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Abstract: This study investigated the promotion effect of A. ferrooxidans on complex heavy metals coprecipitation process. A. 

ferrooxidans significantly enhanced the ferrous oxidation, which also promoted the formation of iron-oxyhydroxysulphate. Cu(II) 

concentration reduced to 0.058 mmol/L in A. ferrooxidans inoculated system, and Cd also reduced to the lowest concentration  

(0.085 mmol/L). Pb was mainly immobilized as anglesite and iron-oxyhydroxysulphate promoted the removal of remanent Pb in 

solution. The precipitates are characterized by XRD, SEM, and FTIR analysis. The main component of the iron-oxyhydroxysulphate 

was well crystallized jarosite. A. ferrooxidans contributed to the formation of schwertmannite in later monovalent cation lack stage. 

Higher ferrous iron oxidation rate and Fe(III) supply rate in A. ferrooxidans inoculated system facilitated polyhedron crystal 

formation and the increase of particle diameter. Complex heavy metals could be incorporated into iron oxyhydroxysulphate crystal, 

and efficiently removed from acidic wastewater through A. ferrooxidans mediated coprecipitation. 
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1 Introduction 
 

Heavy metal pollution has come into the forefront 

as a major world problem due to its potential damage to 

human health and ecology [1−3]. Copper (Cu) is a major 

micronutrient for all living organisms, which can activate 

many kinds of enzymes in protein metabolism. However, 

it has been proved that excessive intake of Cu causes 

damage in intestinal and stomach systems [4]. Lead (Pb) 

is readily absorbed by human body through the 

gastrointestinal tract. 70%−90% of the Pb assimilated 

into bones, then liver and kidneys, which leads to renal 

tumors [5]. Exposure to lower amounts of cadmium (Cd) 

may cause gastrointestinal irritation, such as vomiting, 

and diarrhea [6]. Cu, Cd and Pb are regarded as the most 

hazardous elements to human health. These metals are 

widely spread in the acidic environment because of the 

anthropogenic activities, and cause adverse health 

effects. 

Currently, chemical precipitation, filtration, ion 

exchange, adsorption, electrodeposition, and membrane 

systems are widely employed in water purification   

area [7−9]. In recent years, coprecipitation technique has 

raised increasing concerns for the removal of trace metal 

ions from acidic water system [10]. Results of several 

studies suggest that metals can coprecipitate with iron 

under acidic condition, or incorporate into noncrystalline 

iron oxides [11]. Metal coprecipitation with iron oxides 

is a process that occurs in soil, sediments, and water, 

which plays an important role in limiting heavy metals 

solubility, toxicity, and bioavailability [12]. Acid mine 

drainage usually contains iron ion and heavy metals, 

while the low chemical oxidation rate of ferrous iron is 

not conducive to the formation of secondary iron 

minerals and the corresponding metal immobilization 

process. Acidithiobacillus ferrooxidans (A. ferrooxidans) 

commonly exists in acid mine effluents, which 

accelerates the sulfide mines and mineral weathering 

process, and shows a particular tolerance to heavy  

metals [13−15]. The simplicity in operation, low 

consumption in chemicals and in-situ treatment make the 

coprecipitation a promising technique. 

Ferrous iron oxidation in acid mine water is 
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predominantly mediated by iron-oxidizing bacteria, 

because abiotic oxidation using molecular oxygen as 

oxidant is very slow [16]. When A. ferrooxidans is 

introduced to the coprecipitation system, it can greatly 

promote the ferrous iron oxidation rate and plays as role 

as the template of the secondary iron-based mineral, 

which can enhance the heavy metal immobilization rate 

and efficiency correspondingly [17,18]. Along with 

biologically induced iron precipitation, Fe(III)- 

oxyhydroxide and Fe(III)-hydroxysulfate minerals such 

as schwertmannite (Fe8O8(OH)6SO4) and jarosite 

(KFe3(SO4)2(OH)6), can scavenge metals from acid mine 

drainage [19,20]. In light of these effects, the 

precipitation behavior of trace metals maybe differs with 

that in the abiotic system. In order to understand the fate 

of the complex trace metals in acid systems, this study 

investigate the behavior of Cd2+, Cu2+ and Pb2+ in biotic 

and abiotic systems, and the possibility of immobilizing 

ternary heavy metals by iron-oxyhydroxysulphate 

precipitation under the augmentation of A. ferroxidans. 

The varying parameters including pH, redox potential, 

ferrous iron oxidation and precipitation, heavy metals 

immobilization during experiment are taken into account 

for explaining the coprecipitation mechanism. A 

systematic research on coprecipitation can help to 

understand the metals immobilization behavior in acidic 

environment. Furthermore, it can be used in metals 

contaminated acidic environment remediation such as 

acid mine drainage, acid industrial waste water and 

fluorine-containing rare earth acid wastewater. 

 

2 Experimental 
 

2.1 Microorganism and medium 

A. ferrooxidans ATCC 23270 was obtained from 

American Type Culture Collection (ATCC), and 

cultivated with FeSO4·7H2O (44.7 g/L) in the 9K 

medium (0.5 g/L MgSO4·7H2O, 3.0 g/L (NH4)2SO4,   

0.5 g/L K2HPO4, 0.1 g/L KCl and 0.01g/L Ca(NO3)2), 

which was sterilized at 120 °C for 20 min. The initial pH 

value of these media was adjusted to 2.5 with 1.0 mol/L 

H2SO4. The cultures of A. ferrooxidans were incubated at 

30 °C and 170 r/min. When the bacteria reached the 

logarithmic growth period (4 d), cells were harvested by 

centrifugation at 12000 r/min and washed twice with 

distilled water (pH 2.0). The cell concentration was 

determined by direct cell counting before the experiment. 

 

2.2 Coprecipitation experimental design 

The complex heavy metals coprecipitation 

experiments were performed in 250 mL Erlenmeyer flask 

with 100 mL reaction volume. The experiments were 

divided into three groups including the pure FeSO4 

system, heavy metals added chemical coprecipitation 

system, and A. ferrooxidans inoculated coprecipitation 

system. The Fe(II) (FeSO4·7H2O) concentration of each 

treatment was set at 5, 10 and 20 g/L consecutively. 

Table 1 showed the specific settings. The initial Cu 

(CuSO4·5H2O), Cd (CdSO4), and Pb (Pb(NO3)2) 

concentrations were set at 1.0, 0.13 and 0.3 mmol/L, 

respectively. The initial pH of the reaction system was 

adjusted to 2.5 with 1.0 mol/L H2SO4, and the cells were 

inoculated into the system to ensure that the initial 

concentration was approximately 1×108 cell/mL at the 

beginning of the experiment. The pH value, redox 

potential (ORP), Fe(II), total iron, and heavy metals 

concentrations were monitored respectively at a 

scheduled interval. The precipitates were collected with 

0.45 μm filter paper through filtration, washed twice 

with the acidic-distilled water (pH 2.0), and naturally 

dried. SEM, XRD and FTIR were performed to 

characterize the precipitates. Each experimental 

treatment was conducted in duplicate. 

 

Table 1 Specific coprecipitation experiment design 

System 
Heavy 

metal 
A. ferrooxidans 

Fe concentration/ 

(g·L−1) 

Fe5 − − 5 

Fe10 − − 10 

Fe20 − − 20 

Fe5+M + − 5 

Fe10+M + − 10 

Fe20+M + − 20 

Fe5+M+A. f + + 5 

Fe10+M+A. f + + 10 

Fe20+M+A. f + + 20 

“−” means absence of metals or A. ferrooxidans; “+” means existence of 

metals or A. ferrooxidans 

 

2.3 Analytical method 

pH value of reaction systems was determined by 

using a pHS−3C model digital pH-meter every day. ORP 

was measured by platinum electrode and reference 

electrode. The concentrations of Fe(II) and total iron in 

solutions were determined by using 1, 10-phenanthroline 

method. The concentrations of Cd, Cu and Pb were 

measured by atomic absorption spectrometry (EDS). 

 

2.4 Characterization method 

The dried precipitates were identified by scanning 

electron microscope (SEM), X-ray diffraction (XRD) 

and Fourier transform infrared spectroscopy (FTIR) 

analysis. SEM analysis was performed with a 

JSM−6360LV instrument operated at accelerating 

voltage of 10 kV. Samples were mounted on Al-stubs 

with double-sided carbon tabs and coated with a thin 
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layer of gold in a Pelco Model 3 Sputter 91000 coater. 

For XRD analysis, it was conducted with Cu Kα radiation 

(40 kV, 250 mA) in a RINT2000 vertical goniometer 

equipped with a fixed monochrometer and a 

theta-compensating slit. Samples were scanned from 5° 

to 80° with a step increment of 0.02° and 4 s counting 

time. The FTIR spectra were taken on a Nicolet Nexus 

670 Fourier transform spectrometer at a resolution of   

4 cm−1 using a KBr beam splitter, a DTGS detector with 

KBr window, and a sample shuttle for the transmittance 

measurements. The background was taken on a disk 

made from 400 mg KBr. 

 

3 Results and discussion 
 

3.1 Changes of pH and ORP in coprecipitation 

process 

Figure 1(a) shows the variation of pH in the 

coprecipitation process. pH change is related to the 

concentrations of ferrous/ferric iron, heavy metals and 

the activity of A. ferrooxidans. It can be identified from 

Fig. 1(a) that there are apparent differences between the 

biotic and abiotic systems. At the initial phase, pH of the 

abiotic system is slightly raised, which is caused by 

ferrous iron oxidation in air condition (Eq. (1)). From 

approximately the third day, a dropping trend is observed 

due to the Fe(III) hydrolysis. pH of the abiotic system is 

higher than 2.0 during the reaction period. However, 

dropping speed in A. ferrooxidans inoculated system is 

significantly higher than that without bacteria, which 

maintains below 1.82. This shows that ferrous iron 

oxidation and the subsequent Fe(III) hydrolysis and 

iron-oxyhydroxysulphate formation (Eq. (2)) are greatly 

promoted by A. ferrooxidans [21]: 
 

.2+ 3+
2 24Fe +O +4H 4Fe +2H O

A ferrooxidans       (1) 
 

3 2
4 23Fe M 2SO 6H Oxa       

 

3 6 4 2M Fe (OH) (SO ) +6Ha
                  (2) 

 

3 20 Fe Fe
ln( / )

nF
a a

RT
                         (3) 

 

Oxidation reduction potential (ORP, Fig. 1(b)) 

variation reflects the ferrous oxidation and ferrous/ferric 

iron ratio (Eq. (3)). The ORP of the biotic system 

increases drastically in the initial stage, which also 

reveals that the ferrous oxidation is activated in A. 

ferrooxidans inoculated system. Subsequently, it 

maintains at higher than 560 mV. These phenomena 

illustrate that air oxidation of ferrous iron is insignificant 

in acidic aqueous environment. High ORP coupled with 

continuous decreasing pH can be considered as the 

indicators of the adaptation of A. ferrooxidans to 

coprecipitation system. 

 

 

Fig. 1 Dynamic changes of pH (a) and ORP (b) during 

coprecipitation process 

 

3.2 Changes of Fe(II) and total iron concentrations in 

coprecipitation process 

The dynamic changes of ferrous iron and total iron 

directly reflect the oxidation ability of the bacteria and 

the iron-oxyhydroxysulphate formation. Figure 2(a) 

shows that ferrous iron concentration decreases rapidly 

in A. ferrooxidans existing system. However, the 

oxidation percentage is related to the initial FeSO4 

dosage. Ferrous iron is completely oxidized within 24 h 

in system with 5 g/L FeSO4, while oxidation time 

extends to 72 h when the FeSO4 dosage is increased to 

20 g/L. The efficient ferrous oxidation indicates that the 

activity of A. ferrooxidans is not inhibited by complex 

heavy metals. In metal-added abiotic systems, the ferrous 

iron concentrations decrease to 3.59, 6.31 and 12.16 g/L 

respectively within 10 d. However, according to previous 

research, the oxidation efficiency is just about 2% with 

pure chemical oxidation in acidic environment [22], 

implying that iron in abiotic system maybe precipitates 

as Fe(II) form. In coprecipitation process, ferrous iron 

oxidation rate is greatly promoted by A. ferrooxidans, 

and cells can gain energy from this process for 

proliferation. Due to the ferric iron hydrolysis and 

precipitation, the total iron concentration in solution also 

decreases [23]. The change of total iron concentration  
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Fig. 2 Variations of Fe(II) (a) and total iron (b) concentrations 

during coprecipitation 

 

shows significant differences in two systems (Fig. 2(b)). 

In the biotic system, 73.68%, 56.32% and 63.5% iron 

transforms into precipitate within 3 d with the initial 

Fe(II) concentration increasing from 5 to 20 g/L, while 

the precipitation efficiency in heavy metals added abiotic 

treatment is only 28.14%, 37.00% and 39.22% 

correspondingly. The acidic environment (pH<2.0) is not 

conducive to the precipitation of ferric iron from the 

perspective of chemical thermodynamics. While ferric 

iron hydrolysis and precipitation in sulfate-rich acidic 

biotic solution illustrate that A. ferrooxidans activity 

facilitates this process. According to previous research, 

metals mainly bond to the ferric iron oxide while not the 

ferrous iron compounds. In this bio-mediated acidic 

coprecipitation system, the existence of A. ferrooxidans 

significantly promotes the ferrous iron oxidation and 

iron-oxyhydroxysulphate formation. It can be speculated 

that the promotion effect of A. ferrooxidans on 

iron-based secondary minerals can elevate metal 

immobilization efficiency correspondingly. 

 

3.3 Cu, Cd and Pb coprecipitation 

Figure 3 shows that Cu, Cd and Pb maintained a 

steady decreasing trend during the coprecipitation 

process. The initial Cu(II) concentration is 1.0 mmol/L, 

 

 

Fig. 3 Dynamic changes of Cu (a), Cd (b) and Pb (c) 

concentrations in solution 

 

in most treatment, it sharply reduces to 0.12 mmol/L in 

the first day as well as the abiotic system, implying that 

chemical precipitation contributes substantially to Cu(II) 

immobilization in the initial stage. Cu(II) in A. 

ferrooxidans inoculated system with the highest Fe(II) 

dosage obtains the best coprecipitation effect, and it 

further reduces to 0.058 mmol/L on the 10th day. The 

coprecipitation efficiency in biotic system with 5 g/L 

Fe(II) ranks only second to the former. A. ferrooxidans is 

responsible for Fe(II) oxidation, as well as the 

iron-oxyhydroxysulphate formation. The result suggests 

that the formed iron-oxyhydroxysulphate accelerates the 
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low concentration Cu(II) coprecipitation. As for the Cd 

(Fig. 3(b)), it exhibits a different characteristic change 

trend. The chemical precipitation is not significant in the 

first day except abiotic system with 5 g/L Fe(II) and the 

biotic system with 20 g/L Fe(II). The Cd concentration 

decreases continuously in both systems, indicating that 

Cd can be immobilized in either chemical or biotic 

coprecipitation process. However, in biotic system with 

the highest Fe dosage, Cd reduces to the lowest level 

(0.085 mmol/L), which shows the deep removal capacity 

in A. ferrooxidans existing system. Pb is added into the 

system as Pb(NO3)2 at initial concentration of        

0.3 mmol/L. Lead nitrate is transformed into anglesite 

precipitate immediately, while there is still dissolved Pb 

in the solution. The precipitation behavior of remnant Pb 

is related to the A. ferrooxidans mediated 

biomineralization. Table 2 exhibits the Pearson 

correlation coefficient between heavy metals 

precipitation and environmental factors. The coefficient 

between pH/ORP and metal concentration in abiotic 

system (Fe(II) 10 g/L) exceeds 0.92 entirely, while that 

in biotic system is basically lower than 0.90. As to the 

ferrous iron (Fe(II)) and total iron concentration (TFe), it 

exhibits a similar variation trend. This phenomenon 

illustrates that A. ferrooxidans mediated coprecipitation 

process is more complex than the chemical one, and A. 

ferrooxidans plays a unique role in heavy metal 

coprecipitation. When Fe(II) concentration is increased 

to 20 g/L, the coprecipitation coefficients are remarkably 

increased in both systems especially for the biotic one. 

Heavy metals are removed through structural 

incorporation or substitution [17]. Higher iron 

concentration facilitates the iron-oxyhydroxysulphate 

formation, and promotes the coprecipitation efficient. 

The activity of A. ferrooxidans accelerates heavy metal 

coprecipitation kinetic and efficiency. 

 

Table 2 Pearson correlation coefficients between heavy metals 

precipitation and environmental factors 

Parameter 
Abiotic system  Biotic system 

Cu Pb Cd  Cu Pb Cd 

pH−Fe10 0.92 0.94 0.93  0.89 0.90 0.97 

ORP−Fe10 −0.99 −0.99 −0.95  −0.71 −0.71 −0.83 

Fe(II)−Fe10 0.81 0.81 0.93  0.58 0.57 0.68 

TFe−Fe10 0.89 0.90 0.98  0.86 0.87 0.96 

pH−Fe20 0.95 0.97 0.99  0.92 0.92 0.98 

ORP−Fe20 −0.98 −0.99 −0.98  −0.82 −0.81 −0.93 

Fe(II)−Fe20 0.93 0.95 0.99  0.76 0.76 0.90 

TFe−Fe20 0.93 0.95 0.99  0.86 0.86 0.96 

ORP—Oxidation reduction potential; Fe(II)—Ferrous iron in solution;  

TFe—Total iron (ferrous and ferric iron) in solution; Fe10—Initial ferrous 

iron concentration 10 g/L; Fe20—Initial ferrous iron concentration 20 g/L 

3.4 Precipitate characterization 

3.4.1 Morphology and element analysis 

Morphology and element analysis directly reflect 

the influence of biological factors on secondary mineral 

formation. Figure 4(a1) shows that the precipitate formed 

in abiotic system with 5 g/L Fe(II) presents as irregular 

aggregates. With Fe concentration increasing to 10 g/L 

(Fig. 4(a2)) and 20 g/L (Fig. 4(a3)), the particles become 

larger and more regular. The precipitates formed in 

heavy metals added abiotic system (Figs. 4(b1)−(b3)) are 

similar to those in pure FeSO4-added system, which 

illustrates that the influence of metals on iron- 

oxyhydroxysulphate spatial structure is insignificant. In 

addition, the crystals produced by A. ferrooxidans   

(Figs. 4(c1)−(c3)) present as polyhedron-shaped tightly 

aggregate, and their surfaces are smoother than those in 

abiotic systems, which is related to the higher Fe(II) 

oxidation efficiency and supply rate of Fe(III) iron in A. 

ferrooxidans inoculated system [12]. This speculation is 

also confirmed by the energy dispersive spectroscopy 

analysis (Fig. 4). Table 3 shows that the iron contents of 

precipitate in biotic system reached 42.16%, 58.79% and 

72.61%, respectively, increasing correspondingly with 

the increase of FeSO4 dosage. However, the iron content 

in precipitate formed in abiotic system is below 36.95%. 

Element sulfur exhibits a similar trend with iron, whose 

content in biotic system is also higher than others. This 

implies that A. ferrooxidans increases the 2
4SO   content 

in the formed iron-oxyhydroxysulphate. However, 

monovalent cation K shows a reverse trend with S and 

Fe. According to previous researches, monovalent cation 

can enhance the crystallinity; less monovalent cation 

facilitates the formation of amorphous iron based minerals, 

and the presence of wirelike structure schwertmannite 

(Sh) confirms it [21]. Iron-oxyhydroxysulphate 

incorporates metals into its crystal structure and leads to 

the immobilization of metals [24]. The promotion effect 

of A. ferrooxidans on iron-oxyhydroxysulphate 

formation facilitates metals coprecipitation. 

3.4.2 X-ray diffraction analysis 

X-ray diffraction analysis is performed to identify 

the specific substance formed in different treatments. The 

precipitates are well crystallized according to the sharp 

peaks and the stable baseline of the XRD spectra (Fig. 5). 

Phase identification reveals that the main component of 

the precipitate in abiotic system only with FeSO4    

(Fig. 5(a)) is jarosite (Ja, PDF card No. 22−0827), as 

well as a small amount of ammonium jarosite (Am, PDF 

card No. 26−1014) formed in the highest FeSO4 dosage 

condition. 

In later coprecipitation stage, NH4
+ may replace the 

K+ structure position with its concentration decreasing, 

resulting in the formation of ammonium jarosite.  

Figure 5(b) shows the XRD patterns of the precipitates 
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Fig. 4 Morphologies of precipitates produced by chemical and microbial methods: (a1−a3) Precipitates formed in abiotic systems with 

initial Fe concentrations of 5, 10 and 20 g/L, respectively; (b1−b3) Precipitates formed in heavy metals added abiotic systems with 

initial Fe concentrations of 5, 10 and 20 g/L, respectively; (c1−c3) Precipitates formed in heavy metals added biotic systems with 

initial Fe concentrations of 5, 10 and 20 g/L, respectively 

 

Table 3 Element content and grain size of precipitates in 

different treatments 

System 
Mass fraction/% Grain 

size/nm O P S K Fe 

Fe5 39.91 14.41 04.22 01.09 34.21 805 

Fe10 36.93 01.49 11.1 04.76 30.94 876 

Fe20 37.76 − 14.54 03.60 36.95 415 

Fe5+M 35.01 05.57 09.78 04.02 34.05 862 

Fe10+M 37.58 01.28 09.30 03.96 25.06 389 

Fe20+M 42.02 − 12.28 02.00 31.56 859 

Fe5+M+A. f 37.83 − 16.35 03.66 42.16 433 

Fe10+M+A. f 19.56 − 14.84 02.27 58.79 396 

Fe20+M+A. f 11.64 − 14.30 01.25 72.61 642 

formed in Cu, Cd and Pb added abiotic systems. The 

characteristic peaks of anglesite (An) indicate that Pb is 

predominantly bound to sulfate rather than phosphate. 

This may be attributed to much higher concentration of 

sulfate, relative to phosphate in the acid sulfate water. 

Compared with the spectra of heavy metals added abiotic 

system (Fig. 5(c)), more minor peaks can be searched in 

the biotic system, indicating that higher Fe(III) supply 

rate promoted the formation of iron-oxyhydroxysulphate, 

which may cover the signal of some minor constituents. 

Moreover, schwertmannite (Fe8O8(OH)6SO4) is 

identified in biotic system as minor constituent,    

which is formed in monovalent cation lack condition. 

The presence of schwertmannite in biotic system 

illustrates that A. ferrooxidans greatly promoted ferric 

iron precipitation. According to the previous literatures, 
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metals are immobilized in jarosite by a series of 

precipitation, coprecipitation and adsorption    

reactions [25]. Bidentate inner-sphere complexes are 

formed between Cu and the singly coordinated surface 

sites, allowing for hydrolysis and dimer formation in Cu 

surface species [26,27]. 

3.4.3 FTIR analysis 

The main absorption bands of the FTIR spectra  

(Fig. 6) show the similarity with the standard     

jarosite. While the spectrum of each sample has its own 

 

 

Fig. 5 XRD patterns of precipitates formed in different 

treatment conditions: (a) Precipitates formed in abiotic systems; 

(b) Precipitates formed in heavy metals added abiotic systems; 

(c) Precipitates formed in heavy metals added biotic systems 

(Ja — Jarosite; Am —Ammonium jarosite; An— Anglesite;    

Sh—Schwertmannite) 

 

 

Fig. 6 FTIR spectra of precipitates formed in different 

treatments: (a) Precipitates formed with 5 g/L Fe;          

(b) Precipitates formed with 10 g/L Fe; (c) Precipitates formed 

with 20 g/L Fe 

 

characteristics in peak shape and intensity, indicating the 

heterogeneity of precipitate formed in different systems. 

The intense absorption observed in region of 2900−  

3700 cm−1 can be attributed to O — H stretching     

(vOH) [21]. However, the transmittance of precipitate 

formed in biotic system is much higher than that in 

abiotic system, especially for metals added system. 

Hydroxyl group is a critical group in metals adsorption 

and precipitation process, and metals may incorporate 

into the crystal through cation exchange. Metals are 

adsorbed or substituted with hydroxyl group. The band 
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around 1630 cm−1 is attributed to H—O—H deformation 

[18]. The consistency in peak position and transmissivity 

indicates that water molecule contents in the samples are 

basically identical. Three intense absorption bands are 

observed in range of 1000−1200 cm−1, the first two 

absorption bands are due to the υ3 (doublet) vibration of 
2
4SO   [12], while the band observed around 1000 cm−1 

is the deformation of —O—H. The 2
4SO   and —O—

H transmittances of samples formed in biotic system are 

higher than 40%, and the corresponding transmittances 

in abiotic system are lower than 10%. The contents of 

pivotal group sulfate and hydroxyl in the A. ferrooxidans 

inoculated system are less uniformly than those in abiotic 

system. Heavy metals may be adsorbed, substituted with 

hydroxyl or sulfate groups in biotic system. The peak 

around 627.9 cm−1 and a weak shoulder observed near 

676 cm−1 can be attributed to the v4 vibration mode of the 

sulfate. The band located near 1430 cm−1 is the 

characteristic peak of 4NH , which confirms the 

existence of ammonium jarosite in the precipitate 

mixture. It can be identified from the spectra that the 

content of 4NH  is positively related to the initial 

FeSO4 dosage. This phenomenon illustrates that the 

formation of ammonium jarosite occurs in the later stage 

of the reaction. The bands observed near 504.0 and   

466 cm−1 are vibrations of FeO6 coordination octahedral 

[28]. Note that the intense peak around 2359 cm−1 just 

appeared in heavy metals added system, which has not 

been reported in previous researches. This band can be 

regarded as the characteristic peak between heavy metals 

and iron-oxyhydroxysulphate. Transmittances of critical 

group hydroxyl and sulfate in metals-existing biotic 

system are significantly lower than those in other two 

systems, which indicates that these sites are occupied by 

heavy metals. The above results have proved the 

composition of the iron-oxyhydroxysulphate and the 

critical groups for metals immobilization. Metals     

are immobilized through precipitation, structural 

incorporation or substitution. Heavy metals 

immobilization mechanism through bio-mediated 

coprecipitation in acidic aqueous system is summarized 

as Fig. 7. 
 

4 Conclusions 
 

1) This research investigates complex heavy metals 

immobilization behavior in chemical and bio-mediated 

coprecipitation process in acidic water system. 

2) Ferrous oxidation and iron-oxyhydroxysulphate 

formation are promoted by A. ferrooxidans activity. 

Heavy metals coprecipitation kinetic and removal 

efficiency are enhanced with the increasing iron 

concentration and the inoculation of A. ferrooxidans. The 

main component of the precipitate is well crystallized 

jarosite. 

 

 
Fig. 7 Schematic of heavy metals coprecipitation in biotic and 

abiotic systems 

 

3) Higher Fe(II) oxidation efficiency and Fe(III) 

supply rate in A. ferrooxidans inoculated system 

facilitate larger grain diameter and polyhedron shaped 

crystal formation. 

4) Complex heavy metals can be incorporated into 

iron oxyhydroxysulphate crystal and efficiently removed 

from acidic wastewater through A. ferrooxidans 

mediated coprecipitation. Coprecipitation is a promising 

technique for heavy metals in-situ treatment in acidic 

environment. 
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基于 Acidithiobacillus ferrooxidans 介导的 

共沉淀对酸性体系中重金属的固定 
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摘  要：研究 Acidithiobacillus ferrooxidans 对酸性水体中复合重金属共沉淀过程的促进作用。A. ferrooxidans 显著

地提高了共沉淀体系中 Fe(II)离子的氧化速率及硫酸羟基铁氧体的形成。在 A. ferrooxidans 存在的条件下 Cu(II)浓

度降低至 0.058 mmol/L，而 Cd 在生物体系中浓度降至最低 0.085 mmol/L。Pb 主要以铅矾形式沉淀，硫酸羟基铁

氧体促进了残余铅离子的沉淀。通过 XRD、SEM 和 FTIR 等技术对形成产物进行系统表征。共沉淀体系中主要的

组分为高结晶度的黄钾铁矾，而 A. ferrooxidans 促进施式矿物在一价阳离子缺乏的反应后期形成。A. ferrooxidans

存在体系中较高的 Fe(II)离子氧化速率和 Fe(III)离子供应速度有利于多面体晶体形成及其晶粒尺径增加。复合重

金属离子进入硫酸羟基铁氧体的晶体结构，通过 A. ferrooxidans 介导的共沉淀能够高效地将重金属离子从酸性废

水中去除。 

关键词：共沉淀；嗜酸氧化亚铁硫杆菌；复合重金属；硫酸羟基铁氧体；酸性水体 
 (Edited by Wei-ping CHEN)  


