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Abstract: To address the secondary pollution problem of chemical reduction and the defects of a long
bioremediation period for the soil around a chromium (Cr) salt plant in China, calcium polysulfide
(CPS) combined with biostimulation (adding nutrient solution with glucose and urea) was used
to reduce and stabilize hexavalent chromium [Cr(VI)] in the soil. The results showed that the
remediation effect of adding CPS and nutrient solution was better than that of CPS alone for Cr(VI)-
contaminated soil. An amount of 2.15% CPS with the Cr(VI) concentration reduced to approximately
330.0 mg/kg was selected as the optimal reducing agent dosage. Following the addition of 11 g/kg
glucose and 13 g/kg urea, the degradation rate of Cr(VI) reached over 92% after 3 days, and the
water-soluble fraction decreased by 95.6% after 40 days. The stability of the Cr was significantly
enhanced. The correlation and regression analyses of Cr speciation indicated that the water-soluble
fraction had significant negative correlations with the iron-manganese (Fe-Mn) oxide-bound fraction
and the organic matter-bound fraction. There were significant negative correlations between the
exchangeable fraction and the carbonate-bound fraction as well as extremely significant positive
correlations between the Fe-Mn oxide-bound fraction and the organic matter-bound fraction. It was
speculated that both the Fe-Mn oxide-bound fraction and the organic matter-bound fraction were
transformed from the water-soluble fraction, and the exchangeable fraction and the carbonate-bound
fraction were mutually transformed. This study enables us to acquire more knowledge about the
speciation transformation of Cr in soil and provides an efficient, low-cost, and low-risk technology
for the remediation of high Cr(VI)-contaminated soil.

Keywords: Cr(VI)-contaminated soil; remediation; Cr speciation; fraction transformation mode

1. Introduction

Chromium (Cr) has become one of the most common sources of heavy metal pollution
in soil due to its extensive industrial use [1–4]. In soil, it mainly exists in two valence states:
trivalent [Cr(III)] and hexavalent [Cr(VI)] chromium. Cr(III), a trace element with little
toxicity that is required by organisms, is almost completely precipitated above pH 5.5, so its
compounds are highly stable in the soil. Compared to Cr(III), Cr(VI) has stronger mobility
and is highly toxic, teratogenic, carcinogenic, and mutagenic [5,6]. Therefore, the key to
remediation of Cr-contaminated soil is to reduce Cr(VI) to Cr(III), and chemical reduction
is commonly performed for this purpose [7]. It mainly uses iron-based reducing agents
(such as ferrous sulfate and zero-valent iron) and sulfide compounds (such as calcium
polysulfide) to reduce Cr(VI), lowering the mobility and biotoxicity of Cr and reducing the
harm of Cr pollution in soil. Ferrous sulfate and nanoscale zero-valent iron (nZVI) have
been used to reduce Cr(VI); the residual amount of Cr(VI) was lower than the industrial
standard after 16 h, and a complete reduction occurred after 45 h with a large amount
of excess ferrous sulfate, while the nZVI had a faster reaction rate [8]. Another previous
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study revealed that calcium polysulfide (CPS), iron sulfide (FeS), and sodium sulfide (Na2S)
could reduce Cr(VI) efficiently compared to pyrite (FeS2) when the four types of excessive
sulfides were added to three kinds of soil [9]. While the chemical reduction method acts
quickly and develops maturely, any excess reducing agent increases the cost of remediation
and causes secondary pollution. Moreover, using a reducing agent alone results in poor
stability to treat the contaminated soil, and after a period of time, Cr(III) is re-oxidized to
Cr(VI) with the phenomenon of “yellowing” observed [10,11].

In recent years, microbial remediation technology has become a research hotspot in the
field of Cr-contaminated soil treatment due to its advantages of stability, cost-efficiency, and
no secondary pollution [12–15]. Biostimulation is one of the microbial remediation methods,
and it stimulates the growth and activity of indigenous microorganisms in soil by changing
various factors in the environment to achieve the purpose of pollution remediation. In 1999,
Bader et al. enriched indigenous microorganisms in soil for the first time through lysozyme
broth (LB) medium and medium containing glucose to evaluate the potential of aerobic
reduction of Cr (VI) in a local soil microbial community. Under anaerobic conditions,
bacteria and molasses were mixed with soil samples containing 5.6 mg/g of Cr(VI), and the
reduction rate of Cr(VI) reached 97% after 20 days [16]. Lara et al. [17] used sodium acetate
as an electron donor and effectively promoted the microbial reduction of Cr(VI) in soil.
However, the tolerance of microorganisms to Cr(VI) is limited, and a high concentration
of Cr(VI) will inhibit the growth of microorganisms or even kill them [18]. Thus, the
combination of chemical and microbial reduction has been considered for better effect, but
few existing studies focus on combined remediation. The chemical-microbial combination
shortens the repair time, enables Cr-resistant microorganisms, and allows Cr(III) and the
soil to form aggregates [19], all of which ensure the long-term safety of the remediation
and thus make it suitable for the treatment of high Cr(VI)-contaminated soil.

At present, most studies [7,20,21] focus on evaluating the potential impact of Cr as a
pollutant based on the residual Cr(VI) concentration. Nevertheless, the toxicity of Cr in
soil is not only related to the valence state but also closely connected with Cr speciation.
The mobility of various Cr fractions is different depending on the soil environment, and
the mobility determines the bioavailability and toxicity [22,23]. The water-soluble and
exchangeable fractions are easily absorbed by organisms and have the greatest toxicity. The
carbonate-bound fraction, Fe-Mn oxide-bound fraction, and organic matter-bound fraction
also have bioavailability with conditions, such as pH and redox change. The residual
fraction is the most stable and is not easily used by organisms [24,25].

In this study, high hexavalent chromium-contaminated soil of an abandoned Cr salt
plant in China served as the research object. The reduction effect of Cr by CPS combined
with biostimulation was assessed. Especially the concentration of Cr speciation in the soil
as well as its transformation mode were studied during the remediation.

2. Materials and Methods
2.1. Sample Collection and Property Analyses

Soil samples were collected from the sites of a Cr salt plant in Hebei Province of China.
The soil is half luvisols, and ten sampling sites were chosen. The sampling depth was about
50 cm. One hundred kg of soil sample was collected from each of the 10 sampling sites and
mixed. Large particles, such as stones and glass fragments, were removed from the soil.
The remaining portion was put into a plastic bucket, mixed evenly, and covered for use.
The physicochemical characteristics of the soil are presented in Table 1.

Table 1. Physicochemical characteristics of Cr-contaminated soil presented as the means ± standard
deviations (SDs); n = 3.

Cr(VI) (mg/kg) Total Cr (mg/kg) pH Electrical Conductivity (ms/cm) Salinity (mg/L)

4750.1 ± 237.5 5548.2 ± 378.0 8.15 ± 0.01 11.80 ± 0.68 7175 ± 759
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2.2. Optimization Test of Reducing Agent Dosage

CPS with a mass fraction of 45.0% (Lianyungang Yosoo Industrial Technique Co., Ltd.,
Lianyungang, China) was used as the chemical reducing agent in the experiment. First,
five 1 kg soil samples were prepared, then CPS was dissolved in 100 mL of pure water
according to the (CPS/soil) mass ratios of 0.00%, 1.75%, 2.00%, 2.15%, and 2.50%. Next,
the CPS solution was slowly added to the soil samples and stirred uniformly. After the
samples were left for 24 h at room temperature, the pH level and Cr(VI) concentration were
determined.

2.3. Biostimulation

Glucose and urea were low cost, good effects, and environmentally friendly carbon
and nitrogen sources for microbial. They were used as the microbial nutrient solution for
biostimulation. The soil reduced by the CPS was left for 8 days and then divided into
plastic pots containing 1 kg each. Based on the (w:v) ratio of 1:1, different proportions
of the nutrient solution were added to the soil samples, and the mixtures were stirred
evenly. The experimental conditions are shown in Table 2. A solid–liquid ratio of 1:1 was
maintained during the experiment. The samples were tested at 3, 10, 20, 30, and 40 days to
determine the concentrations of Cr(VI), total Cr, and Cr speciation (including the water-
soluble fraction (F1), exchangeable fraction (F2), carbonate-bound fraction (F3), Fe-Mn
oxide-bound fraction (F4), organic matter-bound fraction (F5), and residual fraction).

Table 2. Experimental conditions of soil samples.

Sample Number
Nutrient Solution Proportion (g/kg) Culture Conditions

Glucose Urea

S0 No addition 28 ◦C, incubator
S3 3

13

S5 5
S8 8

S11 11
S13 13
SC 13 4 ◦C, refrigerator

2.4. Analytical Methods

Soil pH values were measured using a Hash pH meter (soil–water = 1:2.5 (w:v)) [26].
Aqueous extracts of the soil samples were used to determine electrical conductivity (1:10
w/v sample water ratio) and salinity using a conductivity meter (Mettler Toledo, Shanghai
China). Cr(VI) was extracted from the soil samples according to the United States Envi-
ronmental Protection Agency (USEPA) method 3060A [27], and Cr(VI) concentration was
calculated based on the USEPA method 7196A [28]. For the determination of total Cr, a
modified version of the USEPA method 3052 was used to digest the soil samples [27,29,30].
Next, the samples were analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES). The modified Tessier sequential extraction procedure [31,32] was
employed to extract the different Cr fractions. According to the modified Tessier sequential
extraction method, Cr exists in six different fractions, including the water-soluble fraction
(F1), exchangeable fraction (F2), carbonate-bound fraction (F3), Fe-Mn oxide-bound fraction
(F4), organic matter-bound fraction (F5) and residual fraction. The stability and biotoxicity
of these six fractions increase in sequence while the mobility and bioavailability gradually
decrease [33–35]. Water soluble Cr (VI) was added and was extracted with distilled water
at a 1:8 ratio of soil to water for 30 min. Cr fractions were determined by ICP-OES. SPSS
Statistics 21.0 software (IBM, Armonk, NY, USA) was used to perform the correlation and
regression analyses.



Agronomy 2022, 12, 801 4 of 11

3. Results and Discussion
3.1. Chemical Reduction Effect and Optimization of CPS Dosage

In this study, CPS was used to reduce Cr(VI) to Cr(III) in the contaminated soil so that
the Cr(VI) concentration could be tolerated by microorganisms. Table 3 shows the Cr(VI)
concentration and pH under different CPS dosages. As shown in Table 3, with an increase
in CPS dosage, the pH tended to rise first before declining, and the value was essentially
maintained between 8.15 and 8.50. In addition, the pH values of CPS-added soils increased
compared to that of the original soil. This finding may be attributed to the fact that CPS
is an alkaline substance that can improve the pH value of soil, which is consistent with
past research by Zhang et al. [36]. Cr(VI) in soil decreased significantly with an increase in
CPS dosage. The reduction rate of Cr(VI) exceeded 90.0% after adding 2.15% CPS for 24 h,
while the reduction rate of 2.50% CPS reached as high as 98.0%.

Table 3. Cr(VI) concentration and pH under different CPS dosages.

CPS Dosage Original Soil (0) 1.75% 2% 2.15% 2.5%

Cr(VI) concentration
(mg/kg) 4750.1 ± 237.5 1251.6 ± 76.4 923.2 ± 48.0 330.4 ± 19.8 81.7 ± 5.1

pH 8.15 ± 0.01 8.21 ± 0.01 8.24 ± 0.02 8.47 ± 0.02 8.37 ± 0.02

The initial concentration of Cr(VI) in the soil of a Cr slag yard in Hunan province
was 1521.9 mg/kg, and after the addition of nutrient solution, the concentration of Cr(VI)
was reduced to 199.2 mg/kg by native microorganisms under aerobic conditions 66 h
later [37]. Chai et al. [32] used the indigenous bacterium Pannonibacter phragmitetus BB
to reduce the Cr(VI) in soil from the original 462.8 mg/kg to 10.0 mg/kg. Given that
a higher concentration of Cr(VI) would inhibit microorganisms and increased reducing
agent dosage would lead to increasing costs as well as damage to the soil physicochemical
properties and surrounding ecological environment. The results showed that the Cr(VI)
concentration was the lowest when 2.5% CPS was added, but the release of odorous H2S
gas increased evidently. To sum up, the 2.15% CPS with the Cr(VI) concentration reduced
to approximately 330.0 mg/kg was selected as the optimal reducing agent dosage.

3.2. Effect of Cr(VI) Reduction by Biostimulation

After chemical reduction by 2.15% CPS for 8 days, the concentration of Cr(VI) was
increased to 1126.6 mg/kg, and much higher than adding CPS for 24 h (330.4 mg/kg). This
indicated that Cr(III) was re-oxidized to Cr(VI) after a period of chemical reduction, which
reflects the instability of chemical reduction. It is necessary to use biological method to
further reduce and stable Cr. After CPS reduce and stable for 8 days, nutrient solution
was added according to Table 2. The Cr(VI) concentration was monitored over the course
of biostimulation (Figure 1). During the process, the concentration of Cr(VI) in each
experimental group went down with time. In samples S0 and S3, the concentration of
Cr(VI) declined slowly. The concentration in sample S0 increased to 1130.9 ± 57.7 mg/kg
on the 10th day and then decreased until the 20th day, at which point it leveled off. Sample
S0 showed signs of rebounding, demonstrating the instability of relying solely on the
chemical reduction method. The concentration of Cr(VI) in other groups descended rapidly
with time. The reduction rate of Cr(VI) in samples S11 and S13 on the third day was over
92.0% and closer to 90.0% in sample SC, which was lower than that of sample S13. While
low temperatures have a certain inhibitory effect on microorganisms, the proportion of
nutrient solution has even more influence. After remediation for 40 days, the degradation
rate of Cr(VI) in sample S0 was 79.1%, and those of other groups were above 97.0%. These
results showed that the nutrient solution promoted the growth of microorganisms, thus
accelerating the reduction of Cr(VI). Furthermore, the higher the proportion of nutrient
solution, the more obvious the degradation effect on Cr(VI). The temperature also had an
impact on Cr(VI) reduction.
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Figure 1. Changes in Cr(VI) concentration during remediation.

3.3. Cr Speciation

Six different fractions of Cr were extracted by the modified Tessier sequential extrac-
tion method. Figure 2 shows the concentrations of Cr speciation in the samples during
remediation. According to Figure 2, except for sample SC, the content of F1 in other samples
gradually decreased with time. At the late stage of remediation (40 days), samples S11 and
S13 demonstrated a remarkable decline of 95.6% and 95.7%, respectively. In addition, with
increases in the proportion of nutrient solution, the concentration of F1 clearly declined.
This result is likely due to that the addition of nutrient solution stimulated the growth of
naturally occurring microorganisms in the soil, and the content of F1 was transformed
into more stable fractions in soil under the action of these microorganisms. The concen-
tration of F1 in sample SC declined in step with time, which suggests that the ability of
microorganisms to stabilize Cr is inhibited under low temperature.

At the late stage, the contents of F2 and F3 increased in some samples and decreased in
others. Compared with the initial state of remediation (0 day), the content of F2 in samples
S0 and S3 increased while samples S5, S8, S11, S13, and SC decreased at the late stage.
Moreover, as the proportion of nutrient solution increased, the concentration range of F2
decreases became more significant. The concentration of F2 in sample S13 decreased the
most (67.5%) and was followed by sample S11 (61.7%). In the later period, the concentration
of F3 in samples S0, S3, S5, and SC declined while that of samples S8, S11, and S13 increased
compared to the initial state. In general, the concentration of F3 fluctuated with time during
the remediation.

Over the process of remediation, the concentrations of F4 and F5 showed a fluctuating
upward trend. Compared with the initial state, the concentration of F4 in the soil samples
increased by 50.5–249.9% at the late stage, and the rising range tended to increase as the
proportion of nutrient solution increased. Compared with the initial state, the concentration
of F5 in soil samples increased within the range of 170.5–381.3%, and that of sample S8
reached the peak value. Previous studies [38,39] found that with the increase in organic
matter concentration, the concentrations of F4 and F5 gradually increased. At the late stage,
the concentration of F5 in each group increased more than that of F4, showing that the
addition of nutrient solution had a stronger effect on the fraction transformation of F5
in soils.
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Overall, the concentration of F1 in soils decreased with the participation of microor-
ganisms, while the concentrations of F4 and F5 increased, and the concentrations of F2 and
F3 increased or decreased, respectively. These findings indicate that the microorganisms
may transform the fractions of high mobility and toxicity into stable and less toxic fractions.
Moreover, the transformation ability of the microorganisms was enhanced by increases in
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the proportion of the nutrient solution. When incubated at 4 ◦C with the nutrient solution,
the growth of the microorganisms was inhibited, and the transformation ability of the
fractions was limited.

3.4. Relationship Analysis of Cr Speciation

In order to clarify the transformation rules of Cr speciation, we investigated the
correlation between the concentrations of the fractions in all samples in the beginning
(3 days), early (10 days), middle (20 days), and late (40 days) phases of remediation.

As can be seen in Table 4, there was a significant negative correlation between F1
and F4 (r = −0.917, −0.791, −0.889, and −0.918) during the remediation (3 days, 10 days,
20 days, and 40 days, respectively), especially in later phases (p < 0.01), and the result
indirectly reflected that F1 and F4 were transformed into each other by microorganisms.
Furthermore, curve matching was carried out on the concentrations of F1 and F4 in all
groups on the 40th day, and the result is shown in Table 5. The results indicated that there
was a positive linear relationship between the concentrations of F1 and F4. Similarly, the
relationship between the concentrations of F1 and F5 was analyzed (Tables 4 and 5). The
concentrations of F1 and F5 in samples showed an opposite but weaker trend than that of
F1 and F4. The result indicated that F1 was transformed to F4 more easily. In comparison
with F4, F5 was more stable, and the transformation from F1 to F5 was both more difficult
and greatly affected by environmental factors.

Table 4. Pearson correlation coefficients between different fractions.

Time (Day) F2 F3 F4 F5

F1

3 0.640 −0.692 −0.917 ** −0.704
10 0.751 −0.730 −0.791 * −0.786 *
20 0.746 −0.923 ** −0.889 ** −0.887 **
40 0.629 −0.607 −0.918 ** −0.849 *

F2

3 −0.764 * −0.401 −0.432
10 −0.587 −0.425 −0.523
20 −0.822 * −0.623 −0.658
40 −0.948 ** −0.564 −0.259

F3

3 0.643 0.700
10 0.937 ** 0.953 **
20 0.928 ** 0.946 **
40 0.558 0.245

F4

3 0.864 *
10 0.951 **
20 0.990 **
40 0.929 **

* p < 0.05; ** p < 0.01.

Table 5. Linear regression analysis among fractions.

Independent Variable (x) Dependent Variable (y) Regression Equation R2 p

F1 F4 y = −0.864 x + 3069.412 0.843 0.003
F1 F5 y = −0.032 x + 164.689 0.721 0.016
F2 F3 y = −14.960 x + 2001.504 0.899 0.001
F4 F5 y = 0.037 x + 51.646 0.863 0.002

There was a significant negative correlation between F2 and F3 (Table 4), especially at
the end of the remediation (r = −0.948). As the equations show in Table 5, F2 had a very
significant linear relationship with F3, which suggested that F2 and F3 in samples had a
great influence on each other and were easily transformed into one another. According to
the literature reports, F2 and F3 [22] were correlated with pH, so it is assumed that F2 and
F3 may be mutually transformed through the pH change.
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An extremely significant positive correlation existed between F4 and F5 in the early,
middle, and late phases (r = 0.951, 0.990, and 0.929; p < 0.01) of remediation. The results
showed a trend of co-growth. In addition, the regression equation fitted at 40 days showed
a positive linear relationship (Table 5), suggesting that F4 shares a homology with F5. It is
inferred from the aforementioned findings that both F4 and F5 were transformed from F1.

3.5. Stabilization Effects of Biostimulation

F3, F4, and F5 have been found to be more stable than F1 and F2 [23,38]. It can be seen
in Table 5 that every two out of the three fractions (F3, F4, and F5) are positively correlated,
indicating that the transforming behaviors of these three fractions are relatively consistent.
In our study, the three fractions were united into a “bound fraction” for research. The
regression equation for the concentration changes of this bound fraction (Table 6) is fitted
from the line chart about the concentration of the bound fraction under different nutrient
proportions (Figure 3). We took the derivative of the regression equation with respect to
time and obtained the rate of change curve of the bound fraction in soil under different
nutrient solution proportions (Figure 4). The changes in the bound fraction were analyzed
to reflect the stabilization effects of different nutrient proportions.

Table 6. Regression equation for concentration change of the bound fraction.

Group Number Regression Equation of Bound Fraction
Concentration (y) with Time (x) R2 p

S0 y = 28.332 x + 1951.836 0.829 0.012
S3 y = 0.108 x2 + 47.942 x + 2051.499 0.934 0.017
S5 y = 0.544 x2 + 22.651 x + 2222.882 0.925 0.021
S8 y = −0.306 x2 + 73.907 x + 2173.467 0.998 0.000

S11 y = −0.930 x2 + 104.456 x + 2189.368 0.988 0.001
S13 y = −1.350 x2 + 121.159 x + 2243.957 0.976 0.004

p < 0.01 indicates that the obtained regression equation is very significant; 0.01 < p < 0.05 indicates that the
equation is generally significant.
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The rate of change of the bound fraction was positive in all groups (Figure 4), and the
concentration of bound fraction generally increased over time (Figure 3). The rate of the
bound fraction in the non-nutrient group S0 was constant (approximately 28 mg/(kg·d)).
The rate in S3 and S5 increased with remediation time, while that of the other groups
displayed a descending trend.

The rates in S3 and S5 were low at the beginning of remediation, which may be
attributed to the low proportion of nutrients and thus the slow growth of microorganisms.
As time passed, the microorganisms continued to grow, the rate went up gradually, and
the concentration also kept increasing. In contrast, the rates in groups with relatively
high proportions of nutrients were very high at the start and gradually declined with
time. These findings indicate that nutrients of high proportions accelerated the growth
of microorganisms at the early stage of remediation, which activated the transformation
process of Cr speciation and rapidly increased the bound fraction concentration. This active
phenomenon gradually weakened with time, and the concentration of the bound fraction
tended to remain unchanged.

In the initial 20 d of remediation, the change rate of the bound fraction in groups
with added nutrients decreased in the order of S13 > S11 > S8 > S3 > S5, and the rates in
S11 and S13 exceeded 100 mg/(kg·d), while the rate order of the groups from 30~40 days
was opposite to that of the first 20 days. In the 20~40-day period of remediation, the
concentration of the bound fraction was arranged in the same order as the rate in the first
half, which suggested that the rate of change in the first half is crucial to the stabilization of
Cr in the soil. During the 30~40-day period, the concentration of the bound fraction was
unchanged, and Cr in the soil was ultimately stabilized. The stabilization effects in S11
and S13 were approximately the same, and S11 and S13 increased by 116.9% and 119.6%,
respectively, compared to the initial state.

4. Conclusions

The combined effect of CPS and microbial nutrient solution on the remediation of
Cr(VI)-contaminated soil was significantly better than that of reduction by CPS alone. The
reduction rate of Cr(VI) exceeded 97% in the experimental groups containing nutrient
solution. With the participation of microorganisms, the Cr in the soil was transformed from
highly toxic, mobile water-soluble, and exchangeable fractions to Fe-Mn oxide-bound and
organic matter-bound fractions, which are relatively stable, as well as a less toxic carbonate-
bound fraction, thereby reducing the environmental risks of Cr. The specific transformation
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rules of Cr speciation in soil were speculated as follows: the water-soluble fraction was
transformed into the Fe-Mn oxide-bound and organic matter-bound fractions, while the ex-
changeable and carbonate-bound fractions were transformed into each other. Considering
the degradation rate of Cr(VI), transformation degree of Cr speciation, stabilization effects,
and economic costs, the results indicated that a nutrient solution with 11 g/kg glucose and
13 g/kg urea was optimal for Cr remediation. Thus, this study provides a theoretical basis
and technical support for the combined remediation of high-level Cr(VI)-contaminated soil.
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