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Investigation of effective factors in the biooxidation of iron by Acidithiobacillus
ferrooxidans

Abstract

As industrial activities grow, concerns about the gradual depletion of easily processable metal reserves and
the exploitation of these resources have increased. Consequently, the development of environmentally
friendly technologies capable of extracting metals from complex and refractory sources has gained
significant importance. Biohydrometallurgy is recognized as a green and sustainable technology that relies
on iron-oxidizing microorganisms to facilitate metal dissolution. These microorganisms contribute to the
leaching process through the production of ferric iron, which act as an effective and low-cost oxidizing
agent. In this study, the individual and interactive effects of the operational parameters, pulp density, time,
and bacterial inoculum, on ferric iron production in the copper bioleaching from the Kal-e-Kafi ore using
uranium-resistant Acidithiobacillus ferrooxidans strain THA3 were investigated. The experiments were
designed using a central composite design within the framework of response surface methodology. The
results indicated that increasing the time from 2 to 21 days led to a decrease in ferric concentration from
1695.86mg/L to 135.36mg/L. Similarly, an increase in pulp density from 5% to 15% resulted in a reduction
of ferric production from 1590.86mg/L to 838.34mg/L. On the other hand, when the bacterial inoculum
was increased from 5% to 14.7%, there were increases in ferric production from 520.89mg/L to 1269mg/L.
The proposed statistical model demonstrated satisfactory predictive performance, with a P-value=0.0022
and R?=0.93. The key innovation of this research is the combination of efficient bacterial strains with a
central composite design to model and simultaneously analyze the influences of the most important
operational factors for ferric iron production. The statistically efficient method of this work has been
effective in reducing trial and error to a considerable extent for optimizing operational factors to move
forward with innovations in the aspect of native bacterial strains for bioleaching on a larger scale.
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Introduction

Iron is one of the most abundant elements in the earth’crust and plays a vital role in many biological
activities. Although various oxidation states have been proposed for iron, the ferrous and ferric states are
the most common. The iron cycle is one of the most important biogeochemical cycles, and microorganisms
play a key role in the transition between various oxidation states of iron. Iron-oxidizing microorganisms
are not only key players in the biogeochemical cycles of iron but also play important roles in the cycles of
other metals and in bioindustrial mining-related activities (1). The biologically catalyzed oxidation of Fe?*
to Fe** is of particular significance in hydrometallurgical processes, as under low pH conditions (below 2),
this reaction proceeds through the activity of iron-oxidizing bacteria at rates several orders of magnitude
higher than abiotic oxidation under ambient temperature and pressure (2). Sulfide ores are the most
abundant source of copper, with chalcopyrite accounting for about 70% of global copper reserves. Due to
the high emissions of polluting gases, especially sulfur dioxide, as well as the high investment costs, efforts
have been intensified to develop alternative hydrometallurgical processes to conventional methods.
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Chalcopyrite bioleaching is a new technology for the economic extraction of copper from low-grade and
complex ores, with low investment and operating costs and environmental benefits. Bioleaching relies on
the activity of iron- and sulfur-oxidizing microorganisms to regenerate reactive agents such as ferric iron
and acid during the leaching process (3, 4). The ability of acidophiles to grow at low pH and tolerate high
acid concentrations is of industrial significance. One reason is their involvement in the iron cycle, which
relies on the interconversion of iron ions between their two oxidation states (Fe2* and Fe3*). The iron cycle
primarily occurs in acidic environments, where ferrous iron acts as an electron donor under aerobic
conditions, allowing acidophilic bacteria to derive energy. Ferric iron is relatively insoluble at neutral pH,
whereas its solubility increases in acidic solutions, facilitating continuous cycling and metal solubilisation
(5). Acidithiobacillus ferrooxidans, an acidophilic and chemolithotrophic bacterium, is one of the most
important microorganisms used in biohydrometallurgy, capable of oxidizing ferrous iron. This bacterium
plays a pivotal role in bioleaching of refractory metal sulfides like chalcopyrite by producing ferric ions as
a strong oxidant and regenerating it, turning the process into a green and economical method for extracting
copper, gold, and other metals from low-grade ores (6, 7). Results by researchers indicate that resistance to
uranium in leaching microorganisms is often very low, and uranium-containing leach solutions slow down
or inhibit iron biooxidation in these microorganisms. Therefore, selecting the appropriate type of microbes
in microbial leaching operations is of utmost importance (8). The Kal-e-Kafi copper mine is located in the
Anarak mining area in Isfahan province. Three types of mineralizations are identifiable in this mine: 1-
Copper mineralization, 2- Copper-nickel-cobalt-uranium mineralization, 3- Copper-nickel-cobalt-arsenic
mineralization (9). Accordingly, the aim of the present study is to optimize ferric iron production as a key
oxidizing agent in the bioleaching of copper from the Kal-e-Kafi mine ore using uranium-resistant
Acidithiobacillus ferrooxidans strain THA3. The present study, emphasizing the importance of iron ion in
the bioleaching, was conducted by optimizing the effective parameters (leaching duration, initial bacterial
inoculum and pulp density).

Materials and methods

A mesophilic chemolithotroph, uranium-resistant bacterium, Acidithiobacillus ferrooxidans strain THA3,
was used in this study that belongs to biological resource of Nuclear Science and Technology Research
Institute of Iran (in press). The liquid APH medium was used for the growth of the target bacterium and for
the bioleaching environment (10). The ore sample, with a grade of Cu= 4786 ppm, was obtained from the
Kal-e-Kafi mine and was prepared for use by crushing to a particle size of d80= 100 um (9, 11).

Three parameters, pulp density, duration of the bioleaching process, and bacterial inoculation were
evaluated for their individual and interactive effects on ferric iron production by Acidithiobacillus
ferrooxidans strain THA3 using Response Surface Methodology (RSM) based a Central Composite Design
(CCD). In the CCD, the variables were set at five levels: -a, -1, 0, +1, and +a. Using this design, 17
experiments were planned. All experiments were conducted in 150 mL of APH medium at 30°C in a
shaking incubator at 150 rpm under aerobic conditions. Ferric and total iron concentrations were determined
by sampling from the flasks at the end of each experiment (12, 13).

To determine ferric iron (Fe3* ) in the culture medium, 100 pL of the samples was added to 3 mL of 10%
sulfosalicylic acid. Sulfosalicylic acid forms a purple complex with ferric ions present in the medium. The
absorbance of the solution was then measured at 500 nm using a spectrophotometer, based on a standard
calibration curve. For the measurement of total iron in the culture medium, 3 mL of 10% sulfosalicylic acid
and 3 mL of 25% ammonia were added to 100 pL of the samples. Sulfosalicylic acid initially reacts with
ferric ions to form a purple complex. Upon increasing the pH by adding ammonia, sulfosalicylic acid reacts
with all iron ions present in the medium, forming a yellow complex. The absorbance of the solution was
measured at 425 nm using a spectrophotometer according to the standard calibration curve (14).

Discussion of Results & Conclusions



The results showed that the ferric iron produced by the bacterium decreased from 1695.86 mg/L to 135.36
mg/l as the bioleaching duration increased from 2 to 21 days. The prolonged bioleaching time also
decreased ferric iron concentration because of microbial growth dynamics and inhibitory effects (17). The
decrease in concentration of ferric iron during prolonged bioleaching time is not solely related to microbial
growth dynamics but also to the consumption of ferric iron as an oxidant in leaching reactions and its
removal from solution through precipitation as secondary minerals such as jarosite (3). With an increase in
the initial bacterial inoculum from %5 to %14.7, the ferric iron concentration increased from 520.89 mg/L
to 1269 mg/L, and then decreased to 1122.33 mg/L with further increases in inoculum size. Ferric iron
production increased with initial inoculation up to an optimal level and declined after that time, likely due
to competition for limited nutrients and oxygen (11,16). Furthermore, the results indicated that increasing
the pulp density from %5 to %15 led to a decrease in ferric iron production from 1590.86 mg/L to 838.34
mg/L. Increasing pulp density reduced ferric iron generation due to mass transfer limitations and microbial
inhibition, consistent with previous bioleaching experiments (11,14,15). The use of central composite
design enabled efficient identification of key and interaction effects, highlighting the importance of
balanced process optimization. The p- and F-values of the proposed model were 0.0022 and 11.08,
respectively, confirming the model’s validity. Moreover, the R? value was 0.93, indicating that the proposed
model can reliably predict the experimental data. Finally, the results show that ferric iron production by
Acidithiobacillus ferrooxidans strain THA3 is strongly influenced by operational conditions. The
application of Central Composite Design within the Response Surface Methodology framework enabled
the simultaneous identification and quantification of main and interactive effects of operational variables
while substantially reducing the number of experiments and associated costs. These findings underscore
that effective ferric iron production requires achieving an optimal balance between operational and
biological conditions of the system. Overall, the results of this study not only provide valuable scientific
insights into the behavior of the native uranium-resistant bacterium, Acidithiobacillus ferrooxidans strain
THAZ but also serve as a robust foundation for designing and optimizing large-scale bioleaching processes,
thereby enhancing the efficiency of industrial applications reliant on biological iron oxidation by indigenous
strains.
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Tablel- Variables and the corresponding coded levels in the central composite design

Parameters -a -1 0 +1 +a

Pulp density (%) 7.03 10 12.97 15
Bacterial inoculum (%) 8.04 125 16.96 20
time 5.85 115 17.15 21

b dg) Uha)y 50 655 10 Sy (b ALl sl paie polia -Y Sy
Table2- Experimental levels of central composite design variables in RSM

RUN A B ..
Time (Day) Inoculation (%) | Pulp Density (%)
1 17.15 8.04 12.97
2 5.85 8.04 12.97
3 17.15 16.96 12.97
4 5.85 16.96 12.97
5 11.50 12.50 15.00
6 5.85 8.04 7.03
7 11.50 12.50 5.00
8 11.50 12.50 10.00
9 17.15 16.96 7.03
10 17.15 8.04 7.03
11 11.50 12.50 10.00
12 21.00 12.50 10.00
13 11.50 5.00 10.00
14 11.50 20.00 10.00
15 2.00 12.50 10.00
16 5.85 16.96 7.03
17 11.50 12.50 10.00
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Figure 1- Pictures of volumetric flasks (50ml) in iron determination test based on optical absorbance changes (A) Ferric iron
determination (B) Total iron determination
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Table3- Experimental variables and responses in the central composite design of RSM

o) cdals
& B PEIp =
RUN Time Inoculation ) SO 8

(Day) (%) Density

(%) (ppm)
1 17.15 8.04 12.97 202
2 5.85 8.04 12.97 679
3 17.15 16.96 12.97 650
4 5.85 16.96 12.97 11415
5 11.50 12.50 15.00 924.5
6 5.85 8.04 7.03 1285.5
7 11.50 12.50 5.00 1676
8 11.50 12.50 10.00 12135
9 17.15 16.96 7.03 982.5
10 17.15 8.04 7.03 679
11 11.50 12.50 10.00 982.5
12 21.00 12.50 10.00 245.5
13 11.50 5.00 10.00 635.5
14 11.50 20.00 10.00 1228
15 2.00 12.50 10.00 1806
16 5.85 16.96 7.03 1517
17 11.50 12.50 10.00 1459
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' Analysis of variance (ANOVA)
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Fe3* =-1691.22699+256.18806 * Time +688.56736 * Inoculation-134.27012 * Pulp Density-44.27908 *
Time * Inoculation+1.28396 * Time * Pulp Density+3.54025 * Inoculation * Pulp Density-3.31297*
Time?-27.48621* Inoculation?+1.78258 * Time * Inoculation?

@olein Jaw uilyly Jodos - Jga
Table4- ANOVA of the proposed model

References Sum of squares | df | Mean square | F value | p-value

Model 3225634 9 | 358403.8 11.08 | 0.0022
A-Time 1217580 1| 1217580 37.66 | 0.0005
B-Inoculation 436643.7 1| 4366437 | 1350 | 0.0079

C-Pulp Density 683559.3 1 683559.3 21.14 | 0.0025

AB 413.2813 1 413.2813 0.01 0.9132
AC 3719.531 1 3719.531 0.12 0.7444
BC 17625.03 1 17625.03 0.55 0.4843
AN2 138022.9 1 138022.9 4.27 0.0777
B2 238449.8 1 238449.8 7.37 0.0300
AB"2 132882.5 1 132882.5 4.11 0.0822

0dgs S8 yal lrae (635 po alais jo a5 aslb o FAD MY/ L ply ciS Lama S cyal oy aisls ylas ol

ol ade (7 IS0) b oo (a8 \YO/YE Mg/l 4 VPR AP MO/l jladie 5159, YV B Y 51 Gloy el b (6 5Sh Lags ons
b Candls iy (2905,8 Job 50 e Pl sl (ol eoisS oS lgieds « 5,8 ol dlugn Bras 4 (g5 oo 1) LalS
O3 YR Mg/l 4 OY /A M/l 5l sadss S8 al e STV B LD 5 lase 1o 6,5 adsl mdls e il
Yo b o JdE MYYY MO/l & onis 0dgs 5,8 ol e o6 ,5Sh adgl il e yiion (al38l b s 5 b 0
sl ol Jols U536 il ol s (it S35 93516 Sl e S a1 ol on |y ol el sl (i
Sl L aS ol (Lad gl eizmes Wisd oo (S (255958 o> 50 Seb O8] (S Sl s QLT el Az
iy b go (alS AYAIYY 4 VO /AF 5l ouds adgy 5,8 ool e IO B0 5l eolatwls g aiiwils b ol
Casgazme Jold (lee (512,655 (nl oS Jloel (fmn s (29098 il 8ig) ) (6)leen 551 iz Sl (S YL la L
e daw GESes 5l (236 A bagal som aw laayg; O B Y ISE] o (V IS0) W0 e 86 S 3 el
lodls sols uLm.s cAloand oou.'l.m‘.))y wlo u.]l.t U‘)’"" 9 6;.5[.' 4...191 C"Jd" u‘).uo LSMJ) ‘5»9....45)3 ~.\.~s|)3 ‘bl?u‘ 6Lﬁ)5) Sloss
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Figure 2- Diagrams of time (A), initial bacterial inoculum (B) and pulp density (C) effect on the iron
biooxidation by Acidithiobacillus ferrooxidans strain THA3

a5 b ool plo oo oo lid 1) ool oo i sools 5l oy slaosls Gl el £ S Jloged ¢ Jow colaS Gy o
o adgs S8 el e 2954 w0l Sl Aol a5 €8S ol g o 0ddippn i bas A om0 sosls SGoy 4
A5 o o |, THAS ty5ms il 53,58 bl (sl 5 55T Lo
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Figure 3- Three-dimensional surface of interaction of bioleaching duration and initial bacterial inoculum on the
amount of ferric iron produced by Acidithiobacillus ferrooxidans strain THA3.
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Figure 4- Three-dimensional surface of interaction of bioleaching duration and pulp density on the amount of
ferric iron produced by Acidithiobacillus ferrooxidans strain THA3.
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Figure 5- Three-dimensional surface of interaction of pulp density and initial bacterial inoculum on the amount of
ferric iron produced by Acidithiobacillus ferrooxidans strain THA3.
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Figure 6-Comparing experimental values and predicted values to assess the adequacy of the model
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