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Abstract: The effects of photogenerated-hole scavengers (ascorbic acid, oxalic acid, humic acid and citric acid) on 
chalcopyrite bioleaching in the presence of visible light were studied using Acidithiobacillus ferrooxidans          
(A. ferrooxidans). Four sets of bioleaching experiments were performed: (1) visible light + 0 g/L scavenger, (2) visible 
light + 0.1 g/L of different scavenger (ascorbic acid, oxalic acid, humic acid and citric acid), (3) dark + 0.1 g/L of 
different scavenger (ascorbic acid, oxalic acid, humic acid and citric acid), and (4) dark + 0 g/L scavenger (control 
group). The results showed that ascorbic acid and oxalic acid could act as photogenerated-hole scavengers and 
significantly enhance chalcopyrite bioleaching under visible light. The dissolved copper in the light group without 
scavenger was only 18.7% higher than that of the control group. The copper extraction rates of the light groups with 
oxalic acid and ascorbic acid were respectively 30.1% and 32.5% higher than those of the control group. Scanning 
electron microscopy (SEM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) analyses 
indicated that ascorbic acid and oxalic acid as photogenerated-hole scavenger could capture photo-generated holes and 
inhibit jarosite formation on the chalcopyrite surface, thereby enhancing bioleaching of chalcopyrite under visible light. 
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1 Introduction 
 

As the most abundant copper sulfide mineral 
and primary copper resources, chalcopyrite has 
attracted extensive attention in copper extraction [1]. 
Until now, pyrometallurgy has been the main 
process for extracting copper from chalcopyrite [2]. 
However, these traditional processes have some 
shortcomings including high emission of polluted 

gas such as SO2 and high cost [3]. Bioleaching 
(biohydrometallurgy) is a promising technology 
described as the microbe-assisted dissolution of 
sulfide ores, which provides a more environmentally 
friendly alternative to many traditional metal 
extraction methods, such as pyrometallurgy and 
conventional hydrometallurgy [4]. Up to now, 
nearly a quarter of the world’s copper production is 
obtained through biohydrometallurgy [5]. However, 
commercial-scale chalcopyrite bioleaching has not 
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yet been fully developed due to its extremely slow 
kinetics and poor copper recovery [6]. To overcome 
these drawbacks, many researchers have exploited 
various methods for the enhancement of chalcopyrite 
bioleaching in recent decades, such as the 
adjustment of redox potentials and pH, adding 
“catalyst”-like activated carbon, silver ions and 
surfactant, and using mixed thermophilic   
bacteria [7−11]. These methods have promoted 
chalcopyrite bioleaching to some extent. However, 
these methods have neglected the semiconducting 
property of chalcopyrite during the bioleaching 
processes. In recent decades, semiconductor 
photocatalytic technology, such as photocatalytic 
degradation of organic pollutants, photocatalytic 
disinfection, photocatalytic reduction of carbon 
dioxide and photocatalytic generation of hydrogen, 
has been widely studied [12]. Some researchers 
have found that the visible light-excited 
photoelectrons from semiconductor minerals are 
capable of reducing ferric ions to ferrous ions, 
which can be used as an energy substrate for 
Acidithiobacillus ferrooxidans (A. ferrooxidans or 
A. f.) growth [13,14]. A. ferrooxidans, an 
acidophilic chemolithoautotrophic bacterium that 
obtains energy through oxidation of ferrous  
species and reduced sulfur compounds, is the most 
widely studied bioleaching bacterium due to its 
ability to extract metals, such as copper, zinc and 
gold [15,16]. Recent studies have shown that  
visible light can significantly accelerate copper 
dissolution due to the semiconductor property of 
chalcopyrite [17−19]. 

The bacteriostatic effect of photogenerated- 
holes and the rapid recombination of photo- 
generated electrons and holes (approximately 10 ns) 
in chalcopyrite particles limit the efficiency of 
photocatalytic chalcopyrite bioleaching [20,21]. 
Hence, capturing photogenerated-holes is the key 
issue for improving the photocatalytic efficiency  
of chalcopyrite bioleaching. Reductive organic 
compounds, such as ascorbic acid, humic acid, 
oxalic acid and citric acid are widespread in  
nature, and can serve as photogenerated-hole 
scavengers [22,23]. In addition, complexes formed 
by iron ions and the carboxyl groups of organic 
compounds have a strong photoreduction    
ability [24], which can enhance the utilization 
efficiency of photogenerated electron. However, to 
the best of our knowledge, no studies have reported 

the effect of organic compounds acting as 
photogenerated-hole scavengers on photocatalytic 
chalcopyrite bioleaching. In this work, the effect of 
photogenerated-hole scavengers on photocatalytic 
chalcopyrite bioleaching by A. ferrooxidans was 
investigated. X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and Fourier transform 
infrared spectroscopy (FT-IR) were applied to 
monitoring changes on chalcopyrite surfaces to 
better understand the role of photogenerated-hole 
scavengers during chalcopyrite bioleaching under 
visible light. 
 
2 Experimental 
 
2.1 Strain and growth conditions 

A. ferrooxidans strain ATCC 23270 was 
purchased from the American Type Culture 
Collection and used in this study. A. ferrooxidans 
was cultivated in 0K medium, which comprised   
3 g/L (NH4)2SO4, 0.1 g/L KCl, 0.5 g/L K2HPO4ꞏ 
3H2O, 0.5 g/L MgSO4ꞏ7H2O and 0.01 g/L Ca(NO3)2, 
and was adjusted to pH 2.0 with H2SO4 
(0.01 mol/L). Chalcopyrite at 20 g/L was added to 
the 0K medium as an energy source. A. 
ferrooxidans was previously adapted in 0K medium 
containing 20 g/L chalcopyrite sample at 30 °C and 
170 r/min. The cell number was quantified by 
hemocytometry using an optical microscope. Cells 
were harvested at the mid-logarithmic growth  
phase with cell concentrations greater than 
1.0×107 cells/mL. The culture was first filtered 
through Whatman 42 filter paper to remove 
suspended solids. The filtrate containing cells was 
subsequently centrifuged at 25 °C for 20 min to 
obtain pellets containing bacteria. The pellets were 
washed with 0.01 mol/L sulfuric acid to obtain 
metabolite-free cells for further experiments. 
 
2.2 Preparation of minerals 

The chalcopyrite sample used in this work was 
purchased from Guilin Wantong Popular Science 
Museum of Natural Mineral Specimens, Guangxi, 
China. It was ground and sieved to obtain mineral 
powder with a particle size of 43−74 μm and then 
stored in a nitrogen atmosphere. The X-ray 
fluorescence spectral analysis indicated that the 
chalcopyrite ore contained 32.62% Cu, 29.82% Fe, 
29.47% S, 5.29% O, 1.43% Si and 0.93% Ba. The 
XRD analysis showed that the main phase 
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compositions of the ore were chalcopyrite, jarosite 
and sulfur. 
 
2.3 Bioleaching experiments 

Bioleaching experiments were carried out in    
250 mL flasks containing 100 mL sterilized 9K 
medium (pH=2) and 2 g chalcopyrite. The initial 
pH and inoculum concentration of the bioleaching 
system were 2.0 and 3.2×107 cells/mL, respectively. 
The flasks were incubated at 30 °C and 170 r/min in 
the illumination incubator (TS−2102GZ), where the 
light intensity was set to be 8500 or 0 lux. The 
effects of photogenerated-hole scavengers on 
bioleaching efficiency were explored by adding  
100 μL of 4 g/L reductive organic compounds 
(ascorbic acid, oxalic acid, humic acid and citric 
acid) to the bioleaching system every day in the 
first 25 days. During chalcopyrite bioleaching, the 
pH and redox potentials were regularly monitored 
every three days. Samples (200 μL of solution) 
were taken regularly every three days to evaluate 
the concentration of cupric ions, total irons, ferrous 
ions and bacteria in the bioleaching system. Sterile 
distilled water was used to compensate for 
evaporative water loss, and an equal volume of 
sterile 0K medium (pH=2) was used to compensate 
for the losses caused by sampling analysis. All the 
bioleaching experiments were performed in 
duplicate to guarantee the reliability of the 
experimental results. 

 
2.4 Analytical techniques 

The concentrations of cupric ions and iron ions 
were determined by the BCO spectrophotometric 
and o-phenanthroline spectrophotometric methods, 
respectively [25] (the standard curve correlation 
coefficients R2 were greater than 0.999). The pH 
and redox potential of the bioleaching solution were 
measured by pH meter (PHS−3C) and ORP meter 
(BPP−922), respectively. The surface characteristics 
and mineral composition of the original ore and 
bioleaching residues were detected by SEM, XRD 
and FT-IR. 
 
3 Results and discussion 
 
3.1 Effects of photogenerated-hole scavengers 

and visible light on chalcopyrite bioleaching 
The effects of photogenerated hole scavengers 

and visible light on chalcopyrite bioleaching were 

investigated. As shown in Fig. 1, the dissolution of 
chalcopyrite increased rapidly during the first 6 
days and then slowly, which might be related to the 
inhibition of passive film on chalcopyrite 
dissolution [26]. The copper concentration of the 
dark groups with scavengers and the light group 
with citric acid decreased in the later stage of the 
bioleaching. Organic acids have been reported to 
readily form complexes with copper [27].  
Therefore, the decrease in copper concentration in 
the later stage of bioleaching with scavengers may 
be due to the chelation of organic substances on 
copper ions. The copper concentrations of the light 
illumination group with no scavenger, ascorbic acid, 
oxalic acid, humic acid and citric acid addition after 
27 d were (1.46±0.03), (1.60± 0.03), (1.63±0.04), 
(1.42±0.04) and (0.98±0.05) g/L, respectively, 
while the corresponding dissolved copper 
concentrations in the dark system were (1.23±0.03), 
(1.06±0.04), (0.88±0.04), (1.17±0.04) and 
(1.05±0.03) g/L, respectively. The results showed 
that visible light accelerated the chalcopyrite 
dissolution, and scavengers including ascorbic acid 
and oxalic acid further enhanced the photocatalytic 
efficiency. The dissolved copper of the light control 
group without scavengers was 18.7% higher than 
that of dark control group without scavengers. 
Copper solubilization in the light group with 
ascorbic acid was 9.6% and 30.1% higher than that 
in the light and dark treatments without ascorbic 
acid, respectively. The dissolved copper in the light 
group with oxalic acid was 11.6% higher than that 
in the light group without scavengers and 32.5% 
higher than that in the dark group without 
scavengers. However, uniformly, the copper 
concentration in the dark group with scavengers 
was lower than that in the dark control group, 
which may be attributed to the complexation of 
organic compounds with copper ions. The 
promotion effect of ascorbic acid and oxalic acid 
was only achieved under light condition. 

Total iron and ferrous iron concentration 
changes are plotted in Fig. 2. The variation trends in 
the total iron ion and ferrous ion concentration with 
different scavengers were generally consistent. 
Total iron increased rapidly initially accompanied 
by chalcopyrite dissolution followed by a 
decreasing trend. The decrease most likely can   
be attributed to jarosite formation, which further 
resulted in an inhibition effect. For ferrous ions, the 
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Fig. 1 Changes in concentration of dissolved copper during chalcopyrite bioleaching by different scavengers:        

(a) Ascorbic acid; (b) Oxalic acid; (c) Humic acid; (d) Citric acid 

 

 
Fig. 2 Change in concentration of dissolved iron during chalcopyrite bioleaching by different scavengers: (a) Ascorbic 

acid; (b) Oxalic acid; (c) Humic acid; (d) Citric acid 
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concentration decreased rapidly in the first 3 days 
and was then maintained at a low level. This was 
due to the Fe(II) oxidization reaction caused by the 
rapid growth of bacteria. The photocatalytic 
reaction can be activated by visible light with 
energy equal to or greater than the band-gap  
energy [28], thereby generating electrons in the 
conduction band (CB) and holes in the valence 
band (VB) of the chalcopyrite. The photogenerated 
electrons can reduce Fe3+ to Fe2+, giving rise to  
the regeneration of Fe2+ in the photocatalytic  
system [18]. As visible light can promote Fe3+/Fe2+ 
cycling and Fe2+ regeneration, total iron and ferrous 
iron concentrations of the photocatalytic system 
were significantly higher than those of the dark 
system. The total iron concentration of ascorbic 
acid groups was higher than that of groups without 
ascorbic acid. In addition, the ferrous concentration 
in the ascorbic acid groups was slightly higher than 
that of the control groups without ascorbic acid. 
These results may be mainly due to the following 
two reasons. On one hand, the reductive ascorbic 
acid can capture the photogenerated holes [29] to 
suppress the bacteriostatic effect of photogenerated- 
holes and the recombination of photogenerated 
electrons and holes, thus enhancing photocatalytic 
efficiency. On the other hand, reductive ascorbic 
acid can reduce iron ions to regenerate ferrous ions. 
The main biochemical reactions during the 
bioleaching are listed as [30] 
 
CuFeS2+4Fe3+→Cu2++5Fe2++2S0                (1) 
 
CuFeS2+4H++O2→Cu2++Fe2++2S0+2H2O     (2) 
 
4Fe2++4H++O2

. .A f4Fe3++2H2O          (3) 
 
2S0+3O2+2H2O

. .A f 2
42SO  +4H+            (4) 

 
K++3Fe3++ 2

42SO  +6H2O→ 
KFe3(SO4)2(HO)6+6H+                            (5) 

 
The presence of Fe3+ in the leaching solution 

has been widely accepted as the main factor for the 
indirect bioleaching mechanism of chalcopyrite  
(Eq. (1)) [31]. In addition, ferrous irons (Fe2+) can 
be used as an energy source for A. ferrooxidans. 
Hence, the concentration of total iron is an 
important parameter in the bioleaching of 
chalcopyrite, and the high concentration of total 
iron should be beneficial for copper extraction. 
However, the copper concentration of the dark 
group with ascorbic acid did not increase compared 

with the dark group without ascorbic acid. This 
might be due to the bacteriostatic effect of organic 
compounds under the dark condition, which 
counteracted the effect of ascorbic acid on Fe2+ 
regeneration. These results indicated that ascorbic 
acid could capture photogenerated holes to suppress 
the bacteriostatic effects of photogenerated holes 
and the recombination of photogenerated electrons 
and holes, which could significantly enhance 
photocatalytic chalcopyrite bioleaching. The total 
iron concentration of groups with oxalic acid was 
significantly higher than that of groups without 
oxalic acid. The ferrous iron concentration of 
groups with oxalic acid was slightly higher than 
that of groups without oxalic acid. In addition, the 
total iron and ferrous iron concentrations of the 
light group with oxalic acid were higher than those 
of the dark group with oxalic acid because oxalic 
acid can capture photogenerated holes [23], which 
leads to a higher concentration of total iron and 
ferrous ion. In addition, the complexes formed by 
carboxyl groups and iron ions have a strong 
photoreduction ability [24], which also increases 
the concentration of iron ions and ferrous ions in 
the oxalic acid and ascorbic acid treatment systems. 
The effects of humic acid and citric acid on total 
iron and ferrous ion concentration in the leaching 
system were not obvious. This showed that humic 
acid and citric acid had little ability to capture 
photogenerated holes. 

Figure 3 shows the change in concentration of 
A. ferrooxidans during chalcopyrite bioleaching 
with different photogenerated-hole scavengers. The 
concentration of bacteria increased slowly during 
the first 6 days of adaptation, then increased rapidly, 
reached maximum growth within 15 days, and 
finally maintained in a stable range. The bacterial 
growth of light groups was significantly higher than 
that of dark groups, which was due to the 
photogenerated electrons regenerating Fe2+ and 
promoting bacterial growth. Humic acid and citric 
acid had a slight inhibitory effect on the growth of 
A. ferrooxidans. Ascorbic acid and oxalic acid could 
slightly inhibit bacteria growth under the dark 
condition but promoted bacterial growth under the 
light condition. This might be due to the reaction of 
ascorbic acid and oxalic acid with photogenerated- 
holes, which suppressed the bacteriostatic effects of 
photogenerated holes and organic matter. Moreover, 
ascorbic acid and oxalic acid could effectively  
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Fig. 3 Change in concentration of cells during chalcopyrite bioleaching by different scavengers: (a) Ascorbic acid;    

(b) Oxalic acid; (c) Humic acid; (d) Citric acid 
 
reduce the recombination of photogenerated holes 
and electrons, and improve the utilization efficiency 
of the photogenerated electrons. These results are 
also consistent with the changes in copper ions and 
iron ions (Fig. 1 and Fig. 2). 

The trends in pH change in the bioleaching 
system with different scavengers were essentially 
similar (shown in Fig. 4). The pH value of the 
bioleaching systems increased in the first 3 days 
and subsequently decreased rapidly to below 1.9. 
The initial increase in pH might be due to the fact 
that there was no available oxidizing agent in the 
early bioleaching system, and chalcopyrite 
dissolution consumed a large amount of H+ (Eqs. (2) 
and (3)). The following drop in pH implied the 
generation of acids, which were produced by A. 
ferrooxidans oxidizing elemental sulfur to sulfuric 
acid and were the result of jarosite precipitation 
(Eqs. (4) and (5)). Compared with the dark groups, 
the more pronounced pH decrease in the light 
groups was a result of more acid generated by 
higher biomass and more jarosite formation, which 

was also consistent with the experimental results 
(shown in Fig. 3 and Table 1). The pH value of the 
light group with ascorbic acid was lower than that 
of the light group without ascorbic acid. The pH 
value of the dark group with ascorbic acid was not 
significantly different from that of the dark group 
without ascorbic acid. These were mainly due to the 
fact that ascorbic acid could effectively capture 
photogenerated-holes to suppress the bacteriostatic 
effect of photogenerated-holes and the 
recombination of photogenerated holes and 
electrons. The pH values of oxalic acid groups were 
lower than those of the control group without oxalic 
acid, because oxalic acid could capture 
photogenerated-holes and increase photocatalytic 
efficiency, thus promoting bacterial growth and 
producing more H+. In addition, oxalic acid itself 
had strong acidity, resulting in a decrease in pH 
value in the bioleaching system. Humic acid and 
citric acid had little effect on the pH value of the 
bioleaching system due to their poor ability to 
scavenge photogenerated-holes. 
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Fig. 4 pH and redox potential during chalcopyrite bioleaching by different scavengers: (a) Ascorbic acid; (b) Oxalic 

acid; (c) Humic acid; (d) Citric acid 

 

The redox potential change trends of the 
different scavenger systems are shown in Fig. 4. 
The redox potential of each leaching system 
increased rapidly to above 480 mV in the first 3 
days and then maintained in a relatively stable 
range. The redox potential of the light groups was 
lower than that of the dark groups, and the redox 
potential of the light groups with ascorbic acid or 
oxalic acid was lower than that of the light group 
without scavengers. The redox potential was 
partially related to the Fe3+/Fe2+ ratio. The lower 
potential of the light groups was due to the 
regeneration of Fe2+ and continuous cycling of 
Fe3+/Fe2+, which was further induced by 
photocatalysis of the semiconducting chalcopyrite. 
The light groups with ascorbic acid or oxalic acid 
had a lower redox potential because ascorbic acid 
and oxalic acid could enhance photocatalytic 
efficiency. All in all, ascorbic acid and oxalic acid 
could enhance photocatalytic chalcopyrite 
bioleaching mainly by further accelerating the 
Fe3+/Fe2+ cycling of the bioleaching system under 
light condition. 

3.2 Surface morphology and composition 
analysis 

The surface morphologies of the chalcopyrite 
before and after bioleaching were observed by SEM 
(Fig. 5). The surface morphology of the original 
chalcopyrite was smooth and clear, demonstrating 
that almost no passivation layer was attached to 
surface (Figs. 5(a1, a2)). Although chalcopyrite 
samples contained a small amount of jarosite, we 
did not observe jarosite by SEM because of its low 
content. The surfaces of chalcopyrite residues of 
groups without scavengers contained a large 
number of compact particles (Figs. 5(b1, b2, c1, c2)). 
According to the SEM−EDX analysis in Fig. 6, 
these compact particles contained potassium, iron, 
sulfur and oxygen, which are the main elements  
of jarosite. In addition, jarosite was reported to   
be cubic crystals with sizes ranging from 200 to 
1000 nm [32], which is approximately the same as 
the morphology and size of the dense particles in 
our results. Based on the above, we speculate that 
these particles might be jarosite. The surface of 
residues of the ascorbic acid groups had almost no  
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Fig. 5 SEM images of original chalcopyrite and chalcopyrite residues: (a1, a2) Original chalcopyrite surface;        

(b1, b2) Chalcopyrite residues surface without scavengers under light condition; (c1, c2) Chalcopyrite residues surface 

without scavengers under dark condition; (d1, d2) Chalcopyrite residues surface with ascorbic acid under light condition; 

(e1, e2) Chalcopyrite residues surface with ascorbic acid under dark condition; (f1, f2) Chalcopyrite residues surface with 

oxalic acid under light condition; (g1, g2) Chalcopyrite residues surface with oxalic acid under dark condition 
 

 

Fig. 6 XRD patterns of original chalcopyrite and 

chalcopyrite residues after bioleaching 

jarosite but were covered with a large number of 
loose amorphous core−shell secondary iron mineral  
(Figs. 5(d1, d2, e1, e2)). The residues surface of 
oxalic acid group under light condition also 
contained a large number of core−shell secondary 
iron minerals (Figs. 5(f1, f2)), while the residues 
surface of the oxalic acid group under the dark 
condition had a large number of villous secondary 
iron mineral formation (Fig. 5(g1, g2)). These 
secondary iron minerals had a loose structure, 
which reduced the inhibitory effect of jarosite on 
chalcopyrite dissolution. The SEM results showed 
that ascorbic acid and oxalic acid could promote 
chalcopyrite bioleaching by forming a loose 
core−shell secondary iron mineral on the surface of 
the chalcopyrite. 
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The XRD phase retrieval analysis presented in 
Fig. 7 and Table 1 showed changes in the main     
phase composition of the chalcopyrite before and 
after bioleaching. The residues of the light group 
without scavengers contained more jarosite and less 
chalcopyrite than those of the corresponding dark 
group. However, ascorbic acid or oxalic acid added 
groups contained almost no jarosite. Additionally, a 
trace of elemental sulfur also existed in the  
residues. These results illustrated that most of the 
elemental sulfur was oxidized to sulfur oxides by  
A. ferrooxidans through the thiosulfate pathway   
(Eq. (4)) [30]. It was confirmed that jarosite was the 
most abundant product continuously accumulated 
during the bioleaching of chalcopyrite [33]. The 
passivation effect in bioleaching was mainly 
derived from the jarosite on the chalcopyrite  
surface. Visible light could enhance chalcopyrite 
bioleaching, which also resulted in more jarosite 
formation and inhibited further dissolution of 
chalcopyrite. Ascorbic acid and oxalic acid could 
reduce jarosite formation, thus further promoting 
chalcopyrite bioleaching. This was also consistent 
with the SEM analysis results. These results 
suggested that ascorbic acid and oxalic acid groups 
could form loose secondary iron mineral to reduce 
the formation of jarosite. 

FT-IR spectra presented in Fig. 8 showed 
changes in the surface groups of chalcopyrite before 
and after bioleaching. The intense adsorption  
peaks observed at 3332−3433 and 1631 cm−1 
corresponded to the hydroxyl and H2O group of  
the jarosite, respectively [34]. Three peaks  
appeared near 1200, 1080 and 1000 cm−1, which 
were assigned to the S—O bending vibration in 
jarosite [35]. The characteristic peaks of jarosite 
containing S—O bending vibration, hydroxyl and 
H2O groups appeared in the original chalcopyrite 

 

 
Fig. 7 SEM−EDS analysis results of chalcopyrite after 

bioleaching without scavenger 
 
and the chalcopyrite residues without scavengers. 
The characteristic jarosite peaks of the dark group 
without scavengers were obviously stronger than  

 
Table 1 Analysis results of ore residues and original ore by XRD 

Organic matter Light condition Time/d 
Content in residue/% 

Chalcopyrite Jarosite Sulfur Pyrite 

− − 0 91.2 5.6 2.7 0.5 

− 8500 lux 36 69.1 29.4 1.3 0.2 

− Dark 36 80.5 17.6 1.4 0.5 

Ascorbic acid 8500 lux 36 92.4 0.7 5.1 1.8 

Ascorbic acid Dark 36 92.1 0.8 5.8 1.3 

Oxalic acid 8500 lux 36 90.9 2.1 6.9 0.1 

Oxalic acid Dark 36 98.8 0.8 0.3 0.1  
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Fig. 8 FT-IR spectra of original chalcopyrite and 

chalcopyrite residues after bioleaching for 27 days 
 
those of the original chalcopyrite. The characteristic 
jarosite peaks of the light group without scavengers 
were obviously stronger than those of the 
corresponding dark group and original chalcopyrite. 
These observations indicated that a large amount of 
jarosites formed during chalcopyrite bioleaching, 
especially in the light group without scavengers. 
However, the residues treated with ascorbic acid 
and oxalic acid had no characteristic peaks for 
jarosite, but another new peak appeared near 1045 
cm−1. This new peak was caused by the C—O 
stretching vibration [36]. This result illustrated that 
chalcopyrite bioleaching with ascorbic acid and 
oxalic acid formed other new substances to replace 
jarosite formation during the bioleaching in 
accordance with the results of the SEM and XRD 
analyses. These results suggested that visible light 
could promote chalcopyrite bioleaching, resulting 
in more jarosite formation, while ascorbic acid and 
oxalic acid could form a loose amorphous 
core−shell secondary iron mineral to inhibit jarosite 
formation on the chalcopyrite surface, further 
enhancing photocatalytic chalcopyrite bioleaching.  

Based on the analysis above, the mechanism of 
scavenger promoting photocatalytic chalcopyrite 
bioleaching is summarized in Fig. 9. Ascorbic acid 
and oxalic acid as photogenerated-hole scavenger 
could capture photo-generated holes and inhibit 
jarosite formation on the chalcopyrite surface, 
thereby enhancing bioleaching of chalcopyrite 
under visible light. 

 

 
Fig. 9 Mechanism of scavengers promoting photo- 

catalytic chalcopyrite bioleaching: (a) Addition of 

photogenerated-holes scavenger; (b) Without addition of 

photogenerated-holes scavenger 

 
4 Conclusions 
 

 (1) Ascorbic acid and oxalic acid can 
significantly enhance the photocatalytic efficiency 
of chalcopyrite bioleaching. The dissolved copper 
in the light group without scavengers was only 
18.7% higher than that of the corresponding dark 
group. The copper extraction rate of the light group 
with ascorbic acid was 30.1% higher than that of 
the control group. The dissolved copper in the light 
group with oxalic acid was 32.5% higher than that 
of the control group. 

(2) Ascorbic acid and oxalic acid can suppress 
the bacteriostatic effect of photogenerated-holes 
and the recombination of photogenerated holes and 
electrons through capturing photogenerated-holes, 
thus enhancing the photocatalytic efficiency of 
chalcopyrite bioleaching. 

(3) Ascorbic acid and oxalic acid can also 
inhibit jarosite formation on the chalcopyrite 
surface by forming a loose amorphous core−shell 
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secondary iron mineral, thus promoting 
photocatalytic chalcopyrite bioleaching. 
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利用光生空穴清除剂强化光催化黄铜矿生物浸出 
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摘  要：通过嗜酸氧化亚铁硫杆菌(Acidithiobacillus ferrooxidans)研究光生空穴清除剂(抗坏血酸、草酸、腐质酸和

柠檬酸)对光催化黄铜矿生物浸出的影响。设置 4 组生物浸出实验：(1)可见光 + 0 g/L 光生空穴清除剂；(2)可见光

+ 0.1 g/L 不同光生空穴清除剂(抗坏血酸、草酸、腐植酸和柠檬酸)；(3)黑暗 + 0.1 g/L 不同光生空穴清除剂(抗坏

血酸、草酸、腐植酸和柠檬酸)；(4)黑暗 + 0 g/L 光生空穴清除剂(对照组)。结果表明，光照条件下，抗坏血酸和

草酸作为光生空穴清除剂时，能够显著促进黄铜矿生物浸出。可见光 + 0 g/L 光生空穴清除剂组的铜离子溶出率

比对照组高 18.7%；可见光 + 0.1 g/L 草酸组和可见光 + 0.1 g/L 抗坏血酸组的黄铜矿溶出率分别比对照组高 30.1%

和 32.5%。SEM，XRD 和 FT-IR 分析表明，抗坏血酸和草酸作为光生空穴清除剂能够捕获光生空穴和抑制黄钾铁

矾在黄铜矿表面形成，从而促进光催化黄铜矿的生物浸出。 

关键词：生物浸出；黄铜矿；光生空穴清除剂；可见光；嗜酸氧化亚铁硫杆菌 
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