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Abstract: Bioremediation plays an increasingly important role in the remediation of chromium-contaminated soil because it is an 
environmentally friendly technology. To investigate the Cr(VI) reduction process by indigenous microorganisms in soil, a batch of 
incubation experiments were carried out in a bioreactor under aerobic conditions. The results showed that in the presence of 
indigenous microorganisms, the Cr(VI) concentration in the chromium-contaminated soil decreased from 1521.9 to 199.2 mg/kg 
within 66 h with culture medium addition, while a slight decrease in the Cr(VI) concentration was found in the sterilized soil, 
implying that the indigenous microorganisms contributed to the Cr(VI) reduction. In the microbial remediation process, Cr(VI) 
microbial reduction occurred after the reduction of 3NO− , Mn4+ and Fe3+ and, before 2

4SO −  reduction. The reduction process of 
Cr(VI) can be divided into two phases, characterized by the exponential equation model of microbial reduction and the linear 
equation model of the combined effect of the major ions. It can be concluded that indigenous Cr(VI)-reducing bacteria have a 
potential application for in-situ remediation of Cr(VI)-contaminated soil. 
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1 Introduction 
 

Chromium and its compounds are widely used in 
various industries and become pollutants in soil, 
industrial wastewater and groundwater [1]. Both valence 
states, trivalent and hexavalent, of chromium are 
ubiquitous in nature. Trivalent chromium (Cr(III)) has 
low toxicity and activity. However, hexavalent chromium 
(Cr(VI)) has high toxicity and mobility, causing serious 
pollution of surface water, groundwater and soil [2]. 

Currently, bioremediation has played an 
increasingly important role in the remediation of 
chromium-contaminated soil because it is an 
environmentally friendly technology. Various micro- 
organisms that reduce Cr(VI) to Cr(III), such as 
Achromobacter sp. [3], Acidiphilium sp. [4], Bacillus  
sp. [5], Burkholderia sp. [6], Cellulosimicrobium sp. [7], 
Exiguobacterium sp. [8], Leucobacter sp. [9], Pannoni- 
bacter sp. [10−15], and Pseudomonas aeruginosa     

sp. [16], have been isolated from different environ- 
mental media. In addition, Pseudochrobactrum 
asaccharolyticum LY6 has been isolated from chromium- 
contaminated soil [17]. Bacillus endophyticus (IS1), 
Microbacterium paraoxydans (IS2) and Bacillus simplex 
(IS3) have been isolated from a tannery waste disposal 
site [18]. Bacillus amyloliquefaciens (CSB 9) has been 
isolated from chromite mine soil [19]. Leucobacter sp. 
CRB1 was able to tolerate 4000 mg/L of Cr(VI) with a 
reduction efficiency of 34.5% [9]. Pannonibacter 
phragmitetus BB completely reduced Cr(VI) at an initial 
concentration of 1917 mg/L under anaerobic conditions 
with a maximum reduction rate of 562.8 mg/(L·h) [10]. 
Bacillus sp. can reduce more than 90% of 100 mg/L 
Cr(VI) in 144 h at pH 7 and 35 °C [5]. The removal 
mechanism of Cr(VI) by Exiguobacterium sp. depends 
mainly on the action of enzymes secreted outside the  
cell [8]. Cellulosimicrobium funkei AR8 has a high 
capacity for Cr(VI) reduction, and its reduction 
mechanism is achieved through extra- and intra-cellular  
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reduction [7]. SAYEL et al [20] reported that the 
reduction of Cr(VI) was mediated by cell membrane 
binding or cell soluble proteins of Enterococcus 
gallinarum. 

Regarding the bioremediation of chromium- 
contaminated soil, some studies have shown that the 
presence of microorganisms in chromium-contaminated 
soil can reduce Cr(VI) [21]. JEYASINGH et al [22] 
revealed that Cr(VI)-contaminated soil/sludge was 
affected by moisture content, initial substrate and 
biomass concentrations during the process of 
bioremediation. Most of these studies focused on the 
independent effect of microorganisms on Cr(VI) 
reduction. In fact, soil is a complex ecosystem with 
multiple-interfaces. Reports about the bioremediation of 
Cr(VI)-contaminated soil by the comprehensive role of 
indigenous microorganisms and major ions in soil are 
rare. 

In addition, the reduction kinetics of chromium has 
also been considered. JIANG et al [23] noted that 
chrome adsorption on humic acid coated magnetite was 
well fitted with the Langmuir isotherm model and that 
the removal of Cr(VI) from aqueous media by HA− 
Fe3O4 particles followed pseudo-second-order kinetics. 
Indirect Cr(VI) bioreduction dominated the Cr(VI) 
reduction pathway in the presence of both Cr(VI) and 
sulfate [24]. WILLIAMS and SCHERER [25] reported 
the reduction kinetics of Cr(VI) by carbonate green rust 
at different pH values and reactant concentrations. The 
reduction rate of Cr(VI) was proportional to the surface 
area concentration of green rust and followed the 
psuedo-first-order reduction kinetics. CHEN et al [26] 
reported the effect of Al(III) on the reduction of Cr(VI) 
by α-hydroxy acids and the reduction of Cr(VI) was 
described as a pseudo-zero-order reaction when 
α-hydroxy acid was in excess. LI et al [27] also studied 
the reduction kinetics of Cr(VI) in soil    by ferrous 
sulfate and sodium thiosulfate. Cr(VI) removal by 
indigenous bacteria of strain LY6 isolated from Cr(VI)- 
contaminated soil followed first-order kinetics [17]. 
Moreover, many factors such as the complex 
composition and properties of soil, can affect Cr(VI) 
reduction [28]. The reduction of Cr(VI) can occur during 
the process of sulfate metabolism to form S2− in soil [29]. 

Therefore, the objectives of this study were to 
investigate the characteristics of Cr(VI) reduction by 
indigenous microorganisms, discuss the effects of the 
redox potential (φh), pH values and Fe2+, Mn2+, 2

4SO −  
and 3NO−  concentrations of soil on microbial reduction 

of Cr(VI), and further reveal the kinetics of microbial 
reduction of Cr(VI) to meet the needs of in-situ 
restoration. 
 
2 Experimental 
 
2.1 Soil samples 

The soil samples (0−50 cm) used in this study were 
collected from a chromite ore processing residue (COPR) 
disposal site in Hunan Province, China. All soil samples 
were air-dried and passed through a 250 μm 
polyethylene sieve prior to analysis. These samples were 
divided into two portions. One portion was thoroughly 
mixed for analyzing the soil characterization, and the 
other was stored in a sample bag prior to the 
bioremediation experiment. The main physical and 
chemical properties of the soil samples are presented in 
Table 1. 

 
2.2 Cr(VI) remediation by indigenous micro- 

organisms 
The soil samples used for Cr(VI) bioremediation 

were divided into two parts: sterilized (Autoclave, model 
YXQ−SG46−280S) and non-sterilized samples. For the 
Cr(VI) remediation by indigenous microorganisms under 
aerobic conditions, 1 kg soil was added to the sterilized 
culture medium (yeast extract 5 g/L and glucose 5 g/L) 
according to the soil−liquid ratio of 1:2. In addition, 
deionized water as a medium for soil suspension was 
compared with culture medium. All chemicals were of 
analytical grade and used without any further 
purification. 

The soil suspension was put into a reactor that was 
placed in a constant temperature water bath (Model 
HZ−9212S) at 25 °C, as shown in Fig. 1. Then, the soil 
suspension was mixed with a mechanical stirrer (Model 
DJ1C) at 300 r/min. Samples were taken every 6 h to 
analyze the concentrations of Cr(VI), Fe2+, Mn2+, 3NO− , 
and 2

4SO −  in the solution, and real-time determination 
of pH and redox potential (φh) values of soil suspension 
was carried out. Three replicates for each treatment were 
conducted. 

 
2.3 Analytical methods 

The φh value of the soil suspension system was 
directly determined by the platinum electrode method. 
The platinum electrode was inserted into the soil 
suspension system as a special electron conductor. The 
soluble oxidant or reducing agent in the soil suspension 

 
Table 1 Physical and chemical properties of soil samples 

pH Organic matter 
content/(mg·kg−1) 

Cation exchange 
capacity/(mmol·kg−1)

Grain size proportion/%  Concentration/(mg·kg−1)
>100 μm 100−10 μm <10 μm  Total Cr Cr(VI) 

10.75±0.22 10.6±0.52 256.3±2.1 50.1±10.2 38.1±11.0 11.8±4.5  2538.8±27 1608.2±30 
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Fig. 1 Schematic diagram of bioreactor 
 
either accepted electrons or donated electrons from the 
platinum electrode. A balanced electrode was established 
through a salt bridge and the standard hydrogen  
electrode, which formed the φh of the system. The 
water-soluble Cr(VI) concentration of soil samples was 
measured according to the standard method described by 
HAN et al [30]. The soil was digested with an acid 
mixture (HCl, HNO3, HClO4 and HF) on an electric 
heating plate. The concentration of total chromium in the 
digested solution was measured by atomic absorption 
spectrometry (TAS−990, Beijing Purkinje General 
Instrument Co., Ltd., China). The Fe2+ concentration was 
measured by titration with 1,10-phenanthroline (phen.) 
according to the description of RAASHID et al [31]. The 
Mn2+ concentration was measured by atomic absorption 
spectrometry (TAS−990, Beijing Purkinje General 
Instrument Co., Ltd., China). The concentrations of 

2
4SO −  and 3NO−  were measured by ion chromato- 

graphy (Metrohm Model 861AC). Furthermore, the 
species identification of the bacterium was performed by 
16S rRNA gene sequencing. DNA of the bacterial  
strains was extracted using the methods described by 
CHAI et al [32] and MIN et al [33]. 

Analysis of variance (ANOVA) was performed 
using SPSS statistical software. The data shown in the 
corresponding figures are the mean values of the 
experiment and are expressed as the mean ± standard 
deviation (SD). 
 
3 Results and discussion 
 
3.1 Soil characterization 

As shown in Table 1, the soil used in this study was 
alkaline, and the pH value of the soil was approximately 
10.75. The chromite ore processing residue (COPR) is 
known to contain a large amount of calcia, which 
resulted in the strong alkalinity of the leachate and led to 
the strong alkalinity of the soil around the COPR 
disposal site [34]. Cr(VI) in such a pH condition might 

be leached and enter into the soil. As shown in Table 1, 
the concentration of Cr(VI) was about 1608 mg/kg in the 
soil sample, and the total chromium concentration 
reached up to about 2538 mg/kg, which indicated that the 
soil was severally contaminated by Cr(VI). In addition, 
the Cr(III) concentration was approximately 930 mg/kg 
in the soil, since soil organic matter and microorganisms 
in soil can reduce Cr(VI) to Cr(III). 

The particle size of the sample can influence the 
leaching of Cr(VI) from the soil, and mass transfer 
limitation might play a significant role in impeding the 
dissolution of COPR minerals under acid addition and 
hence hinder the remediation of COPR. Therefore, 
greater percentages of Cr(VI) were reduced for acid 
pretreatment and for COPR samples with smaller particle 
size. Soil particle size analysis showed that particle sizes 
larger than 100 μm accounted for 50.1%. Particle sizes 
smaller than 10 μm comprised approximately 11.8% of 
the total soil sample, and the sizes between 10 and   
100 μm accounted for approximately 38.1%. These 
results indicated that greater Cr(VI) quantities can be 
released as the particle size of the soil samples is reduced, 
and the bioremediation efficiency can also be influenced. 
 
3.2 Cr(VI) microbial remediation in soil 

The results of Cr(VI) reduction by indigenous 
microorganisms are shown in Fig. 2. The concentration 
of Cr(VI) changed little in Treatments II and IV, in which 
deionized water replaced culture medium. However, 
medium supplementation of soil in the presence of 
microorganisms (non-sterilized sample, Treatment III) 
significantly promoted Cr(VI) reduction. In particular, a 
rapid reduction of Cr(VI) occurred after 18 h, and the 
Cr(VI) concentration decreased from 1521.9 mg/kg at 
 

 
Fig. 2 Change of Cr(VI) concentration under different 
experimental programs of sterilized sample + sterilized medium 
(Treatment I), sterilized sample + sterilized deionized water 
(Treatment II), non-sterilized sample + sterilized medium 
(Treatment III) and non-sterilized sample + sterilized deionized 
water (Treatment IV) 
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beginning to 199.2 mg/kg at 66 h. The results indicated 
that the Cr(VI) reduction by microorganisms needed to 
be stimulated by culture medium. In Treatment Ⅰ with 
sterilized sample + sterilized medium, the Cr(VI) 
concentration decreased from 1370.3 to 1008.9 mg/kg 
within 66 h, which revealed that Cr(VI) was reduced by 
the culture medium rather than microorganisms. 

The microorganisms from the original soil sample 
were roughly divided into 10 genera, as shown in Fig. 3. 
Among them, Exiguobacterium sp. accounted for the 
largest proportion of the microbial community, reaching 
up to 42%, while Delftia sp. accounted for 19.33%. In 
addition, there were also a large proportion of uncertain 
microorganisms, which accounted for 16.67%. The 
bacteria Pannonibacter sp. reached a proportion of 
2.67% in the original soil samples. The addition of 
exogenous nutriments could activate the growth and 
reproduction of these microorganisms, thus vastly 
enhancing synergy with the soil composition for the 
bioremediation of Cr(VI). 
 

 
Fig. 3 Species of microorganisms in original soil 
 
3.3 Kinetics of Cr(VI) microbial reduction 

The kinetic profile of Cr(VI) reduction by 
indigenous microorganisms with additional medium 
under aerobic conditions is shown in Fig. 4. 
 

 
Fig. 4 Reduction kinetic characteristics of Cr(VI) reduction in 
soil 
 

There were three different mathematical models for 
Cr(VI) reduction under acidic to neutral pH conditions: 

zero-order [35], first-order [36−39], and second-    
order [40,41]. The reduction process of Cr(VI) was 
divided into two distinct phases (Fig. 4). In Phase A, the 
main reduction process of Cr(VI) was due to 
microorganism action. The culture medium in the soil 
system enhanced the reduction ability of indigenous 
microorganisms. Based on the kinetic data (Phase A), it 
can be concluded that the Cr(VI) reduction process can 
be described by the exponential kinetic model as follows:  

5.56exp 15338.88
7.33

tC  = − + 
 

, R2=0.995        (1) 
 
where C is the concentration of soluble Cr(VI) (mg/kg), 
and t is time (h). 

However, the result of kinetic model fitting was 
inconsistent with previous studies of pseudo-first-order 
kinetics of Cr(VI) reduction with amorphous FeS2 [38], 
sulphur (IV) in acidic conditions [36], and zero-valent 
iron in groundwater [39]. For microbial reduction, it was 
not in accord with the bacterial metabolic kinetics of 
sulfate-reducing bacteria [42]. The trend of Cr(VI) 
reduction kinetics in this study might be attributed to 
differences in the factors that affect Cr(VI) removal by 
the corresponding matters (e.g., S, Fe) and reduction 
conditions (e.g., pH). The reduction kinetics model of 
Cr(VI) in chromium-contaminated soil has not been 
reported, and the reduction of Cr(VI) involved the 
interaction of microorganisms with the characteristics of 
the soil system. 

In Phase B, Cr(VI) reduction was fitted to the linear 
equation kinetics model as follows:  
C=1157.65−14.43t, R2=0.999                   (2)  

The results were in agreement with previous  
studies, which reported Cr(VI) reduction kinetics with 
metallic iron [35] and with bivalent manganese [37]. 
Interestingly, Phase B of Fig. 4 was consistent with the 
results of the degradation of phenol by Sphingomonas sp. 
GY2B embedded beads at pH 7.0 and 30 °C [43,44]. 
Equation (2) indicated that the reduction of Cr(VI) was 
maintained at a constant rate of 14.43 mg/(kg·h) in the 
reduction process of Cr(VI) in Phase B, which was 
caused by the synergy of multiple substances in the soil 
system. 
 
3.4 Change of pH and φh during Cr(VI) microbial 

reduction 
The valence of chromium is related to the pH and φh 

values in the aqueous soil solution. Cr(III) derivatives 
have better stability than Cr(VI) in the environment, and 
they mainly form stable complexes with organic and 
inorganic ligands. In a neutral pH aqueous solution, 
Cr(III) tends to associate with OH− and form  
precipitates [45]. The change of pH in the reduction 
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process of Cr(VI) is shown in Fig. 5. In Treatments II 
and IV, the change in soil pH was not obvious. The soil 
pH slightly decreased within 12 h for Treatments I and 
III. Thereafter, the pH values decreased sharply and then 
remained stable at 8.0. 
 

 
Fig. 5 Change of pH values in reduction process of Cr(VI) 
under different treatments  
 

Many factors influence the pH value of soil, such as 
the contents of carbon dioxide and salt, organic acids 
generated in the degradation process of organic matter 
and inorganic acids generated in the oxidization process 
of mineral substances in the soil [46]. As seen in Fig. 5, 
the change in pH values for Treatments II and IV 
supported the above statements. These findings 
suggested that pH was an important factor influencing 
bioremediation of the soil. The optimal pH value for 
indigenous microorganisms was alkaline condition in the 
range of 9.0 to 10.0 [9]. The activity of the indigenous 
microorganisms could also be influenced by other factors 
(e.g., soil organic matter; culture medium). Furthermore, 
the change in pH values in Treatment III was positively 
related to the reduction of Cr(VI), which maintained a 
balance in the indigenous microorganisms metabolic 
environment. 

As shown in Fig. 6, the φh value only slightly 
increased for Treatments I, II and IV, and the 
concentration of Cr(VI) was also at high levels. The soil 
system was always in a high oxidation−reduction state 
during these experiments, relying solely on soil 
components (Treatments II and IV) and exogenous 
medium (Treatment I). In Treatment III, the φh value 
initially increased within 12 h and then decreased 
continuously. The increase in the oxidation−reduction 
potential of the soil system was related to the dissolution 
of the major ions in the soil. The results indicated that 
the relation between the change of φh and Cr(VI) 
reduction was clear. The reduction of Cr(VI) with the 
change in φh values played a stabilizing role in the   
soil bioremediation system. The φh value in the soil 

system stabilized until 42 h, which suggested that the 
reduction of Cr(VI) might be related to the other factors 
after 42 h. 
 

 
Fig. 6 Change of φh in reduction process of Cr(VI) under 
different treatments  
 
3.5 Change in concentrations Fe2+, Mn2+, 2

4SO -  and 
3NO-  

The effect of major ions in the soil on Cr(VI) 
reduction was complex. To elucidate the reduction 
sequence of Cr(VI) in the soil system, the samples 
extracted by Treatment Ⅲ were used to detect the 
concentrations of Fe2+, Mn2+, 2

4SO −  and 3NO−  in the 
reduction process of Cr(VI). 

The concentration changes of Fe2+ and Mn2+ are 
shown in Fig. 7(a). The concentration of Fe2+ decreased 
slightly in the initial 30 h and thereafter increased rapidly 
and was maintained at a concentration of 4.4 mg/kg. At 
the same time, Mn2+ was not notable in the initial 30 h 
but then increased sharply and maintained at a stable 
concentration of approximately 0.278 mg/kg. The 
changes in the concentration curves of Fe2+ and Mn2+ 
were nearly identical. In addition, some reaction 
intermediates and major ion complexes in the soil (e.g., 
Mn2+, Fe2+) during the reduction stage enhanced the 
reduction rate of Cr(VI). The concentration of Cr(VI) 
decreased sharply with decreasing φh and pH values for 
Treatment Ⅲ at 30 h, which indicates that Fe2+ and Mn2+ 
had an additional effect on the reduction of Cr(VI). 
Moreover, the reduction of Fe3+ and Mn4+ occurred after 
the reduction process of Cr(VI) according to the standard 
electrode potential, and the reduction of Cr(VI) 
contributed to the dissolution of Fe2+ and Mn2+ in the 
bioremediation system. 

As displayed in Fig. 7(b), the concentration of 
2
4SO −  decreased slightly during the process of Cr(VI) 

reduction, which implied that 2
4SO −  had little effect on 

the reduction of Cr(VI). The change of 3NO−  
concentration was not obvious in the initial 12 h. After 
12 h, it decreased sharply to an undetectable level at 18 h. 
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As shown in Fig. 2, the change of Cr(VI) concentration 
in the soil was not notable in the initial 18 h. The 
concentration of Cr(VI) began to decrease substantially 
when the concentration of 3NO− decreased to the 
minimum value. Therefore, 3NO−  was reduced prior to 
the reduction of Cr(VI). 
 

 
Fig. 7 Concentration change of Fe2+, Mn2+ (a), and 2

4SO − , 

3NO−  (b) in bioremediation process of Cr(VI) 
 

The concentration change of major ions in the soil 
during the process of Cr(VI) reduction with the decrease 
of φh values is shown in Table 2. 3NO−  was reduced 
rapidly, when φh value was lower than 185.6 mV, and 
was reduced completely at the φh value of 160.3 mV. The 
change in the concentrations of Mn2+ and Fe2+ was not 
obvious when φh value was higher than 125.3 mV. 
However, the concentrations of Mn2+ and Fe2+ increased 
quickly as φh value decreased. The change in the 
concentration of 2

4SO −  in the reduction process was not 
obvious. It was presumed that high-valent irons were 
reduced to Fe(II) during the reduction process of Cr(VI), 
then electrons were transferred to Cr(VI), and Cr(VI) 
was reduced to Cr(III). The reduction potentials of these 
major ions in soil were inconsistent with their standard 
reduction potential and were influenced by the complex 
effects of soil composition (such as pH value and organic 
matter) and the comprehensive effect of the Cr(VI) 

bioremediation system. Hence, the apparent reduction 
sequence of the major ions in the chromium- 
contaminated soil system was: 3NO− >Mn4+>Fe3+> 
Cr(VI)> 2

4SO − . Consequently, the reduction sequence of 
bioremediation by indigenous microorganisms was 
significant in the chromium-contaminated soil. 
 
Table 2 Concentration change of major ions in chromium- 
contaminated soil system 

φh/ 
mV

Concentration of major ions/(mg·kg−1) 

Cr(VI) Fe2+ Mn2+ 2
4SO −  3NO−  

198.6 1521.9 3.16 0.061 812.6 13.1 

189.3 1527.3 3.30 0.091 918.8 13.6 

185.6 1528.0 3.33 0.102 881.7 13.1 

160.3 1460.8 3.22 0.083 818.7 0 

144.3 1376.0 2.75 0.061 869.4 0 

125.3 1239.2 2.92 0.064 819.4 0 

109.0 777.2 3.74 0.113 759.1 0 

59.0 547.7 4.13 0.224 816.1 0 

56.6 461.6 4.44 0.310 843.7 0 

46.3 389.9 3.86 0.168 813.5 0 

47.6 292.6 4.39 0.278 813.7 0 

48.0 199.2 4.40 0.284 820.6 0 

 
4 Conclusions 
 

(1) Indigenous microorganisms played an important 
role in Cr(VI) reduction in contaminated soil. Culture 
medium supplementation in soil significantly promoted 
Cr(VI) reduction. 

(2) The concentration of Cr(VI) decreased from 
1521.9 to 199.2 mg/kg within 66 h, and approximately 
87% of Cr(VI) was reduced. The reduction process of 
Cr(VI) was divided into two phases significantly (Phase 
A and Phase B). In Phase A, Cr(VI) reduction was well 
described by the exponential equation kinetic model, 
which contributed to bioremediation. In Phase B, Cr(VI) 
reduction was fitted to the linear equation kinetic model, 
probably due to the synergy of multiple substances. 

(3) The reaction model can accurately predict the 
reduction of Cr(VI) and guide the in-situ bioremediation 
of chromium-contaminated soil. The results imply that 
indigenous microorganisms have a potential application 
for in-situ bioremediation of Cr(VI)-contaminated soil. 
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好氧条件下铬污染土壤中 Cr(VI)的土著微生物还原 
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摘  要：生物修复是一种环境友好型的修复技术，在铬污染土壤修复中发挥着越来越重要的作用。为了研究土著

微生物对土壤中 Cr(VI)的还原过程，在生物反应器里进行一系列微生物好氧培养实验。结果显示：在土著微生物

存在情况下，在铬污染土壤中添加培养基使Cr(VI)浓度在66 h内从1521.9降低至199.2 mg/kg，而灭菌土壤中Cr(VI)
浓度稍微降低，表明 Cr(VI)的还原归因于土著微生物的作用。在微生物修复过程中，Cr(VI)的生物还原发生在 

3NO− 、Mn4+和 Fe3+的还原后，而先于 2
4SO − 的还原。Cr(VI)还原过程可分为两个阶段，分别以生物还原作用的指

数方程模型和主要离子综合效应的线性方程模型为特征。土著 Cr(VI)还原菌在 Cr(VI)污染土壤的原位修复中具有

潜在的应用前景。 
关键词：Cr(VI)污染土壤；土著微生物；微生物修复；动力学 
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