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Abstract: This study presented the investigation on indirect Cr (VI) bioreduction process by anaerobic
sludge produced from kitchen waste (ASKW) using an external source of glucose and sulfate to
favor the reducing environment. These compounds were added at the beginning of the experiment
along with 500 mg·L−1 Cr (VI). The system containing 1 g of glucose and 2 g of sulfate attained a
higher reduction, which was 10% higher than that of the control experiment. This study indicated
that a neutral environment (pH ~7), along with a high release of polysaccharides (PS), improved the
removal efficiency by Cr (VI) bioreduction process. Desulfovibrio and Sulfurospirillum (genus level),
which accounted for 3% and 1% of the whole microorganism, respectively, were responsible for the
sulfidogenic reaction. Additionally, Thermovirga (genus level) reduced from 14% to 11% and 10%.
These microorganisms contributed to dominating the indirect Cr (VI) bioreduction process. SEM and
FTIR analysis of the sludges obtaining from the indirect Cr (VI) bioreduction systems indicated that
the external glucose could facilitate the formation of looser porous structures and richer functional
groups of sludges, thus adsorbing more Cr (III) to reduce its toxicity. Meanwhile, the intensity of the
hydroxyl bond, which possesses strong reducibility, was much higher after adding external glucose.
Chromate reductase gene (chrR) and sulfite reductase gene (dsrA) contributed to the indirect Cr (VI)
bioreduction process. These might be the main mechanisms of the external glucose acting on indirect
Cr (VI) bioreduction by ASKW.

Keywords: indirect bioreduction; chromium; external carbon source; anaerobic sludge; kitchen waste

1. Introduction

Chromium is frequently observed in trivalent (Cr (III)) and hexavalent (Cr (VI)) forms
in natural water [1]. Cr (VI) is identified as one of 17 chemicals and had a threat to humans
described by the United States Environmental Protection Agency (US EPA). However,
Cr (III) is less mobile, more stable, and almost nontoxic, compared to Cr (VI). Thus, reducing
Cr (VI) to Cr (III) is considered a significantly effective approach for removing chromium [2].
Among the various chromium removal methods, biological conversion (especially using
bacteria and fungi) has been proven to be attractive and cost-effective because of its high
efficiency, low operating cost, short operation time, and eco-friendliness [3,4].

In the environment, CrO4
2− could be directly reduced to Cr (III) by using organics as

electron donors through the cytochromes of microorganisms (Equation (1)). Furthermore,
natural anaerobe metabolites, such as H2S which are generated by sulfate-reducing bacteria
(SRB) in the presence of sulfate, are effective indirect chemical Cr (VI) reductants under
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anoxic environmental conditions (Equations (2) and (3)) [5]. The study indicated that the
SRB method was regarded as a bioresource technology, which was more sustainable and
stable, compared to synthetic technologies [6]. Under anaerobic conditions, the biological
reduction is slow; thus, abiotic reduction by sulfide tends to be the dominant process [7].
However, the potential for indirect Cr (VI) bioreduction process is limited by SRB growth
under high Cr (VI) concentration because SRB may be more sensitive to Cr (VI) than other
anaerobic bacteria [8–10]. Marsh et al. [11] reported that sulfate-reducing activity was totally
inhibited when the Cr (VI) concentration was higher than 25 mg·L−1. Therefore, in order
to improve the removal efficiency of Cr (VI) bioreduction under anaerobic conditions, it is
necessary to increase the tolerance of SRB on the toxicity of Cr (VI) at high concentration
levels.

Direct Cr(VI) bioreduction:

3CH2O + 4CrO4
2− + 7H2O→ 4Cr(OH)3 + 5OH− + 3HCO3

− (1)

Indirect Cr(VI) bioreduction with sulfate as the electron acceptor:

2CH2O + SO4
2− → H2S + 2HCO3

− + 3H+ (2)

2CrO4
− + 3H2S + 4H+ → 2Cr(OH)3 + 3S0 + 2H2O (3)

As shown in Equations (1)–(3), the carbon sources are significant in both direct and
indirect Cr (VI) bioreduction processes. It was previously reported that chromate-reducing
microorganisms might utilize a variety of organic carbon sources as electron donors for
Cr (VI) reduction [12,13]. Meanwhile, the real toxicity of Cr (VI) could be masked or
underestimated due to the complexation of Cr (VI) after adding organic carbon sources [14].
Garbisu et al. [15] reported that the addition of glucose could cause a dramatic increase
in the rate of chromate reduction catalyzed by the soluble fraction of cell-free extracts of
Bacillus subtilis. The addition of these organic carbon sources played an important role in
improving Cr (VI) bioreduction by the stimulation of microorganisms for providing more
electron donors [16,17]. Overall, the carbon source into pure cultures could reduce the
toxicity of chromate on microorganisms. However, few studies paid attention to the effect
of organic components on indirect Cr (VI) bioreduction by mixed cultures that contained
different microbes.

Recently, several researchers verified that mixed sludge that enriched microbial pop-
ulation could reduce chromium polluting potential, thus avoiding the high cost of strain
cultivating [18–20]. These studies overcame the weaknesses of the poor adaptability of the
single strain in the field environmental conditions [17]. However, the main mechanisms
of the external carbon source acting on the indirect Cr (VI) bioreduction by the anaerobic
mixed microflora obtained from the mixed sludge have not been studied. The application of
the mixed sludge could provide a microbial consortium in which various microorganisms
could use different metabolic pathways for Cr (VI) bioreduction [21]. Therefore, in the
present study, the effect of external carbon sources on the indirect Cr (VI) bioreduction at
a higher concentration using the mixed sludge was investigated. Meanwhile, the micro-
bial community, the morphology, and the chemical structure of sludge were also taken
into account to explore the mechanisms of the indirect Cr (VI) bioreduction. Specifically,
chromate reductase and sulfite reductase genes were quantified to reveal the bioreduction
mechanisms of Cr (VI) by anaerobic mixed microflora. The results might provide deep
insights into the interaction between Cr (VI) and sludge in the Cr (VI) bioreduction process
and provide a reference for reducing the toxicity of Cr (VI) in the environment.

2. Materials and Methods
2.1. Materials

The initial sludge was achieved from Kitchen Waste Treatment Plant (Green Invest
Environmental Technology Company, Qingdao, China) after the thickening procedure.
The chemical components of ASKW were shown as follows: pH 8.0, moisture 71%, total
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solids 29%, and volatile solids 12.7%. To obtain a final solid content of 30%, anaerobic
sludge was prepared by mixing distilled water and ASKW by a proportion of 3:7 and then
was stored at 4 ◦C in an anaerobic station till further use. To obtain microbe-free anaerobic
sludge, it was autoclaved at 121 ◦C for 20 min.

Potassium dichromate (K2Cr2O7) was purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. 1000 mg·L−1 Cr (VI) solution (0.3734 g K2Cr2O7 dissolved into 100
mL distilled water) was mixed with the same volume of anaerobic sludge to build Cr (VI)
bioreduction system; thus, the initial Cr (VI) concentration was kept for 500 mg·L−1.

2.2. Building Cr (VI)-Reducing Systems

Sulfate was added into ASKW to create a Cr (VI) bioreduction system including
the indirect bioreduction process. A total of 2 g carbon sources of glucose, alcohol, and
starch were used to evaluate their effects with anaerobic sludge on the reduction of high
concentration Cr (VI) (500 mg L−1) at 25 ◦C (Figure S1). The Cr (VI) removal efficiency
of the system with glucose as the carbon source was 10% higher than that of the system
without an external carbon source, while the Cr (VI) removal efficiency of the system with
alcohol and starch as carbon sources was not obvious. Therefore, glucose was selected as
the carbon source for exploring its effect on the indirect Cr (VI) bioreduction by ASKW in
this study. The optimal conditions of Cr (VI) bioreduction were explored by orthogonal
experiment (Table S1). The removal efficiency of Cr (VI) was selected as the objective
function. Three factors were selected, which included sulfate dosage (1, 2, and 3 g), glucose
dosage (1, 2, and 3 g), and temperature (25, 30, and 35 ◦C), respectively. The optimal
conditions of sulfate dosage (2 g), glucose dosage (1 g), and temperature (35 ◦C) were
obtained before the addition of Cr (VI) to study their effects on the Cr (VI) bioreduction.

Different Cr (VI) bioreduction systems (shown in Table S2) were established, and then
500 mg L−1 Cr (VI) was added into these systems to start the Cr (VI) reduction processes.
It was worth noting that five Cr (VI) bioreduction systems were placed in a 35 ◦C incubator
for one day of anaerobic prefermentation to activate sludge microorganisms before the
addition of Cr (VI). The removal efficiency of Cr (VI) by the sulfate reduction was regarded
as the indirect Cr (VI) bioreduction in this study. The removal efficiency of the indirect Cr
(VI) bioreduction was calculated by the following equation:

E = (F − G − H − I) (4)

where E represented the removal efficiency of indirect Cr (VI) bioreduction by the sulfate
reduction; F presented the ideal removal efficiency of Cr (VI) (100%); G represented the
removal efficiency of direct Cr (VI) bioreduction by microorganisms existed in ASKW;
H described the removal efficiency by abiotic Cr (VI) reduction by reducing substances
existed in ASKW; I showed the residual removal efficiency of Cr (VI).

2.3. Changes of Chemical Substances in Cr (VI) Bioreduction Systems

Total dissolved Cr (VI) concentration was determined according to the standard
method [22]. The pH values were measured by pH400 of Alalis. Extracellular polymeric
substances (EPS) were extracted from sludge using the heat extraction method [23]. Briefly,
a 500 mL sludge sample was centrifuged at 4300 rpm for 5 min. The separated sludge was
diluted to the initial volume (500 mL) with 70 ◦C and 0.05% NaCI solution. The mixed
sludge was shaken at 60 rpm for 1 min and then centrifuged at 4300 rpm for 10 min. The
supernatant was filtered by a 0.45 µm filter membrane. The supernatant was added into a
14 kDa dialysis bag (volume ratio: 1:10) and dialyzed at 4 ◦C for 24 h for the subsequent
EPS analysis. Polysaccharide (PS) contents in the EPS were then quantified following the
anthrone–sulfuric acid method, using glucose as the standard sample [24,25]. The viability
of the microbial community in sludge was additionally assessed by the live–dead staining
assay according to the manufacture’s guidelines (BacLight Cell Viability Assays, Thermo
Fisher Scientific, Singapore). Stained samples were observed and image acquisition of
the sludge community was conducted by using a super-resolution multiphoton confocal
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microscope (TCS SP8 STED 3X, Leica, Wetzlar, Germany) equipped with an argon ion laser
at 488 nm (for SYTO9) and a diode laser at 561 nm (for propidium iodide) for excitation.
Multiple images were captured randomly for quantitative image analysis using ImageJ.
All the experiments were performed in triplicates, and the mean values were represented
and used ultimately.

2.4. Bacterial Community Analysis

Sludge samples were collected at the beginning of the CK group, Group B at 96 h,
and Group C at 96 h. The bacterial community structure was analyzed using pyrosequenc-
ing technology. Bacteria abundance was quantified using real-time PCR. The primer sets
338F (5′-ACTCCTACGGGAGGCAGCA-3′), and 806R (5′-GGACTACHVGGGTWTCTAAT-
3′) of 16S rRNA were used to target all bacteria (sourced from Shanghai (China) Majorbio
Bio-Pharm Technology Co., Ltd.) (Table S3).

2.5. Morphology Characterization of Sludge

To determine the morphological changes of sludge at different Cr (VI) bioreduction
conditions, initial sludge, Group B, and Group C at 96 h were centrifuged at 4000 rpm for
5 min. The sludges at the bottom were obtained, which were dried at 105 ◦C to constant
weight, and then crushed and sieved to 100 screen mesh for the subsequent SEM and
FTIR analysis. SEM investigation was performed by SEM (Sirion 200, FEI, Hillsboro, OR,
USA), coupled with EDS (INCA X-Act, Oxford, UK). The specific test conditions were as
follows: voltage, 5.00 kV; magnification, 20,000 times; working distance, 4.9; scale, 2 µm;
scanning mode, SE. Additionally, the point scan was performed by specifying the elements
of C, O, Mg, Al, Si, P, S, K, Ca, Cr, and Fe. The surface chemical characteristics of sludge
were characterized by Fourier transform–infrared spectrometer (FTIR, Nicolet iS5, Thermo
Fisher Scientific, Waltham, MA, USA). The screened sludges were mixed with KBr (1:100) in
the agate mortar. The mixture is evenly put into the mold for tablet pressing, and then the
prepared samples were placed in the solid sample holder of FTIR for testing. It was worth
noting that the background subtraction needed to be performed before sample collection.

2.6. Determination of Adsorbed, Intracellular, and Intercellular Cr (VI) and Cr (III) in Sludge

The concentration of adsorbed, intracellular, and intercellular Cr (VI) and Cr (III)
in sludge were determined according to the method reported by Novotnik [26]. Sludge
samples of Group B and Group C at 96 h were centrifuged (1500 rpm, 15 min) and washed
with K2HPO4 (0.05 mol·L−1) and NaCl (0.04 mol·L−1) solutions. The cleaned sludges
were added with 20 mL of the above concentrations of K2HPO4 and NaCl solutions at
pH 8 and shaken for 30 min at 150 rpm. The supernatant was collected to determine
the adsorbed Cr and Cr(VI) by inductively coupled plasma–mass spectrometry (ICP–MS)
analysis. The obtained activated sludge residue was used to determine intracellular and
intercellular Cr and Cr(VI) as introduced in Speciation analysis of Cr in the batch growth
system filtrate [26].

2.7. Quantitative Analysis of the Functional Genes Related to Cr (VI) Bioreduction Systems

The primers and annealing temperature were designed by Premier 5.0 software to
extract functional genes related to chromate and sulfite reductase in anaerobic sludge.
Meanwhile, the fluorescence quantitative analysis was carried out. The results of primer
design for chromate reductase and sulfite reductase gene are shown in Table S1.

3. Results and Discussion
3.1. Removal Efficiency of Cr (VI) by ASKW in Different Bioreduction Systems

The removal efficiency of Cr (VI) by ASKW in different bioreduction systems is shown
in Figure 1. It is demonstrated that 65.9% of 500 mg·L−1 Cr (VI) could be removed by
ASKW at 96 h in the CK group, in which 45% of Cr (VI) was reduced by various kinds
of reducing substances existed in ASKW, such as humus, citric acid, and fatty acid [27].
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There were no obvious differences among the four Cr (VI) reduction systems by ASKW
at the initial 48 h, while distinct differences appeared in both group B and group C at
72 h. It proves that the indirect reduction rate of Cr (VI) is mainly dependent on the
biological sulfate reduction rate [28]. The results indicate that indirect Cr (VI) bioreduction
is dominant in the succeeding reaction stage. The removal rate of Cr (VI) achieved 65.9%
and 66.9% at 96 h in CK and Group A, respectively, in which the pathways of Cr (VI)
removal could be ascribed to direct Cr (VI) bioreduction process. The removal rate of
Cr (VI) achieved 87.7% and 98.7% at 96 h in Group B and Group C, in which 21.8% and
31.8% of them belonged to the indirect bioreduction process, respectively. The possible
pathways of Cr (VI) reduction by ASKW in different systems are shown in Table 1. It is
implied that adding external glucose into ASKW has no significant influence on direct
Cr (VI) bioreduction by the comparison of CK and Group A. However, it is noteworthy
that adding external glucose into ASKW could improve the indirect Cr (VI) bioreduction
efficiency obviously by the comparison of Group B and Group C. Thus, the mechanisms
of the stimulatory effects of adding glucose to indirect Cr (VI) bioreduction system was
analyzed subsequently.

Figure 1. Cr (VI) removal efficiency by ASKW in different Cr (VI) reduction systems. Microbe-free anaerobic sludge
represented Cr (VI) reduction by sterilized ASKW, CK represented Cr (VI) reduction by original ASKW, Group A represented
Cr (VI) reduction by ASKW after adding glucose, Group B represented Cr (VI) reduction by ASKW after adding sulfate,
Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate. Error bars show the standard deviations
from the duplicate tests.
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Table 1. Pathways of Cr (VI) reduction by ASKW at 96 h Table 1. Pathways of Cr (VI) reduction by ASKW at 96 h in different
systems. Microbe-free anaerobic sludge represented Cr (VI) reduction by sterilized ASKW, CK represented Cr (VI) reduction
by original ASKW, Group A represented Cr (VI) reduction by ASKW after adding glucose, Group B represented Cr (VI)
reduction by ASKW after adding sulfate, Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate.
Error bars show the standard deviations from the duplicate tests.

Items Group
Time

Pre-Fermentation 0 h 24 h 48 h 72 h 96 h

pH Group B 8.10 ± 0.02 7.88 ± 0.02 8.82 ± 0.01 8.81 ± 0.01 8.87 ± 0.01 8.87 ± 0.03
Group C 8.10 ± 0.02 6.85 ± 0.06 7.55 ± 0.05 7.28 ± 0.02 7.37 ± 0.04 7.33 ± 0.04

Polysaccharides
(PS, mg·g−1)

Group B 105.70 ± 7.63 152.70 ± 9.71 46.80 ± 6.91 42.30 ± 2.62 33.40 ± 1.96 33.70 ± 2.06
Group C 105.70 ± 7.63 127.40 ± 8.55 77.30 ± 5.47 60.60 ± 6.73 74.40 ± 4.27 103.00 ± 1.15

Cell viability
(%)

Group B 74.94 ± 0.55 49.47 ± 0.02 56.47 ± 0.04 60.95 ± 0.01 52.81 ± 0.04 51.85 ± 0.04
Group C 74.94 ± 0.55 93.08 ± 0.00 68.88 ± 0.01 66.57 ± 0.02 51.81 ± 0.02 50.79 ± 0.63

3.2. Interenvironment of Indirect Cr (VI) Bioreduction Systems

The addition of sulfate into Group B and Group C created Cr (VI) bioreduction
systems, including direct and indirect Cr (VI) bioreduction processes. Compared with
Group B, the external glucose into Group C had no significant influence on direct Cr (VI)
bioreduction but had an obvious effect on the indirect process. Thus, Group B and Group
C were described as indirect Cr (VI) bioreduction systems as follows. As shown in Table 2,
one-day anaerobic prefermentation could provide a more suitable environment for Cr (VI)
bioreduction in Group C. This might be explained by the fact that both direct and indirect Cr
(VI) bioreductions were more competitive in neutral and weak acidic environments. Group
C was more conducive for Cr (VI) reduction because the acidic substrate of VFA produced
from glucose at the pH of (6.9 ± 0.1) could build a neutral environment [29], in which
sulfide released from sulfate could strongly reduce Cr (VI) into Cr (III). The pH in Group B
presenting an increasing trend might be due to that Group B had a relatively weaker Cr (VI)
bioreduction capacity, compared to Group C, and the less VFA was produced in this group.
Simultaneously, Group C was accompanied with higher polysaccharides (PS) release than
that of Group B during 96 h. The PS could provide protection from harsh environmental
conditions and aid in the attachment of the organisms to a vast variety of biotic and abiotic
surfaces [30,31].

Table 2. Inter-environment of two indirect Cr (VI) bio-reduction systems. Group B represented Cr (VI) reduction by ASKW
after adding sulfate, Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate.

Pathways of Cr (VI) Reduction

Reducing Substances Direct Biological
Reduction

Indirect Removal by
Sulfate Reduction

Residual Hexavalent
Chromium

Microbe-free 45.00% ± 3.76% 0.00% ± 0.00% 0.00% ± 0.00% 55.00% ± 2.76%
CK 45.00% ± 3.76% 20.90% ± 5.08% 0.00% ± 0.00% 34.10% ± 2.22%

Group A 45.00% ± 3.76% 21.90% ± 1.18% 0.00% ± 0.00% 33.10% ± 0.40%
Group B 45.00% ± 3.76% 20.90% ± 5.08% 21.80% ± 0.24% 12.20% ± 0.22%
Group C 45.00% ± 3.76% 21.90% ± 1.18% 31.80% ± 4.68% 1.30% ± 0.46%

After exposing to 500 mg·L−1 Cr (VI) solution for 96 h, the percentage of viable bacteria
was decreased from 74.9% to 51.6% and 50.8% in Group B and Group C, respectively.
Qian et al. [28] reported that the percentage of viable bacteria in sludge that was withdrawn
from a USAB reactor was decreased from 78% to 50–71% after exposure to 25 mg·L−1

Cr (VI). Although a little higher cell viability was possessed in the present study, the
concentration of Cr (VI) solution in our research was 20 times higher than that of the report
by Qian et al. [28]. These results suggest that biological sulfate reduction might happen by
intracellular enzymes. Meanwhile, excess sulfate, which is transferred into bacteria cells,
could produce side effects on bacteria viability. In general, the interenvironment of Group
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C, which was formed by additional glucose, was more suitable for Cr (VI) bioreduction,
especially for the indirect bioreduction process.

3.3. Bacterial Community in Indirect Cr (VI) Bioreduction Systems

Proteobacteria, Firmicutes, and Bacteroidetes were the three predominant phyla in
three different sludge samples, including the original sludge sample, group B, and Group
C (Figure S2). The proportions of Proteobacteria in the three kinds of sludge samples
were 11.4%, 24.6%, and 16.6%, respectively. However, the proportions of Firmicutes and
Bacteroidetes in the three kinds of sludge samples were (21.8%, 23.7%, and 45.9%) and
(20.4%, 22.5%, and 10.2%), respectively. Previous studies showed that the presence of
Cr (VI) had no influence on the viability of Proteobacteria, which were able to resist and
reduce Cr (VI) present in the cultivation medium [32]. Meanwhile, Firmicutes was also
reported as a chromium-resistant bacterium that could bioreduce Cr (VI).

The different genera belonged to the phyla of Proteobacteria, Firmicutes, and Bac-
teroidetes, including (Paenalcaligenes, Syntrophaceae, Sulfurospirillum, Desulfovibrio, Acineto-
bacter, Arcobacter, Comamonas, Alcaligene, Pseudomonas, and Oceanobacter) (Proteobacteria),
(Streptococcus, Sporosarcina, Lysinibacillus, Syntrophomonas, Thermovirga, Peptostreptococcus,
Tissierella, Fastidiosipila, Sedimentibacter, and Bacillus) (Firmicutes) and (Proteiniphilum, Bacil-
lus, Brumimicrobium, Bacteroides, Petrimonas, Bacteroidetes, and Porphyromonadaceae) (Bac-
teroidetes), respectively (Figure 2). At the genus level, Thermovirga was dominant in
Cr ( VI ) bioreduction systems. At the end of the Cr ( VI ) bioreduction process, the popu-
lation of Thermovirga was decreased from 14% to 11% and 10% in Group B and Group C,
respectively. It seems that Thermovirga was not sensitive to the high toxicity of Cr ( VI ),
and it played a leading role in the remediation of hexavalent chromium. The remarkable
shift of Acinetobacter and Lysinibacillus, which possess stronger Cr (VI) reducing ability, was
also detected at high concentrations in both Group B and Group C. It was worth noting
that Streptococcus possessed the highest microorganism proportion of 41% in Group C,
compared to Group B (1%), indicating that the presence of glucose can reduce the toxi-
city of high concentration Cr (VI) to Streptococcus. However, the great difference (40%)
of Streptococcus proportion between Group C and Group B presented a lower difference
(10%) of the indirect Cr (VI) bioreduction efficiency between these two groups. This result
indicated that the effect of Streptococcus on the indirect Cr (VI) bioreduction was poor, and
this microorganism was not the main one for Cr (VI) bioreduction.

It is noteworthy that Desulfovibrio and Sulfurospirillum, which accounted for 3% and
1%, respectively, were only appeared in Group C. Desulfovibrio, which belongs to the SRB
group, might be responsible for the sulfidogenic reaction. When the sulfate content is high,
sulfidogenesis prevails under anaerobic conditions in which SRB reduces sulfate to sulfide
by using organics as electron donors, and sulfide has been reported to be able to reduce
Cr ( VI ) to Cr ( III ) [33,34]. In addition, Desulfovibrio has also been reported to be able
to utilize CrO4

2− as the alternative electron acceptor besides sulfate [8,35]. As described
earlier, Sulfurospirillum grew well with the element sulfur or thiosulfate as the electron
acceptor but not with sulfate; sulfur and thiosulfate were reduced to sulfide [36,37]. This
was consistent with the research by Qian et al. [28], in which element sulfur was considered
as a mid-product during sulfidogenesis for organics and Cr (VI) removal.
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Figure 2. The relative abundance and phylogenetic relationships of different genera retrieved from
different samples at 96 h. The color indicated the percentage of a genus in total sequences. Group B
represented Cr (VI) reduction by ASKW after adding sulfate, Group C represented Cr (VI) reduction
by ASKW after adding glucose and sulfate.

3.4. Morphology and Structural Analysis of Sludge in Indirect Cr (VI) Bioreduction Systems
3.4.1. SEM Analysis of Sludge in Indirect Cr (VI) Bioreduction Systems

SEM images visually revealed that the original sludge (Figure 3a) appeared rough,
with several bacteria inlaid on the surface, and no chromium peak was detected. Compared
with Group B (Figure 3b), plenty of Diplococcus adhered to sludge owing to the presence of
glucose, and a large amount of loose porous structures were formed in Group C (Figure 3c).
Moreover, chromium peaks were observed by EDS analysis of Cr (VI) treated samples,
and the highest chromium peak was appeared in Group C (Figure S3). This might be
because the loose porous structure played a significant role in the adsorption of chromium.
Similar results were also reported by Garg [38], who noted that there were differences
in the morphology of P. putida cells without and with 500 mg·L−1 Cr (VI) by SEM. The
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change in cell shape due to heavy metal exposure is an adopted mechanism to resist
the toxicity of heavy metals, and the stress-induced morphological changes might play
an important role in cell survival/metabolic activity, thus absorbing chromium from the
effluent [39,40]. The morphology changes of sludge in our study might be attributed to the
changes of various bacterial cells. In addition, the bioabsorbed chromate was assumed to
be Cr (III) since Cr (VI) was reduced to Cr (III), which was free to bind to these sites. Once
it was bound, it would act as a template for further heterogeneous nucleation and crystal
growth [41].

Figure 3. SEM micrographs of sludge in two indirect Cr (VI) bio-reduction systems. (a) original sludge; (b) sludge in Group
B at 96 h; (c) sludge in Group C at 96 h.

3.4.2. FTIR Analysis of Sludge in Indirect Cr (VI) Bioreduction Systems

To study the possible interaction mechanism involved in the metal–sludge complex,
FTIR analysis was performed in original sludge and indirect Cr (VI) bioreduction systems
(Figure 4). There were no distinct differences for peaks wavelength among the three
different samples, suggesting that there was less change in the structure of the sludge after
indirect bioreduction. However, the intensity of the similar peaks in three different samples
has changed. It was observed that the sludge existing in indirect Cr (VI) bioreduction
systems possessed a higher peak intensity, compared to the original sludge. Meanwhile,
the intensity of similar peaks existing in Group C had a higher peak intensity than that of
Group B. The previous study showed that the interaction of heavy metal ions with sludge
was largely dependent on the functional groups that worked on the active sites of bacterial
cells and physicochemical conditions of the solution [42]. These results indicate that the
higher peak intensity of functional groups existing in the sludge plays an important role
in dominating the indirect Cr (VI) bioreduction process. Therefore, Group C with the
higher peak strength possessed a higher removal efficiency, compared to Group B and the
control group.

The peaks around 870 cm−1, which was the characteristic peak of Cr–O vibration,
was newly appeared with low intensity. The peak at 2918 cm−1 stands for symmetric or
dissymmetric stretching vibration of the C–H group. The band peaks corresponding to
C–O stretching of amide I protein were observed at 1633 cm−1. The band at 3270 cm−1

belonged to the overlapping of N–H and O–H stretching vibrations from polysaccharides
and proteins [43]. The bands observed at 1028 cm−1 were attributed to P=O asymmetric
stretching and O–H stretching vibrations [41]. The band at 1028 cm−1 strengthened in
Group C with higher polysaccharides release after the treatment of high concentration of
Cr (VI), indicating that heavy metal was able to change the cell surface functional group
either by an expression or suppression mechanism, which might help the bacterial cell to
tolerate the high toxicity of heavy metal [44,45]. Simultaneously, O–H possessed strong
reducibility, which could reduce Cr (VI) to Cr (III), and it could be oxidized into C=O at the
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same time. Overall, Group C exhibited a stronger ability to remove a high concentration of
Cr (VI) than that of Group B.

Figure 4. FTIR spectra of sludge in two indirect Cr (VI) bio-reduction systems. Group B represented Cr (VI) reduction by
ASKW after adding sulfate, Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate.

3.5. Partition of Cr in Indirect Cr (VI) Bioreduction Systems

Proportions of Cr among different compartments of sludge were presented in Table 3.
Adsorbed Cr (VI) and adsorbed Cr (III) in each group were negligible, and the intercellular
Cr (III) represented the major fraction. This was consistent with the results of Novotnik [26]
and Jin [19]. It was indicated that most chromium reductase of bacterial in ASKW was
located in cell membrane and cytoplasm. Cr (VI) could be reduced in the cytoplasm into Cr
(III), and Cr (III) might be transferred outside cells. Simultaneously, chromium reductase
would be transmitted from intracellular to intercellular, which could reduce Cr (VI) directly.
This is the reason why such a high concentration of Cr (VI) had no significant impact
on the bacteria viability of ASKW. It was also obvious that much more adsorbed Cr (III)
was detected in Group C, which indicated that more Cr (III) precipitation was formed in
indirect Cr (VI) bioreduction after adding glucose. In contrast, there were less intracellular
and intercellular Cr (III) in Group C. It might be attributed to the fact that most of Cr (VI)
was chemically reduced by sulfide, which was produced from biological sulfate reduction.

3.6. Abundance Analysis of Cr (VI) Bioreduction Related Functional Genes in Anaerobic Sludge

The copy numbers of chromate reductase genes (chrR and yieF) and sulfite reductase
gene (dsrA) in different Cr (VI) bioreduction systems are shown in Figure 5. In the direct
and indirect Cr (VI) bioreduction processes, the abundance of chromate reductase and
sulfite reductase genes in anaerobic sludge have changed significantly. Moreover, the
average copy number of chromate reductase genes of chrR was larger than that of yieF.
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The previous result showed that chrR controlled a bioreduction process of single electron
transfer and produced a large number of reactive oxygen species in this process. However,
yieF transferred three electrons to Cr (VI) and produced less reactive oxygen species.
The above results contribute to the higher chromate reduction efficiency of chromate
reductase genes.

Table 3. Partitions of Cr (VI) and Cr (III) in sludge compartments after 96 h of incubation. Concentrations of Cr (VI) and
Cr (III) are expressed on a dry mass basis of activated sludge. Group B represented Cr (VI) reduction by ASKW after
adding sulfate, Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate. LOQ represented limit
of quantity.

Cr (VI) and Cr (III) Concentrations in Compartments (mg/g)

Adsorbed Cr
(III)

Adsorbed Cr
(VI)

Intercellular Cr
(III)

Intercellular Cr
(VI)

Intracellular Cr
(III)

Intracellular Cr
(VI)

CK-S 0.0190 ± 0.0033 0.0140 ± 0.0013 39.8508 ± 2.6570 <LOQ 0.0759 ± 0.0008 <LOQ
CK-GS 0.0216 ± 0.0011 0.0061 ± 0.0034 33.5958 ± 3.4828 <LOQ 0.0684 ± 0.0066 <LOQ

Figure 5. The gene abundance of chromate reductase codified by (a) chrR gene and (b) yieF, and sulfite reductase codified
by (c) dsrA.

In the direct Cr (VI) bioreduction system (CK and Group A), the copy number of
chromate reductase genes of chrR decreased, while that of yieF increased due to the addition
of carbon source. It indicated that the chromate reductase genes of yieF had a greater impact
on the direct Cr (VI) bioreduction efficiency. However, in the indirect Cr (VI) bioreduction
system (Group B and Group C), the copy number of chromate reductase genes of chrR
increased, while that of yieF decreased. It indicated that the chromate reductase genes of
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chrR had a greater impact on the Cr (VI) bioreduction efficiency when the indirect Cr (VI)
bioreduction process existed.

The copy number of sulfite reductase gene (dsrA) in Group B and Group C was signifi-
cantly increased. Meanwhile, the copy number of dsrA gene in Group C was significantly
higher than that in Group B. The result indicates that the addition of carbon source is bene-
ficial to promote the sulfur cycle process, thus accelerating the indirect Cr (VI) bioreduction
process. It was observed that the copy number of dsrA in Group C gradually decreased
and was lower than the copy number of Group B after 72 h. This result indicates that Cr
(VI) has been completely removed in Group C after 72 h, and the coexistence of Cr (VI) and
sulfate can improve the copy number of dsrA, thus increasing the circulation process of
sulfate for enhancing the Cr (VI) bioreduction process.

3.7. The Mechanisms Summary of Indirect Cr (VI) Bioreduction after Adding External
Electron Donor

After adding external carbon sources, many merits were emerged in indirect Cr (VI)
bioreduction systems. It was observed that indirect Cr (VI) bioreduction efficiency could
achieve 31.8% (159 mg·L−1) after adding external carbon sources. This might be ascribed
to the more suitable environment for Cr (VI) bioreduction that was built by adding glucose.
The presence of Desulfovibrio (3%) and Sulfurospirillum (1%) led to a higher release of sulfide.
Moreover, there were obvious morphological, structural changes of ASKW, as well as
chromate reductase and sulfite reductase genes regulation with the addition of external
carbon sources, which possessed higher reducibility and adsorption capacity.

The possible molecular mechanisms of indirect Cr (VI) bioreduction system with the
addition of external glucose was shown as follows: (i) chromate was actively transported
across biological membranes through sulfate transporters by Desulfovibrio and was reduced
by sulfate reductase directly; (ii) sulfidogenesis occurred when sulfate and glucose were
transmitted inside Desulfovibrio, in which sulfate was reduced into sulfide and elemental
sulfur; (iii) element sulfur, which was acted as an electron acceptor, was reduced into
sulfide by Sulfurospirillum; (iv) hydroxyl bond adhered on the surface of the microbial
cell, which could reduce Cr (VI) into Cr(III), and O–H could be oxidized into C=O at the
same time.

4. Conclusions

ASKW was considered a sustainable and effective raw material for chromium remedi-
ation at high concentrations. The high concentration of Cr (III) in sludge can be recycled by
the intermediate temperature roasting–sodium oxidization method. Moreover, the sludge
after Cr (III) recovery could be used to prepare the sludge-based biochar for purifying
water. In this study, the indirect Cr (VI) bioreduction efficiency by ASKW fermentation
after adding external glucose could be highly increased. The addition of external glucose
showed potential benefits for providing protection from harsh environmental conditions,
increasing the population of effective microorganisms to release more sulfide, forming
O–H bond, and improve ChrR and DsrA gene expression to improve reducibility and
providing more adsorption sites for trivalent chromium precipitation to avoid second
pollution. These might be the main mechanisms of the external glucose acting on indirect
Cr (VI) bioreduction by ASKW.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13094806/s1, Figure S1: Cr (VI) removal efficiency by ASKW using the different carbon
sources, Figure S2: The relative abundance of different phyla retrieved from different samples at 96 h,
Figure S3: EDS analysis of sludge in two indirect Cr (VI) bio-reduction systems. (a) original sludge;
(b) sludge in Group B at 96 h; (c) sludge in Group C at 96 h, Table S1. Pathways of Cr (VI) reduction
by ASKW at 96 h in different systems. Microbe-free anaerobic sludge represented Cr (VI) reduction
by sterilized ASKW, CK represented Cr (VI) reduction by original ASKW, Group A represented Cr
(VI) reduction by ASKW after adding glucose, Group B represented Cr (VI) reduction by ASKW after
adding sulfate, Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate.
Error bars show the standard deviations from the duplicate tests, Table S2: Inter-environment of two
indirect Cr (VI) bio-reduction systems. Group B represented Cr (VI) reduction by ASKW after adding
sulfate, Group C represented Cr (VI) reduction by ASKW after adding glucose and sulfate, Table S3:
Partitions of Cr (VI) and Cr (III) in sludge compartments after 96 h of incubation. Concentrations of
Cr (VI) and Cr (III) are expressed on a dry mass basis of activated sludge. Group B represented Cr
(VI) reduction by ASKW after adding sulfate, Group C represented Cr (VI) reduction by ASKW after
adding glucose and sulfate. LOQ represented limit of quantity.
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