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Abstract 15 

The adsorption of jarosite and the resulting passivation of mineral surfaces can 16 

negatively influence metal extraction from sulfidic ores as well as the fate of other 17 

elements in biohydrometallurgical processes. Some bioleaching microorganisms 18 

mediate dissimilatory iron reduction coupled to sulfur oxidation (DIRSO), a process 19 

utilized predominantly in continuously enhanced leaching of metals from sulfide and/or 20 

oxidized ores. In this study, the reductive dissolution of jarosite (biosynthesized by the 21 

iron-oxidizing archaeon Acidianus manzaensis) catalyzed by the mesophilic acidophilic 22 

bacterium Acidithiobacillus (At.) thiooxidans oxidizing different inorganic sulfur 23 

compounds was investigated. Kinetic measurements of pH, ORP, iron concentrations, 24 

and planktonic cell counts were performed to describe the reductive dissolution of 25 

jarosite. Moreover, the solid leaching residues were analyzed using X-ray absorption 26 

near edge structure (XANES), Inductively coupled plasma - optical emission 27 

spectrometry (ICP-OES), scanning electron microscopy (SEM), X-ray diffraction 28 

(XRD), and Raman spectroscopy. The dissolution rates of jarosite after 34 days of 29 

bioleaching by At. thiooxidans with S0, Na2S2O3, and Na2SO3 were 41.7, 76.3, and 30 

98.4%, respectively, while negligible jarosite dissolution was detected in abiotic 31 

controls. The presence of Na2S2O3 and Na2SO3 resulted in structural modifications on 32 

the jarosite surfaces, but the dissolution of jarosite was not promoted in the absence of 33 

At. thiooxidans. In the biotic assays with Na2SO3, jarosite was completely dissolved, 34 

indicating that Na2SO3 was the most suitable electron donor (out of those tested) for 35 

DIRSO by At. thiooxidans. The findings obtained in this study can contribute to 36 

designing suitable bioleaching strategies for oxidized ores. They also highlight the 37 

potential of microbially catalyzed DIRSO to mitigate jarosite formation that often 38 

hinders bioleaching of sulfidic ores. 39 

Key words: Acidithiobacillus thiooxidans; jarosite; iron reduction; sulfur oxidation; 40 

bioleaching  41 
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1. Introduction 42 

Bioleaching is used on an industrial scale for extraction of valuable metals from 43 

low-grade sulfide ores and gold concentrates, and similar microbial processes also play 44 

an important role in in situ remediation of sites contaminated with harmful heavy metals 45 

and radioactive elements. Bioleaching is considered the most environmentally friendly 46 

metallurgical technology in the 21st century that is economically feasible (Jia et al. 2020; 47 

Liao et al. 2020; Schippers et al. 2013). The sulfide ore dissolution mechanism includes 48 

thiosulfate and polysulfide pathways (Schippers and Sand 1999). Fe(II) and sulfur 49 

exposed on mineral surface or released into solution serve as electron donors for 50 

bioleaching bacteria and archaea, while Fe3+ and acidity (in the form of H+) respectively 51 

are produced in the oxidation processes catalyzed by these mineral-oxidizing 52 

prokaryotes. 53 

Bioleaching as well as the generation of acid mine drainage (AMD) are driven primarily 54 

by aerobic (bio)oxidation of iron and sulfur compounds. Both processes are also greatly 55 

influenced by microbial dissimilatory iron reduction coupled to sulfur oxidation 56 

(DIRSO), which has been described for anaerobic as well as aerobic conditions at very 57 

low pH ≤ 2 (Marrero et al. 2015; Osorio et al. 2013). However, DIRSO has not yet been 58 

fully elucidated; particularly iron and sulfur speciation transformations during DIRSO, 59 

microbial community structure and function, and the molecular mechanisms of iron and 60 

sulfur redox transformations remain to be described and require further research.  61 

Bioleaching and the generation and release of AMD is usually accompanied by the 62 

formation of large amounts of secondary iron hydroxysulfate minerals including 63 

schwertmannite Fe8O8(OH)
8-2x

(SO4)
x
 , goethite α-FeOOH, and jarosites 64 

MFe3(SO4)
2
(OH)

6
 (M=K+, Na+, NH4

+, H3O
+)  . Formation, transformation and 65 

dissolution of these secondary minerals are closely related to iron and sulfur oxidation 66 

and iron reduction catalyzed by acidophiles, greatly affecting the adsorption and 67 

dissolution of metal ions (Acero et al. 2006; Klein et al. 2013; Wang et al. 2006).   68 

In nature, acidophilic iron-reducing microorganisms are phylogenetically and 69 

taxonomically diverse (Porsch et al. 2009). They can be heterotrophic, facultatively 70 
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autotrophic, and obligately autotrophic bacteria or archaea that live via 71 

chemoheterotrophy (organic matter as electron donor) or chemoautotrophy (H2 or 72 

reduced inorganic sulfur compounds as electron donors) by reducing various Fe3+ 73 

minerals (e.g., akageneite β-FeOOH, amorphous ferrihydrite Fe(OH)
3
 , goethite α-74 

FeOOH, magnetite Fe3O4, jarosites, and schwertmannite) (Bridge and Johnson 2000; 75 

Giaveno et al. 2013; Hedrich and Johnson 2013; Johnson 1998; Vargas et al. 1998; 76 

Yoshida et al. 2006). There is evidence that the kinetics of dissimilatory reduction of 77 

Fe3+ compounds is related to their structure as well as the speciation and concentration 78 

of the electron donor(s) (Coupland and Johnson 2008). Moreover, the type of the 79 

microorganism(s) (including the microbial community structure) and environmental 80 

factors (such as oxygen concentration, pH value, redox potential, and others) affect Fe3+ 81 

reduction rates (Baker and Banfield 2003; Bridge and Johnson 1998; Marrero et al. 82 

2017; Ohmura et al. 2002; Sand 1989). 83 

It has been previously shown that the oxidation of sulfide minerals catalyzed by 84 

aerobic prokaryotes involves complex iron and sulfur speciation and phase 85 

transformations, in which the iron and sulfur secondary minerals (including jarosites) 86 

and sulfur intermediates can strongly affect the bioleaching processes (Johnson et al. 87 

2017; Liu et al. 2016; Schippers et al. 1996; Schippers and Sand 1999; Xia et al. 2010; 88 

Yang et al. 2016). The secondary minerals and elemental sulfur (S0) may accumulate 89 

and precipitate on the mineral surfaces, thus forming a passivation layer hindering the 90 

bioleaching process (Injae et al. 2018; Klauber et al. 2001; Smith et al. 2006; Vera et al. 91 

2013; Xia et al. 2010; Zhu et al. 2011). Some intermediates (such as S0, which can occur 92 

in a crystalline phase), together with changes in system conditions (such as temperature, 93 

sodium chloride concentration, and others), can result in transformation and activity 94 

changes in the bioleaching systems  (Liang et al. 2012; Ma et al. 2017; Yin et al. 2020; 95 

Zhu et al. 2011). Continuous changes in chemical structure and speciation of mineral 96 

surfaces during leaching may affect the interactions between microorganisms and 97 

mineral surfaces (Yang et al. 2021), which can further inhibit the bioleaching process 98 

(Xia et al. 2020; Xiong et al. 2015). An effective removal of jarosites and accumulated 99 
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S0 (generated in oxidative bioleaching processes) is a way to improve the 100 

microorganism-mineral interaction and enhance the efficiency of oxidative bioleaching 101 

of sulfide mineral ores (Norris et al. 2015). So far, there are few studies on iron and 102 

sulfur speciation and phase transformation under anaerobic condition. 103 

There are at least two archaeal and eight bacterial phyla that catalyze DIRSO for 104 

autotrophic growth (Baker and Banfield 2003; Johnson and McGinness 1991; Kucera 105 

et al. 2012a; Kucera et al. 2012b). Previous studies mainly concentrated on anaerobic 106 

bioleaching processes catalyzed by mesophilic acidophiles (Egger et al. 2016; Eisele 107 

and Gabby 2014; Klatt and Polerecky 2015; Marrero et al. 2017) and comparative 108 

studies on metabolic pathways of bioleaching microorganisms under anaerobic 109 

conditions (Coram and Rawlings 2002; Hedrich and Johnson 2013; Norris et al. 2018; 110 

Ohmura et al. 2002; Okibe et al. 2003). It is worth noting that some acidophilic 111 

chemolithotrophs respiring by DIRSO can also couple reduction of Fe3+ or S0 with H2 112 

oxidation under anaerobic conditions (Ohmura et al. 2002). Studies on anaerobic 113 

respiratory patterns in acidophilic microorganisms are scarce and further research needs 114 

to be carried out to describe these processes sufficiently.  115 

Till today, the relevance of DIRSO catalyzed by acidophilic microorganisms in 116 

bioleaching applications and AMD environments is still unclear, due to the lack of 117 

published data. Studies are required e.g., on the mechanism(s) involved in DIRSO 118 

under anaerobic (but also aerobic) conditions. In the current study, the capacity of the 119 

mesophilic acidophile At. thiooxidans to couple sulfur oxidation with Fe3+ reduction 120 

under anaerobic conditions was investigated, together with the effects of different 121 

inorganic sulfur compounds on the reduction of jarosite. 122 

2. Materials and methods 123 

2.1 Bacterial strain of At. thiooxidans and culture conditions 124 

The bacterial strain At. thiooxidans DSM 504 was obtained from the Key 125 

Laboratory of Biometallurgy of the Ministry of Education of China (Changsha, China). 126 

The strain was grown and maintained in a basal salts medium (pH = 2.0 ± 0.05) 127 

containing (in g/L): (NH4)2SO4, 3.0; MgSO4, 0.5; K2HPO4, 0.5; KCl, 0.1; Ca(NO3)2, 128 
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0.01, and supplemented with 10 g/L of S0 serving as electron donor for At. thiooxidans. 129 

The culture was cultivated in an incubator (ZHTY-70S, Shanghai Zhichu Instruments, 130 

China) at 30 ℃ and 180 rpm. 131 

2.2 Preparation of potassium jarosite using Acidianus (Aa). manzaensis  132 

Potassium jarosite (Pj) was biosynthesized using a pure culture of the extremely 133 

thermophilic archaeon Aa. manzaensis, which is known for its high Fe2+ oxidation 134 

activity compared to mesophilic acidophilic bacteria. The Pj synthesis process was 135 

carried out in 250 mL Erlenmeyer flasks containing 100 mL basal salts medium 136 

(described above; pH 2.0 ± 0.05). A 1.5:1 molar ratio of Fe to K in the Pj synthesis 137 

system was achieved by adding 0.2 mol/L FeSO4 and 0.067 mol/L K2SO4, prior to the 138 

inoculation with Aa. manzaensis (to initial concentration of 2 × 108 cells/mL). The 139 

flasks were cultivated in a thermostatic shaker at 65 °C and 180 rpm. After all Fe2+ in 140 

the solution was biooxidized to Fe3+ (after approx. 6 days), the precipitate was filtered 141 

through a 0.22 μm cellulose nitrate membrane. The obtained precipitate was washed by 142 

deoxygenated ultrapure water for several times, and dried in a vacuum oven at 30 ℃. 143 

2.3 Sulfur oxidation coupled to Pj dissolution by At. thiooxidans 144 

Anaerobic Pj dissolution experiments were performed in 150 mL serum bottles, 145 

each containing 50 mL sterile basal salts medium (pH 1.94 ± 0.05, adjusted with 1 M 146 

H2SO4) and 0.5 g Pj. Three inorganic sulfur compounds were selected (at a sulfur 147 

concentration equivalent to 10 g/L) to be tested: S0, Na2S2O3, and Na2SO3. In biotic 148 

assays, the initial cell density of At. thiooxidans was 4 × 108 cells/mL, while 149 

uninoculated sterile assays served as abiotic controls for each inorganic sulfur 150 

compound.  151 

Standard anaerobic techniques were used in this study. Sterilized medium (121 °C, 152 

30 minutes) was aliquoted into sterile serum bottles. The bottles containing complete 153 

assays (described above) were capped with sterilized butyl rubbers stoppers and sealed 154 

with aluminum crimps. The assays were then vigorously bubbled for approximately 20 155 

min via a filter (0.22 µm) with N2:CO2 (80/20, v/v) to remove dissolved oxygen. 156 
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All assays were performed in duplicate in a thermostatic shaker at 30 °C and 180 157 

rpm. Liquid samples were taken every 2-4 days, to monitor changes in physicochemical 158 

parameters in the solution. Before sampling, the serum bottle stoppers were disinfected 159 

with ethanol. Sampling was carried out with sterile syringes, which were prior to use 160 

deoxygenated with a mixture of N2/CO2 passed via a sterile filter (0.22 μm). 161 

2.4 Analytical methods 162 

Planktonic cell counts were determined under a light microscope (Olympus, CX33, 163 

Japan), using a bacterial counting plate (HD-852). The concentration of dissolved total 164 

([FeT]aq) and ferric ([Fe3+]aq) iron was determined by the sulfosalicylic acid method 165 

(Karamanev et al. 2002), and the concentration of dissolved ferrous iron ([Fe2+]aq) was 166 

calculated by subtracting [Fe3+] from [FeT]. The concentration of other metal elements 167 

was determined using an inductively coupled plasma-optical emission spectrometer 168 

(ICP-OES; SPECTRO BLUE SOP, Spike Analytical Instruments, Germany). The pH 169 

value and redox potential (ORP) were monitored using a pH meter (PB-10, Beijing 170 

Sartorius Scientific Instrument Co. Ltd., China) and potentiometer (PHSJ-4F, Shanghai 171 

Inesa Scientific Instruments Co. Ltd., China). 172 

The morphological features of solid samples were characterized by scanning 173 

electron microscopy (SEM; TESCA MIRA4, Czech Republic). The phase and chemical 174 

compositions were analyzed using an X-ray diffractometer (XRD; D8 Advance, Bruker, 175 

Germany) and a laser Raman spectrometer (Jobin Yvon LabRam-010, France). Sulfur 176 

and iron speciation in solid residues were characterized by S K-edge and Fe L-edge X-177 

ray absorption near edge structure (XANES) spectroscopy at beamlines 4B9A and 178 

4B7B, respectively, at Beijing Synchrotron Radiation Facility (BSRF), Beijing, China. 179 

3 Results and discussion 180 

3.1 Characterization of biosynthesized Pj 181 

Oxidation of Fe2+ (Equation 1) catalyzed by Aa. manzensis mediated the formation 182 

of Pj. After 6 days of microbial oxidation, there was no residual Fe2+ detected in the 183 

solution and [FeT] and [Fe3+] were significantly lowered. The synthesized iron-rich 184 
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precipitate was of an ochre yellow color (Supplementary Figure S1). The results of ICP-185 

OES analysis (Table 1) showed that the contents of Fe, K, and S in the biosynthetic Pj 186 

were 31.2, 5.3, and 12.1%, respectively. The molar ratio of Fe/S was 1.48:1, which was 187 

very close to the theoretical value of standard Pj (Drouet and Navrotsky 2002). This 188 

indicated a high purity of the Pj synthesized by the oxidation activity of Aa. manzensis. 189 

4Fe2+ + 4H+ + O2
 Microbial 
→         4Fe3+ + 2H2O    （1） 190 

Table 1. Summary of chemical composition of Pj biosynthesized by Aa. manzensis, 191 

compared to that of standard Pj. 192 

 Fe (%) K (%) S (%) Fe/S molar ratio 

Biosynthesized Pj 31.23 5.33 12.11 1.48:1 

Standard Pj* 33.45 7.78 12.81 1.50:1 

The biosynthesized Pj was crystallized, showing a fine rhomboid structure with 193 

glass luster. The particle size was approximately 25 μm (Figure 1a, b). The results of 194 

an XRD analysis (Fig. 1c) showed the presence of a diffraction peak in the 195 

biosynthesized Pj identical to that of a standard Pj (PDF #71-1777), confirming the high 196 

purity of the biosynthesized Pj. 197 

 198 

Figure 1. (a, b) SEM images and (c) XRD pattern of the biosynthesized Pj. 199 

3.2 Reductive dissolution of Pj by different inorganic sulfur compounds oxidized by At. 200 

thiooxidans 201 

The dissolution of Pj over time, as a result of Fe3+ reduction coupled to sulfur 202 

oxidation (Equation 2) catalyzed by At. thiooxidans, is shown in Figure 2, with soluble 203 

[FeT]aq and [Fe2+]aq reflecting the Fe3+ reducing ability of the bacterium. 204 
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S0 + 6Fe3+ + 4H2O
𝐴𝑡.  𝑡ℎ𝑖𝑜𝑜𝑥𝑖𝑑𝑎𝑛𝑠
→           6Fe2+ + SO4

2− + 8H+     （2） 205 

The bioleaching assays with Na2SO3 as electron donor showed greater [FeT]aq 206 

compared to the other biotic assays (Figure 2a). In the bioleaching assays with S0 and 207 

Na2S2O3, [FeT]aq changed only marginally in the first 10 days, after which it gradually 208 

increased. The efficiency of Pj dissolution was higher using Na2S2O3 than that with S0. 209 

It can be seen that the iron ions released into solution following the dissolution of Pj 210 

were rapidly reduced to Fe2+ (Figure 2b), indicating that At. thiooxidans DSM 504 has 211 

the capability of performing DIRSO under anaerobic conditions. Importantly, the 212 

results showed that the sulfur source type may directly affect Fe3+ reduction and thus 213 

the efficiency of jarosite dissolution.  214 

In the assays with Na2SO3, [Fe2+] decreased from day 15 to 17, and also from day 215 

30 to 34. XANES analysis (Figure 8) confirmed the presence of Fe2+ in the solid 216 

precipitates, likely as ferrous sulfate (which can be formed by the reaction of excessive 217 

sulfate from Pj dissolution with Fe2+).  218 

  219 

 220 

Figure 2. Changes in (a) [FeT]aq and (b) [Fe2+]aq during Pj bioleaching, and (c) the extent 221 

of leaching of Pj by different inorganic sulfur compounds (S0, Na2S2O3, and Na2SO3) 222 
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catalyzed by At. thiooxidans.  223 

Figures 2c shows the extent of leaching of Pj using S0, Na2S2O3, and Na2SO3 as 224 

inorganic sulfur compounds catalyzed by At. thiooxidans. In the first 6 days, the 225 

leaching rates in the assays with S0 and Na2S2O3 reached only 0.7 and 4.2%, which were 226 

significantly lower values than that of the assay with Na2SO3 (14.1%).  227 

Oxidation of S0 by acidophilic sulfur-oxidizing prokaryotes is a complex process 228 

that involves the attachment of cells to sulfur particles and transportation of sulfur into 229 

the cells for further oxidation, with the formation of extracellular polymeric substances 230 

(EPS) being a prerequisite for the initial attachment of bacterial cells to hydrophobic 231 

sulfur particles (Rohwerder and Sand 2007; Zhang et al. 2008; Zhang et al. 2019). That 232 

is why anaerobic oxidation of S0 may be slow compared to anaerobic oxidation of 233 

soluble sulfur compounds. Indeed, S0 often accumulates as the main component of 234 

passivation layers formed during bioleaching on the surfaces of sulfide minerals (such 235 

as arsenopyrite and chalcopyrite), thus lowering the efficiency of the leaching processes 236 

(Klauber 2008; Klauber et al. 2001). 237 

Thiosulfate (S2O3
2-) is one of the common intermediate products in sulfide mineral 238 

bioleaching processes (Schippers and Sand 1999). Under acidic conditions, S2O3
2- often 239 

reacts with H+ to form H2S2O3 (Equation 3), which is then quickly converted to S0 240 

(Equation 4). This process significantly reduces the efficiency of microbial sulfur 241 

oxidation, resulting in low Pj dissolution in early leaching periods (as shown in Figure 242 

2c). In this study, the dissolution of Pj in the assays with S0, Na2S2O3, and Na2SO3 243 

began to rapidly increase after 6 days of bioleaching (with the following order of 244 

increasing leaching rates: S0  ˂ Na2S2O3 ˂ Na2SO3. After 34 days, the final leaching of 245 

Pj in the above three assays reached 41.7, 76.3, and 96.4%, respectively (Figure 2c). 246 

The dissolved iron was mainly in the form of Fe2+ (Figures 2a, b). For the abiotic 247 

controls, the maximum leaching rate of Pj in the assay with S0, Na2S2O3, and Na2SO3 248 

reached only 1.5, 6.3, and 8.7%, respectively (Supplementary Figure S2), and dissolved 249 

iron of all these abiotic assays was present in the form of Fe2+ (Supplementary Figure 250 

S3). The above results clearly indicate that At. thiooxidans DSM 504 can use inorganic 251 
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sulfur compounds as an electron donor to promote the reduction of Fe3+ under anaerobic 252 

conditions (Ohmura et al. 2002). Cells of At. thiooxidans DSM 504 play a key role in 253 

the Pj dissolution process, although Na2SO3 and Na2S2O3 can reduce a small amount of 254 

Fe(III) to Fe(II) in the early stage (Supplementary Figure S3b). 255 

S2O3
2− + 2H+ → H2S2O3     （3） 256 

H2S2O3 → SO2(g) + S(s) + H2O （4） 257 

The changes in pH, ORP, and cell density in solution during the anaerobic reduction 258 

of Pj by At. thiooxidans are shown in Figure 3. The pH in the assay with S0 gradually 259 

decreased to about 1.6 in the first 14 days, influenced predominantly by bacterial S0 260 

oxidation (which is a H+-generating process; Equation 2) and by Pj dissolution (H+-261 

consuming process; Equation 5). Due to slow dissolution of Pj in the early stages 262 

(Figure 3c), the bio-oxidation of S0 was the primary factor affecting the pH, resulting 263 

in a net pH decrease. After 14 days, the pH began to increase slowly as the rate of Pj 264 

dissolution accelerated. In the assays with Na2SO3, the pH in the solution dropped 265 

rapidly in the first 6 days, likely due to the quick bio-oxidation of SO3
2- (Equation 6) 266 

catalyzed by At. thiooxidans, which is significantly faster than that of other inorganic 267 

sulfur compounds.  268 

KFe3(SO4)2(OH)6 + 6H
+ ⇋ K+ + 3Fe3+ + 2SO4

2− + 6H2O     (5) 269 

SO3
2− + 2Fe3+ + H2O → 2Fe

2+ + SO4
2− + 2H+                         (6) 270 

In the assays with Na2S2O3, the H+-consuming reaction (Equation 3) leading to 271 

S2O3
2- disproportionation (Equation 4) caused the rapid increase in pH in the early 272 

leaching stage (pH reached the maximum value of 2.85 on day 10). Generally, the pH 273 

in the assays with S2O3
2- was significantly higher than pH in other assays, throughout 274 

the whole course of the experiment (Figure 3a). Despite such pH values (> 2.5) being 275 

above the growth optimum of At. thiooxidans, the Pj dissolution rate was not 276 

significantly inhibited (as shown in Figure 2c). In addition, the gradual accumulation 277 

of Fe2+ in the later stage of the leaching process resulted in a significant decrease in 278 

ORP values (that are determined by [Fe3+]/[Fe2+] and indirectly by decreasing [H+] due 279 

to the S2O3
2- degradation reactions) (Figure 3b). Compared to S0 and S2O3

2-, SO3
2- was 280 
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more easily and quickly utilized by At. thiooxidans as an electron donor under anaerobic 281 

conditions. Although the planktonic cell counts did not significantly increase in the 282 

assay with SO3
2- (Figure 3c), the efficiency of Fe3+ reduction and Pj dissolution was 283 

relatively high.  284 

  285 

 286 

Figure 3. Changes in (a) pH, (b) ORP, and (c) planktonic cell counts during anaerobic 287 

reduction of Pj by different inorganic sulfur compounds (S0, Na2S2O3, and Na2SO3) 288 

catalyzed by At. thiooxidans.  289 

For the abiotic controls (containing S0, Na2S2O3, and Na2SO3), both the pH and 290 

ORP values had no significant changes throughout the process (Figure S4), indicating 291 

no apparent dissolution of Pj and redox reaction of iron or sulfur occurred.  292 

The above findings show that the type of a sulfur source can significantly affect pH 293 

and ORP values during reductive bioleaching, as well as the Fe3+ reduction and jarosite 294 

dissolution rates. Therefore, it is particularly important to consider the suitability of a 295 

selected sulfur source when designing strategies for industrial applications of reductive 296 

bioleaching of oxidized ores. 297 
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3.3 Characterization of solid leach residues 298 

Large amounts of solid residues were observed at the bottom of the serum bottles 299 

after 22 days of reductive bioleaching of Pj and the colors of the assays with the four 300 

different inorganic sulfur compounds significantly differed (Figure 4a). In the assays 301 

with SO3
2-, the residue turned light yellow, indicating the Pj was partially dissolved. 302 

The colors of the solids from the assays with S0 and S2O3
2- were visibly darker yellow 303 

than the color of the SO3
2- assay residue. 304 

After 34 days of Pj bioleaching, the assays with SO3
2- turned clear and the Pj 305 

completely dissolved. The color of the solid residues in the assays with S0 and S2O3
2- 306 

was also significantly lighter compared to the colors on day 22 (Figure 4b). It is worth 307 

noting that the final color of the residues in the assays with S2O3
2- resembled that of 308 

colloidal sulfur, indicating the accumulation of S0. No significant color changes were 309 

observed in abiotic controls after 34 days of incubation (Figure 4c), which strongly 310 

indicated the importance of microbial activity in Pj dissolution under anaerobic 311 

conditions. 312 

 313 

Figure 4. Colors of the solutions and leach residues during anaerobic reduction of Pj 314 

by different inorganic sulfur compounds catalyzed by At. thiooxidans after (a) 22 and 315 

(b) 34 days, and (c) those of the sterile controls after 34 days.  316 

To compare the surface structure of Pj leach residues, the solids from both 317 

bioleaching assays and abiotic controls were collected after 34 days and characterized 318 

by SEM (Figure 5). The solid phase from the assays with S0 (Figure 5a) was dominated 319 

by the characteristic morphologies of S0 and Pj. The surface of S0 was visibly corroded 320 
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by At. thiooxidans cells. Although the surface of the Pj particles was also modified, 321 

there were still particles of a size > 10 µm detected. In the assays with S2O3
2- (Figure 322 

5b), the leach residues were characterized as smooth particles with a size < 5 µm. In 323 

the assays with SO3
2- (Figure 5c), the fine particle-sized residues were poorly 324 

crystallized and the morphological characteristics of Pj were not detected.  325 

In the abiotic assays with S0 (Figure 5d), smooth and flat surfaces were identified 326 

as S0, while Pj was identified as large particles with distinct edges and crystals. The 327 

surface morphology of Pj was modified from flat and even to poorly crystallized 328 

fragments in residues from the abiotic assays with S2O3
2- (Figure 5e) and particularly 329 

from those with SO3
2- (Figure 5f). It is possible that such abiotic modifications in 330 

microstructures on Pj surfaces may help accelerate DIRSO by acidophilic prokaryotes 331 

(such as At. thiooxidans and others). 332 

 333 

Figure 5. SEM images of Pj leaching residues in the bioleaching assays with different 334 

inorganic sulfur compounds: (a) S0, (b) Na2S2O3, and (c) Na2SO3, as well as in sterile 335 

controls with (d) S0, (e) Na2S2O3, and (f) Na2SO3. All solid residues were collected after 336 

34 days of incubation.  337 

Raman spectroscopy serves as a powerful tool in the identification of sulfur 338 

speciation, and the technique was used in this study to further characterize the leaching 339 

residues. As marked in Figure 6a, the biosynthesized Pj had significant feature peaks at 340 

138, 223, 433, 1006, and 1103 cm-1. The leach residues collected from the assays with 341 
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S0 showed significantly lower intensity of the peaks corresponding to Pj, compared to 342 

residues from the abiotic assays. In the assays with S2O3
2-, residues showed peaks 343 

corresponding to S0 (at 152, 217, and 472 cm-1) in addition to those corresponding to 344 

Pj (Figure 6b). This indicates that S2O3
2- was partially converted to S0, confirming the 345 

observations by SEM (shown in Figure 5b). This partial conversion might be a reason 346 

for a slower Pj dissolution in the assays with S2O3
2- compared to that in the assays with 347 

SO3
2-. The peaks characteristic for Pj were not detected in the residues from the assays 348 

with SO3
2-. No significant changes were detected in the peaks of the residue from the 349 

respective control assays (Figure 6c). In general, the results of the Raman analysis 350 

agreed with the color observations (in Figure 4) and SEM data (in Figure 5). 351 
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 353 

Figure 6. Raman spectra of the residues after abiotic leaching (green lines) and 354 

bioleaching by At. thiooxidans (blue lines) with (a) S0, (b) Na2S2O3, and (c) Na2SO3 355 
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after 34 days, compared to Raman spectra of the inorganic sulfur compounds (red lines) 356 

and standard Pj specimens (black lines). 357 

Based on the above findings, it can be inferred that Na2SO3 was the most suitable 358 

electron donor among the tested inorganic sulfur compounds for the reductive 359 

dissolution of jarosite, catalyzed by At. thiooxidans under the selected conditions. To 360 

determine Fe speciation, Fe L-edge XANES analyses of the leached solid residues from 361 

both biotic and abiotic assays with Na2SO3 were performed. As shown in Figure 7, the 362 

initial biosynthesized Pj had two distinct peaks at 708.5 and 722.1 eV corresponding to 363 

Fe3+, while FeSO4 had two peaks at 706.8 and 720.1 eV corresponding to Fe2+. A 364 

comparison of the spectra indicated that the Fe species in the final bioleaching residues 365 

were FeSO4. No peaks corresponding to jarosite and Fe3+ were detected (Figure 7), 366 

confirming the complete disappearance of the jarosite (as previously determined by 367 

SEM and the visible changes in assay color). In contrast, no peaks corresponding to 368 

Fe2+ were detected in the leached residues from the abiotic controls, and all detected 369 

peaks in these assays were identified as jarosite. The results show that Na2SO3 alone 370 

could not mediate Pj dissolution under anaerobic conditions, indicating that At. 371 

thiooxidans cells played a key role in Pj dissolution. The dissolution of jarosites has 372 

vast implications for industrial bioleaching, especially reductive bioleaching of 373 

oxidized ores (Johnson et al. 2013), but also for Fe2+ oxidation-based processes.  374 

 375 

Figure 7. Fe L-edge XANES spectra of the solid residues collected from the biotic and 376 
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abiotic assays with Na2SO3 (after 34 days of Pj leaching), compared to the spectra of 377 

Fe-bearing standards (biosynthesized Pj and FeSO4). 378 

Sulfur speciation is another important parameter describing the composition of 379 

solid residues from leaching processes. The S K-edge XANES analysis was used to 380 

determine the sulfur speciation in the Pj leach residues collected in this study (Figure 381 

8). The S K-edge XANES spectra of different sulfur standards showed significant 382 

variations in the position, intensity, and shape of the peaks (Figure 8a). The spectra of 383 

sulfur standards, i.e., S0, Na2SO3, Na2SO4, and jarosite were characterized by peaks at 384 

2472.4, 2478.2, 2482.6, and 2482.8 eV, respectively, while the spectrum of Na2S2O3 385 

had two peaks at 2471.8 and 2480.8 eV. Figure 8b shows the S K-edge XANES 386 

spectrum of the Pj bioleaching residues. A comparison with the spectra of sulfur 387 

standards revealed the presence of residual S0 in the solids from the assays with S0 and 388 

the main peak at 2482.8 eV indicated the presence of undissolved jarosite. In the assays 389 

with SO3
2-, the main peak at 2482.6 eV corresponded to the characteristic peak of 390 

Na2SO4, indicating that SO3
2- was rapidly oxidized to SO4

2- under anaerobic conditions. 391 

The electrons from SO3
2- were used to reduce the Fe3+ in the jarosite, causing its rapid 392 

dissolution. In the assays with S2O3
2-, the residues showed a strong absorption peak at 393 

2472.4 eV, supporting the previous hypothesis indicating that a portion of the S2O3
2- 394 

was converted into S0, which would explain the relatively slow dissolution of jarosite 395 

in these assays.  396 

For all residues from the sterile controls, the position of the main peak was at 397 

2482.8 eV (Figure 8c), confirming limited dissolution of jarosite in the abiotic systems. 398 

In both biotic and abiotic assays with S2O3
2-, the residue spectra showed a peak at 399 

2472.4 eV (characteristic for S0), indicating that conversion of S2O3
2- to S0 occurred 400 

both in the presence and absence of microorganisms (Schippers and Sand 1999). 401 
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  402 

 403 

Figure 8. S K-edge XANES spectra of (a) S-bearing standards (S0, Na2S2O3, Na2SO3, 404 

Na2SO4, and Pj), and the Pj residues collected on day 34 from the (b) biotic and (c) 405 

abiotic Pj leaching systems with different inorganic sulfur compounds. 406 

 407 

4 Conclusions 408 

The influence of three inorganic sulfur compounds on dissimilatory Fe3+ reduction 409 

catalyzed by an acidophilic sulfur-oxidizing bacterium was investigated. The 410 

dissolution of microbially synthesized jarosite catalyzed by At. thiooxidans was 411 

conducted at anaerobic conditions, yielding the dissolution rates of 41.7, 76.3, and 98.4% 412 

after 34 days of bioleaching with S0, Na2S2O3, and Na2SO3, respectively. The findings 413 

primarily highlight the importance of the use of a suitable sulfur source, particularly in 414 

DIRSO-based bioleaching applications, to mitigate jarosite formation negatively 415 

impacting the efficacy of bioleaching processes. Given the importance of jarosite 416 

minerals in hydrometallurgical applications as well as in acidic and mining 417 

environments (Cogram 2018), it is crucial to design suitable strategies for reductive 418 

bioleaching that utilize DIRSO. 419 
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Supplementary Figure S1. Photograph of the biosynthesized potassium jarosite (Pj) 

  



  

  

Supplementary Figure S2. Extent of leaching of Pj in the sterile controls with 

different inorganic sulfur compounds added. (a) S0, (b) Na2S2O3, and (c) Na2SO3. 
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Supplementary Figure S3. Changes in (a) [FeT]aq and (b) [Fe2+]aq released from Pj in 

the sterile controls with different inorganic sulfur compounds added. 
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Supplementary Figure S4. Changes in solution (a) pH and (b) ORP values in the 

sterile controls with different inorganic sulfur compounds added. 
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