemical 
reactions generally proceed faster at higher temperatures due to increased molecular kinetic energy, 
which raises the probability of collisions between molecules and ions. 

Furthermore, solubility increases at elevated temperatures. Many minerals and compounds—
particularly metallic compounds like cerium—dissolve better in solvents under such conditions. As a 
result, more metals are transferred into the solution, improving overall recovery [10]. 

As shown in Figure 5, the leaching rate of cerium increases with temperature. 

 

 

Acid Type: 

The type of acid used in the cerium leaching process is one of the key factors in determining the 
extraction efficiency of this element. Different acids, due to their distinct chemical properties, have 
varying effects on cerium extraction. In this study, sulfuric acid, nitric acid, and hydrochloric acid were 
used. Based on the recovery rates, hydrochloric acid showed the highest efficiency in cerium leaching. 

Figure 6 illustrates the effect of acid type on the leaching process. 
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Particle Size: 

The particle size in the cerium leaching process is an important factor that can significantly influence 
extraction efficiency and reaction kinetics. The size of the mineral particles directly affects the contact 
surface between the material and the leaching solution, which can either enhance or reduce the 
performance of the leaching process. As particle size decreases, the surface area available for reaction 
increases, resulting in shorter extraction times for cerium. 

This is particularly important in slow chemical reactions. Finer particles lead to a reduction in leaching 
time and an increase in extraction rate. These smaller particles, having a larger surface area, can react 
more rapidly and extensively with acid or other leaching agents, thereby increasing the dissolution rate 
and overall recovery of cerium. 

In this study, two particle sizes were used: under 50 microns and under 100 microns. As shown in 
Figure 7, the leaching recovery rate was higher for the -50-micron particle size. 
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Time: 

Leaching time has a direct impact on the rate of chemical reactions. These reactions typically occur more 
rapidly during the initial stages of the process and then slow down over time as the dissolution of 
cerium progresses. This phenomenon is due to changes in the contact surface area and the concentration 
of the solution. 

As shown in Figure 8, cerium recovery increases with increasing leaching time. 

 

Acid concentration: 

The acid concentration plays a key role in optimizing cerium extraction processes. It significantly 
influences the rate of chemical reactions, solvent selectivity, process efficiency, and the overall recovery 
of cerium. This section discusses in detail the effect of acid concentration on the leaching rate of cerium. 

In cerium leaching processes, acid acts as the leaching agent, dissolving cerium compounds from the 
mineral matrix. As acid concentration increases, the rate of chemical reactions typically rises. This is 
because a higher acid concentration enhances the acid’s ability to dissolve mineral compounds, 
particularly cerium-bearing phases. 

An increase in acid concentration leads to a higher dissolution rate of cerium due to a greater number 
of acid molecules available in the solution, which in turn increases the frequency of chemical 
interactions. 
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As shown in Figure 9, the highest cerium recovery was achieved at a 1:3 solid-to-acid ratio. 

 

 

 

Based on the results of the optimization experiments, the optimal conditions for cerium leaching are 
generally as follows: 

• Type of acid: Hydrochloric acid 
• Acid concentration: 1:3 (acid to water ratio) 
• Operating temperature: 90°C 
• Leaching time: 4 hours 
• Particle size: 50 microns 

Based on the analysis of the results and the optimization of factors affecting the acidic leaching of 
cerium, an experiment was conducted under the following conditions: hydrochloric acid, a water-to-
acid ratio of 1:3, leaching time of 4 hours, particle size of 50 microns, and a temperature of 90°C. The 
cerium recovery in this experiment reached 96.5%. 

 

 

2-4 Solvent extraction: 

As shown in Table 2,In this solvent extraction experiment, all parameters—including temperature, time, 
stirring speed, pH, and the organic-to-aqueous phase ratio—were kept constant, while only the ratio of 
D2EHPA (di-(2-ethylhexyl) phosphoric acid) to TBP (tributyl phosphate) was varied. The main objective 
of this study is typically to investigate the effect of changes in the ratio of these two extractants on 
recovery, compound transfer, and the thermodynamic aspects of the extraction process. 
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Table 2 solvent extraction results 

Extraction  

 )%( 

Time 

(min) 

Dehpha/TBP 

Ratio  

o/a 

Temperature 

Centigrade 

 

(RPM) 

Stirrer speed 

number 

81.46  D2EHPA     1 

80.28  TBP      2 

69.25 20 TBP 1:1D2EHPA 1:1 25  300 3 

35.50  TBP 1:3 D2EHPA     4 

25.33  TBP 3:1 D2EHPA     5 

 

According to the results of the solvent extraction, as observed, the highest extraction percentage is 81%, 
which corresponds to the case where D2EHPA is used alone as the extractant in the reaction. 

Conclusions: 

The results obtained from the pre-processing using the spiral and shaking table : 

The results obtained from the spiral and shaking table tests, as presented in the table, show that the 
cerium grade increased from 320 ppm to 1364 ppm. Additionally, the weight recovery reached 6%, and 
the metallurgical recovery was 25%, indicating that the performance of the spiral and shaking table was 
relatively good. 

 

The results obtained from the leaching and solvent extraction processes. 

1. The effects of key operational parameters—including leaching agent concentration, leaching 
temperature, leaching time, acid concentration, type of acid, and particle size—were 
investigated. The findings indicated that among the studied factors, leaching temperature, acid 
concentration, acid type, and leaching time had the most significant impact on cerium recovery 
through acidic leaching. 

2. The maximum cerium recovery rate in the leaching experiments was 95%, achieved under the 
operating conditions of 400 RPM stirring speed, a water-to-acid ratio of 1:3, leaching 
temperature of 90°C, a liquid-to-solid ratio of 10, and a leaching duration of 4 hours. 

3. The optimized leaching experiment resulted in the dissolution of 96.5% of cerium, with all 
optimal conditions being considered in this test. 

4. The highest cerium extraction rate (81%) using the organic solvent D2EHPA was obtained 
under the conditions of 300 rpm stirring speed, pH = 3, temperature of 25°C, an organic-to-
aqueous phase ratio of 1, and an extraction time of 20 minutes. 

5. The synergistic effect of organic solvents on cerium extraction was studied using two binary 
mixtures of organic extractants: tributyl phosphate (TBP) and D2EHPA. In both cases, the 
results showed that the cerium extraction rate using D2EHPA alone was higher than that 
achieved using the synergistic solvent extraction system. Therefore, based on these findings, 
cerium extraction using D2EHPA alone was preferred over the synergistic extraction method. 
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Abstract: 

Alunite is considered a promising alternative to bauxite for producing metal-grade alumina. However, 

due to the detrimental presence of potassium in alumina, its removal during refining is essential. In 

this study, potassium was eliminated from alunite through ammonia leaching, with key parameters—

such as solid-to-liquid ratio and ammonia concentration—investigated. Results demonstrated that 

~95% of K₂O was removed at a solid-to-liquid ratio of 1:3 and an ammonia concentration of 60 g/L. 

Additionally, a recycling loop leaching process was evaluated and it was found by applying a dilution 

ratio of 2 and fully make up ammonia, potassium removal efficiency is comparable to that of single-

stage leaching.

 

Keywords: Aunite, Alumina, Alkaline Leaching 

 
1. Introduction 
As the demand for aluminum continues to rise across various industries, the need for efficient and 
sustainable sources of alumina has become increasingly critical. Alunite serves as a promising 
alternative to traditional bauxite ores, which are the primary source of alumina [1]. Alunite, a sulfate 
mineral composed primarily of potassium aluminum sulfate [2], has gained significant attention in the 
field of alumina production due to its unique chemical composition and properties. Alunite deposits 
are found in various geological settings around the world, making it a widely available resource. This 
abundance can help meet the growing global demand for alumina, which is essential for aluminum 
production [3].  
Composed mainly of potassium aluminum sulfate, alunite contains a significant amount of potassium, 
which poses challenges for its direct use in alumina extraction processes. The presence of potassium 
not only complicates the refining process but also affects the quality of the alumina produced. 
Therefore, the effective removal of potassium from alunite is crucial to enhance its usability in 
aluminum production. There are several methods to remove potassium content from alunite ore 
namely, acid leaching [4], alkaline leaching [5], mechanical activation [2], water leaching [6], etc. Among 
the mentioned methods alkaline leaching is notable due to its advantages, such as high efficiency, 
selective extraction [7], energy efficiency [5] and environmental impact [7]. 

One of the alkaline methods for extracting potassium from alunite involves leaching with ammonia, 
which offers several benefits over other routes. In this work the influencing factors on alunite leaching 
recovery has been investigated and suitable operating ranges for them were defined.  

2. Material and Methods 

2.1.  Material 

Alunite ore was supplied from Haft Sandoogh district, North Takestan,Qazvin Province, Iran. 

Ammonia solution (25 wt%) was obtained from Neutron Company (Iran).   
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2.2. Leaching Condition 

Before leaching, alunite ore was classified into particles around 0.3 mm in size and then calcined at 
600 °C for 1 h. Leaching experiments were conducted in a hot plate stirrer system at 90 °C for 1 h. 
After the leaching process, the product was filtered, and the solid residue was washed with distilled 
water, dried at 70 °C overnight, and then analyzed with multi-acid digestion and the ICP-OES 

method.   

3. Results and Discussion 

 Table 1 presents the specification for the alunite ore as received. 

Table 1. Alunite Composition obtained from Haft Sandoogh district 

 LOI TiO2  SO3 Na2O Fe2O3 K2O  Al2O3 SiO2  

24.86 0.49 21.80 0.64 0.76 5.35 21.08 45.78 

As can be seen in Table 1, the magnitude of the K2O is more than 5 wt% that is not appropriate for the 
alumina being used in the aluminum production industry. In order to reduce the content level of 
potassium in alunite, leaching experiments were carried out at ratios of solid/liquid= 1:1, 1:2 and 1:3. 
Also the initial concentration of ammonia in the leaching solutions was set at amounts of 15, 30 and 60 
g/l. Figure 1 shows the results of alunit leaching with ammonia at different of solid-to-liquid ratios and 
ammonia concentrations.  

 

 

Figure 1. K2O Removal at various S/l ratios and ammonia concentrations  

As observed in Figure 1, during the leaching process, increasing the liquid-to-solid ratio from 1 to 2 
noticeably increases the removal of K2O. However, increasing this ratio from 2 to 3 does not result in a 
significant change in K2O removal. Increasing the initial ammonia concentration in the leaching 
solution further improves K2O removal, although this increase was slight for solid-to-liquid ratios of 
1:2 and 1:3, especially when the concentration increased from 30 to 60 g/l. 
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Figure 2. Designed recycling loop for ammonia solution 

 

To investigate the recovery of the used ammonia solution several experiments were conducted to 
represent a recycling loop shown in Figure 2. As shown in Figure 2, during the recycling loop, the 
ammonia solution is diluted, and make up ammonia is also added. To achieve appropriate values for 
the dilution rate and the amount of ammonia make up, various values were applied for these variables, 
and their performance in removing K2O removal was evaluated (Figure 3). As shown in Figure 3, for a 
dilution ratio of 2, adding 100% of the initial ammonia as make up can bring the K2O removal level to 
that of a one-stage leaching (without a recycling loop). According to Figure 3 by adding this amount of 
make up ammonia, the removal performance will be even higher than that of one-stage leaching when 
the dilution ratio is 5. 
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Figure 3. Effect of dilution ratio and ammonia make up on potassium removal in recycling loop 

  

Conclusion 

The alkaline leaching of alunite with an ammonia solution was investigated, demonstrating its 
effectiveness in potassium removal. A study of the influencing variables revealed that increasing the 
liquid-to-solid ratio reduces the impact of ammonia concentration on potassium extraction. 
Additionally, ammonia recovery tests indicated that nearly all the initial ammonia was consumed 
during the process. This suggests to maintain potassium removal in a recycling loop, a 100% 
ammonia makeup input would be required. 
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Abstract: 

The industrial and mining sectors are pivotal in shaping a country's economic future, providing 
capital for modernization and reducing reliance on oil-based economies. However, the declining 
grade of iron ore and increasing mineralogical complexity have led to higher processing and 
beneficiation costs. This has amplified the need to maximize the value-added to products. In the 
Sanabad Comprehensive Development Concentrate Plant, which plays a key role in supplying raw 
materials for upstream steel industries, efforts were made to enhance concentrate grade and quality 
due to declining product grades and Net Present Value (NPV). This study focuses on maximizing the 
value-added of the plant's production. Given the current processing flowsheet, the mined ore 
undergoes multiple crushing and classification stages before entering the magnetic separation stages, 
where 2700 Gauss drum separators enhance the concentrate grade through four steps. Challenges in 
achieving target concentrate grades led to the formation of a specialized working group to address 
process inefficiencies. After extensive lab testing and discussions, it was determined that adjusting the 
plant's flowsheet and layout was the only viable solution. Three proposed circuits are being pilot-
tested at the Iran Mineral Processing Research Center to determine the most effective configuration for 
improving plant efficiency. 

 

 

Keywords:  Iron Ore Processing, Beneficiation Costs,  Concentrate Grade,  Magnetic Separation,  
Efficiency Improvement 

 

1. Introduction 

The industrial and mining sectors are among the most significant and impactful industries in a 
country, playing a vital role in shaping its economic path and destiny. These industries provide the 
necessary capital for modernization and development, significantly contributing to increased 
production and a stable economy independent of oil. The gradual decline in the grade of iron ore 
resources and the increasing complexity of their mineralogy have led to rising costs in crushing and 
beneficiation processes at processing plants. Moreover, with higher sales, labor, and raw material 
costs—resulting in increased final product prices—maximizing the value-added of the produced 
product has become imperative. 

In recent years, extensive research has been conducted in most processing plants and steel industries 
to optimize processes, enhance the grade and quality of final products, and consequently increase 
value-added. In the Senabad Comprehensive Development Concentrate Plant, which plays a crucial 
role in supplying raw materials for pelletizing plants, smelting, and upstream steel industries, efforts 
were made to improve the grade and quality of products due to declining grades and Net Present 
Value (NPV). This study aimed to maximize the value-added of the concentrate produced by the 
Senabad Comprehensive Development Company. 
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In this plant, based on the design and layout of the concentrate production line, extracted ore 
undergoes several stages of crushing (gyratory, cone, and high-pressure roller mill) and classification 
by dry and wet screens and hydrocyclones before entering the beneficiation stages. In iron ore 
processing and beneficiation sites, magnetic separators are among the most critical and essential 
equipment. These drums play a vital role in recovering and upgrading the produced concentrate. In 
this plant, particles are processed through 2700 Gauss magnetic drums over four beneficiation stages. 
The waste materials are separated from the concentrate, which then enters the sulfur removal circuit 
and, finally, ceramic disc filters for dewatering. 

For years, the managers and staff of this large complex have aimed to enhance the grade, recovery, 
and efficiency of the produced product. This research focuses on examining, feasibility analysis, 
concluding, and ultimately deciding on three proposed circuits and providing appropriate solutions 
to improve circuit efficiency after pilot testing at the Iran Mineral Processing Research Center. 

Specialized workgroups comprising R&D, production, process, quality control, and laboratory units 
were formed to address the issue of declining concentrate grades and offer solutions to resolve it. 
After extensive discussions during meetings, changes to all process parameters, and numerous 
laboratory-scale tests yielding unsatisfactory results, it was decided and approved that the only 
operational solution to improve the final concentrate grade of the Senabad Comprehensive 
Development Company would be changes to the plant's flowsheet and layout. Three different circuits 
were proposed by the workgroup for pilot testing, with the initial feasibility studies to be conducted 
by the research, technology, and optimization units. Subsequently, semi-industrial tests were carried 
out at the Iran Mineral Processing Research Center in Karaj.  

Fig. 1. Beneficiation Circuit of Simidco's Concentrate Plant. 

 

2. Material and methods 

2.1. Material 

The ore with approved composition and specifications was collected behind the crushing platform. 
After being crushed by gyratory and cone crushers and reaching the desired size, it was transferred to 
the Senabad Comprehensive Development site and stockpiled near hopper 114 in the Blending area. 
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This 1000-ton stockpile was sent to the concentrate production line on 19/05/1403 with coordination 
from the specialized working group members. 

Simultaneously with feeding this material, arrangements were made with the laboratory and quality 
control units to ensure regular sampling from all streams of the concentrate production line. The 
grade and particle size distribution results of all samples taken on that day were reported by the 
laboratory unit and are accessible in the laboratory's daily performance report table. 

During the injection of ore into the concentrate production line, samples of 2 tons were taken from the 
designated stockpile every 20 minutes and collected separately. After 12 hours of continuous sampling 
of the feed and its simultaneous injection into the concentrate production line, a total of 80 tons of ore 
samples were collected and stockpiled. The stockpile had a coarse particle size distribution of D80=35, 
which needed to be reduced to a finer size (0-6 mm) for semi-industrial testing. Consequently, after 
necessary coordination with the transport and raw material supply units, the required ore was sent to 
the crushing site (Berkarar site) at Simidco Company and reduced to the particle size range of 0-6 mm. 

Again, while crushing the 80 tons of ore, the required sampling for a 25-ton sample was conducted, 
ensuring the sample was completely homogeneous, comprehensive, and representative. This crushed 
sample was then loaded and sent to the Iran Mineral Processing Research Center for further 
processing and testing. 

2.2. methods 

In semi-industrial tests conducted at the Iran Mineral Processing Research Center, initial steps 
included assessing the layout, equipment installation, and proper configuration of the circuit based on 
the proposed flowsheets from the Senabad Comprehensive Development Company. Upon starting the 
circuit, it was observed that the particle size of the output from the primary ball mill was finer than 
desired. Subsequent adjustments to feed rate, solids percentage, and mill rotation speed did not yield 
satisfactory results. It was ultimately decided to replace the ball size, discharging the previous balls 
and charging 40 and 60-micron balls instead. After retesting, the particle size distribution results were 
acceptable. 

Despite changes made and the placement of a 4-inch cyclone at the start of the circuit, the cyclone 
underflow exceeded the desired amount. Therefore, a curved screen was used at the mill's output 
instead of a hydrocyclone. With these changes, the Loop 1 output particle size of 150 microns was 
achieved. During the test, the critical parameters were continuously monitored and adjusted to 
optimal levels. 

Once process stability was confirmed in each test, sampling from the entire circuit began after 30 
minutes. Samples were taken manually from specific points in the circuit, including feed entering the 
circuit, feed and product of the ball mills, and feed, concentrate, and tailings of the magnetic drums. 
Sampling continued for 5 hours, with intervals of 15 minutes, in accordance with standard sampling 
procedures. Images of the sampling points from various streams were captured. 

The collected samples were sent to the research center's laboratory to determine grade and particle 
size distribution. Additionally, a portion of the samples was sent to Simidco's laboratory for 
validation, and results were compared between the two laboratories. 

During the sampling process, operational parameters such as circuit feed tonnage, recirculating load 
tonnage, ball mill rotation speed, drum speed, and the control of cyclone overflow and underflow 
sizes were monitored. To study the effect of particle size distribution on improving concentrate grade, 
all three proposed circuits by Simidco were tested at 45 and 60-micron size distributions. Operational 
parameters were reviewed during the process. 

Control and monitoring of material density and solids percentage were key factors affecting recovery 
and grade. To evaluate this, the solids percentage in magnetic drums, ball mills, and hydrocyclones 
was set to an optimal value of 30%. 
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Fig. 2. Circuit No. 1 involves moving the cobber to a position after Hydrocyclone 1 

 

 

Fig. 3. Circuit 2 involves adding a separator after Hydrocyclone 1. 
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Figure.  4. Circuit 3 includes replacing the final separators with 1200 Gauss magnetic separators. 

3. Discussion and Results 

The initial sample, with a particle size distribution of D80 = 4436 microns, was considered as the feed 
for the proposed pilot circuits. The feed capacity was set to 370 kg/h for Circuit 1 and 336 kg/h for 
Circuits 2 and 3, with an average iron grade of 43.8%. 

3.1. Comparison of the Grade Impact of Circuits on Process Efficiency 

According to results reported by the laboratory at the Iran Mineral Processing Research Center, a 
comparison of the grades of the three proposed circuits at a particle size distribution of 45 microns 
shows an increase in the grade of Circuit 2 in the copper, rougher, cleaner, and re-cleaner 
concentrates. Similarly, at a coarser particle size distribution (60 microns), Circuit 2 demonstrates 
superior grades across all mentioned magnetic separators compared to the other two circuits. This 
improvement is attributed to the fact that Circuit 2 includes an additional magnetic separator 
compared to the other circuits, enabling five stages of beneficiation for the particles, whereas the other 
circuits only achieve four stages. Another contributing factor is the removal of coarse-grained tailings 
at the beginning of the circuit, allowing higher-grade particles to enter Loop 2. In Circuit 2, grade 
improvement occurs in the initial stages, leading to an overall higher grade by the end of the circuit. 
Undoubtedly, increasing the grade of the feed at the start of the circuit directly results in a higher 
grade at the end of the stream. 

Table 1. Comparison of Proposed Circuits' Grade with Factory Product 

Circuit Concentrate Plant Grade (%) Pilot Test Grade (%) Grade Improvement (%) 

Circuit 1 62.66 66.90 +0.28 

Circuit 2 62.66 68.00 +1.40 

Circuit 3 62.66 67.67 +1.05 

What stands out in this test is the grade improvement of Circuit 3 at coarser particle sizes. The reason 
for this enhancement is that, in magnetic separators operating at lower intensities (1200 Gauss), 
optimal coarser particles tend to achieve higher grades. These separators are more effective in 
separating waste particles from the concentrate. The slight grade difference between Circuit 2 and 
Circuit 3 can be attributed to the higher-grade feed in Circuit 2.  
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Figure.  5. Comparison of the Grade Impact of Circuits on Process Efficiency 

3.2. Comparison of Tailings Impact on Circuit Efficiency 

A comparison of the proposed circuits’ tailings shows that Circuit 3 consistently produces the lowest 
iron grade in tailings, especially in final tailings, for both particle size distributions of 60 and 45 
microns. This reduction in tailings grade reflects an improvement in recovery and production tonnage 
for this circuit. The primary reason for this improvement is the inclusion of a 1200 Gauss magnetic 
drum in the re-cleaner section, which maximizes particle capture. The grade analysis results indicate 
that Circuit 2, at the 45-micron particle size, has the highest iron grade in tailings, which increases 
progressively towards the end of the circuit. This suggests lower recovery and efficiency in Circuit 2. 
Since cleaner tailings are discharged into the thickener and ultimately exit the concentrate plant, this 
translates to iron loss. Furthermore, the data highlights that the iron grade in tailings across all circuits 
is higher at finer particle sizes (45 microns). This increase is attributed to the effect of finer particles, 
which elevates tailings grade due to the greater generation of slimes. 

 

Figure.  6. Comparison of Tailings Impact on Circuit Efficiency 
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3.3. Study on the Effect of Iron Recovery in Circuits 

Examining the effect of iron recovery is one of the critical factors impacting system efficiency. This 
section of the research focuses on analyzing the influence of iron recovery. 

Iron recovery can be calculated using the following formula: 

R=100⋅Cc/Ff 

Where: 

R: Iron recovery 

C: Weight of extracted concentrate (kg) 

c: Grade of extracted concentrate (%) 

F: Weight of input feed (kg) 

f: Grade of input feed (%) 

The experimental results and charts indicate that Circuit 3 achieves the highest iron recovery. The 
primary reason for this success is the increased production tonnage enabled by the 1200 Gauss 
magnetic separator in this circuit. Improved iron recovery translates into enhanced product value, 
making this factor highly significant in the overall process. Two critical factors—grade and tonnage—
play a decisive role in iron recovery. Both the feed grade and tonnage, along with the concentrate 
grade and tonnage, have significant impacts. 

 

Figure.  7. Study on the Effect of Iron Recovery in Circuits 

Analysis of the charts indicates that Circuit 3 consistently achieves the highest iron recovery across 
both tested particle size distributions. This higher recovery correlates with enhanced value-added in 
Circuit 3. At a finer particle size of 45 microns, Circuit 1 ranks second in iron recovery. However, at 
coarser sizes (60 microns), Circuits 2 and 1 switch places in terms of recovery efficiency. 

According to findings from the Iran Mineral Processing Research Center, iron recovery is higher at 
coarser particle sizes. While coarser size distributions may show a decrease in grade, increased 
tonnage compensates by boosting iron recovery. Conversely, reducing particle size diminishes this 
effect. 
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3.4. Comparison of Mass Recovery 

Mass recovery is another significant factor influencing the efficiency of processing plant circuits. The 
annual production tonnage of an industrial facility is often a key concern for its management. Mass 
recovery can be calculated using the formula: 

R=100⋅C/F 

Where: 

 R: Mass recovery 

 C: Tonnage of produced concentrate 

 F: Tonnage of input feed 

In this analysis: 

 Circuit 1 achieved the highest mass recovery at finer particle sizes, with a value of 60.65. This 
indicates that Circuit 1 can potentially yield the highest annual production at a particle size of 
45 microns. 

 As particle size increases, Circuit 3 exhibits greater mass recovery. This highlights that the 
1200 Gauss magnetic separator in Circuit 3 effectively enhances mass recovery under these 
conditions. 

 

Figure.  8. Study on the Effect of Mass Recovery in Circuits 
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o Additionally, finer particles are produced in Loop 2, leading to higher slimes and 
"tailing following," ultimately reducing the grade of the produced concentrate. 

2. Circuit 2: 

o In Circuit 2, adding a 2700 Gauss magnetic separator at the beginning of Loop 2 can 
remove 64 tons per hour of coarse-grained tailings and send them directly to the 
thickener. This makes Loop 2 operate at lower, lighter tonnage. 

o If higher production capacity is needed, input tonnage to the line can be increased. 
However, the main issue is that this increased tonnage overloads Loop 1, which 
requires operational solutions from production and process teams to address. 

3. Circuit 3: 

o Circuit 3 does not introduce additional crushing, and its crushing costs are similar to 
the current conditions of Simidco's concentrate plant. However, removing fine tailings 
may slightly increase particle size distribution. 

3.6. Comparison of Circuit Production Levels 

Based on mass balance analysis across all circuit flows, assuming equal feed tonnage (612 tons per 
hour) and identical working days (320 days annually) for all circuits: 

Table 2. Comparison of Circuit Production Levels 

Circuit Daily Production (tons) Annual Production (tons) 

Circuit 1 7700 2,464,000 

Circuit 2 7580 2,425,600 

Circuit 3 7739 2,476,480 

Key Insights: 

 Circuit 3 achieves the highest production, making it the most efficient in terms of annual 
tonnage. 

 Circuits 1 and 2 follow, with Circuit 1 slightly outperforming Circuit 2 in daily and annual 
production. 

3.7. profit and loss based on tonnage and grade 

Table 3. Comparison of Costs and Profits in Proposed Circuits 

Title Baseline Circuit 1 Circuit 2 Circuit 3 

Daily Production (tons) 7,800 7,700 7,580 7,329 

Added Value Increase Compared 
to Baseline (Rials) 

35,000,000 49,000,000 70,415,000 1,890,000 

Active Production Grade (%) 66.62 66.9 68 67.7 

Grade Difference from Production N/A -0.28 +1.38 +1.08 
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Line (%) 

Annual Operating Days 320 320 320 320 

Annual Production (tons) 2,496,000 2,464,000 2,425,600 2,345,280 

Annual Added Value (Rials) 87,500,000,000 87,447,000,000 90,132,800,000 91,407,347,000 

Added Value Difference (Rials) N/A -53,000,000 +2,632,800,000 +3,907,347,000 

Daily Production Difference (tons) N/A -10 -220 -61 

Observations: 

Circuit 3 has the highest annual added value, although it has the lowest daily production. 

Circuit 2 offers the most significant grade increase (+1.38%) compared to the production line. 

Circuit 1 strikes a balance but shows the least improvement in metrics. 

Comparison of Grade and Mass Recovery in the Proposed Circuits 

Circuit 
Traditional 

Theory 
Daily Production 

Theory 
Transitional 

Recovery 
Weight 

Recovery 
Chemical 
Recovery 

plant 328 7800 85.15 58.39 60.13 

Circuit 
1 

321 7700 80.94 52.51 49.35 

Circuit 
2 

316 7580 81.00 51.70 49.30 

Circuit 
3 

322 7729 82.33 52.78 50.07 

Plan 1: Due to a reduction in grade and an increase in production, it will experience a 21.7% decline in 
daily production value. 

Plan 2: Will result in a 7.5% increase in the price of the produced concentrate. 

Plan 3: Will see an 8.3% increase in the price of the produced concentrate. 

Acknowledgments 

This study aimed to better understand the beneficiation process of the concentrate production plant 
and provide operational recommendations to improve its efficiency. The key findings are as follows: 

Proposal for Temporary Implementation: It is suggested to temporarily replace one of the final 
magnetic drums with a 1200 Gauss separator instead of the 2700 Gauss separator. The results of this 
magnetic separator should be analyzed and monitored continuously over a one-month period. If the 
desired and expected outcomes are achieved, other magnetic separators can be replaced at the 
appropriate time, and Circuit 3 can be implemented. 

Alternative Plan: If the 1200 Gauss drum is installed and its results do not meet the approval and 
satisfaction of the specialized working group within the designated timeframe, Circuit 2 should be 
designed and implemented. 
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