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a b s t r a c t

The co-occurrence of toxic vanadium (V) and chromium (VI) in groundwater receives incremental
attention while knowledge on their interactions in biogeochemical processes is limited, with lack of
efficient removal means. This study is the first to realize synchronous bio-reductions of V(V) and Cr(VI)
with high efficiency by mixed anaerobic culture. After 72-h operation, 97.0± 1.0% of V(V) and 99.1± 0.7%
of Cr(VI) were removed, respectively, with initial concentration of 1mM for both V(V) and Cr(VI). Cr(VI)
bio-reduction took priority while V(V) detoxification was inhibited. V(IV) and Cr(III) were the identified
reduction products, both of which could precipitate naturally. Initial Cr(VI) and acetate concentrations as
well as pH affected this process significantly. High-throughput 16S rRNA gene sequencing analysis
indicated the accumulation of Anaerolineaceae, Spirochaeta and Spirochaetaceae, which could contribute
to V(V) and Cr(VI) bio-reductions. The new knowledge obtained in this study will facilitate under-
standing the biogeochemical fate of co-existing V(V) and Cr(VI) in groundwater and development of
bioremediation strategy for their induced combined pollution.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Combined pollution, especially occurs during intensive mining
and smelting activities, brings serious threat to geological envi-
ronment (Zhang et al., 2012; Liu et al., 2015). Vanadium and chro-
mium often symbiotically exist in minerals, such as vanadium
bearing titanomagnetite in China (Wang et al., 2017b). In the pro-
cessing of these ores, large amounts of dusts and wastewater
containing vanadium (V) (V(V)) and chromium (VI) (Cr(VI)) are
produced, which may enter soil and groundwater (Fang et al., 2017;
Cao et al., 2017). Groundwater co-contaminated by V(V) and Cr(VI)
is gradually reported world-wide (Mitchell et al., 2011; Rasheed
et al., 2012). Though biogeochemical processes of vanadium and
chromium in soil are revealed (Shaheen et al., 2014a, 2014b),
knowledge is limited on their biogeochemical cycling in ground-
water as well as their interaction during this process. Toxicities of
vanadium and chromium increase with their valence states and
e by Joerg Rinklebe.
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solubilities, while V(V) and Cr(VI) are the most toxic (Mochizuki
et al., 1999; Yelton et al., 2013; Narayani and Shetty, 2013; Yang
et al., 2017). Besides commonly employed adsorption by various
adsorbents to remove heavy metals and organics from water
environment (Saleh et al., 2017a, 2018; Altıntıg et al., 2017),
reduction of V(V) and Cr(VI) to less toxic and mobile V(IV) and
Cr(III), respectively, are recognized as a reasonable route to detoxify
them in groundwater (Ortiz-Bernad et al., 2004; Chebeir et al.,
2016; Chen and Liu, 2017; Liu et al., 2017).

Chemical reductions have been investigated to conduct these
transformations, but their cost-effectiveness and potential sec-
ondary pollution must be further addressed (Reul et al., 1999;
Yurkow et al., 2002). Biological treatment based on anaerobic mi-
crobial V(V) and Cr(VI) reductions appears to be a more promising
approach because of its low cost and potential applications for in
situ remediation (Li et al., 2007; Reijonen et al., 2016), with dis-
coveries of microbes that can reduce V(V) and Cr(VI) such as Geo-
bacter metallireducens and Shewanella oneidensis (Ortiz-Bernad
et al., 2004; Wang et al., 2017a). However, most existing studies
handle V(V) or Cr(VI) individually by pure or mix cultures (Hao
et al., 2015; Singh et al., 2015; Zhang et al., 2014; Gong et al.,
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Fig. 1. Time courses of V(V) and Cr(VI) in employed bioreactors with kinetics analysis.
(a) Changes of V(V) Cr(VI) in three consecutive cycles; (b) pseudo first-order kinetic
plots in a typical cycle (72 h). Red arrows imply the replacement of synthetic
groundwater. C0 (mM) and Ct (mM) are the concentrations of V(V) or Cr(VI) at the initial
condition and at time t (h), respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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2018), with mixed cultures possessing higher microbial diversity,
great adaption, self-evolution abilities and higher reduction effi-
ciency (Zhang et al., 2015). Removals of these two metal ions have
been investigated with the co-existence of other contaminants. For
instance, V(V) bio-reduction is evaluated with the presence of nu-
trients (Jiang et al., 2018), and the effect of nitrate on microbial
Cr(V) reduction is also studied (Zhong et al., 2017). Though prin-
ciples of reducing V(V) and Cr(VI) in parallel by pure culture is
revealed previously (Wang et al., 2017a), little is known on in-
teractions of V(V) and Cr(VI) as well as successions of microbial
communities during their bio-reductions by mixed anaerobic cul-
ture, which is just the case with groundwater (Cho et al., 2013).

Herein, we have experimentally investigated the microbial
reduction process performed by mixed anaerobic culture with the
presence of V(V) and Cr(VI) together. The specific research objec-
tives are: (1) to understand the interactions of microbial V(V) and
Cr(VI) reductions with examinations of reduction products and
influences of operating factors; and (2) to reveal the microbial
community evolutions and identify the dominant species involved
in microbial V(V) and Cr(VI) reductions.

2. Materials and methods

2.1. Batch bioreactor setup and operation

Six 250-mL glass bottles with silica gel stoppers were used as
batch bioreactors. Each bioreactor was filled with 50mL anaerobic
sludge collected from an up-flow anaerobic sludge blanket (UASB)
reactor treating high strength wastewater (Bei-
jing YanJing Brewery Co., LTD, China) and 200mL synthetic
groundwater containing following compounds per liter: NH4Cl
(0.1557 g), CaCl2 (0.2464 g), MgCl2 (1.0572 g), NaCl (0.4459 g), KCl
(0.0283 g), NaHCO3 (0.8082 g), and KH2PO4 (0.0299 g). The initial
concentration of mixed liquor volatile suspended solids for the
anaerobic sludge was 14.7± 0.2 g L�1. The synthetic groundwater
was prepared based on deionized water with pH and conductivity
of 8.36 and 3.67mS cm�1, respectively. Acetate was supplemented
as organic carbon source, with the equivalent of 64mg L�1 chemical
oxygen demand (COD) for per mM acetate (Liu et al., 2016). They
were divided into three groups equally. One group which was
added with both V(V) and Cr(VI) was designated as “compound
system” (CS). The left two groups with V(V) or Cr(VI) separately
were “single systems” (SS), which were designated as SS-V and SS-
Cr, respectively. Another reactor inoculated with sterilized anaer-
obic sludge and fed with same solution as CS was designated as
“blank system” (BS) for comparison. All chemicals were provided by
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China) and they
were analytical grade without further purification. V(V) was added
in the form of NaVO3, and Cr(VI) was supplied as K2Cr2O7.

All bioreactors were cultivated for 3 months to reach stable
performance before beginning the formal experiments. Then their
performances of V(V) and Cr(VI) removals were evaluated in three
consecutive operating cycles (72 h for each cycle), with initial
1mMV(V) and 1mM Cr(VI) in CS, 1mMV(V) in SS-V and 1mM
Cr(VI) in SS-Cr, respectively. Levels of V(V) and Cr(VI) concentra-
tions were consistent with those employed previously for easy
comparison (Liu et al., 2016; Wang et al., 2017a). Initial acetate
concentration was fixed at 10mM, with solution pH of 7. Experi-
ments were also conducted in BS for comparison. The obtained data
were fitted into the pseudo-first-order kinetics model to obtained
removal rate constants. Variations of total V, total Cr and pH as well
as acetate consumptionwere also systematically investigated in CS.
Then influencing factors as initial Cr(VI) concentrations (0.5mM,
1mM,1.5mM, 2mM), initial acetate concentrations (5mM, 10mM,
15mM, 20mM) and pH (6, 7, 8, 9) were examined individually in
CS. The consideration of initial Cr(VI) levels was that Cr(VI) with
concentrations from dozens to hundreds milligram per liter was
found in actually contaminated aquifer (N�eme�cek et al., 2016;
Huang et al., 2017). After that, biomass in all bioreactors was
sampled for microbial analysis after another 3 months accumula-
tion. All experiments were conducted in triplicates and at room
temperature (22± 2 �C). The two bioreactors in each group were
operated under identical condition and their mean values were
reported. Statistical analyses were performed using SPSS 20 (SPSS
Inc., Chicago, USA). The level for statistical significance was set at
p< 0.05.
2.2. Analytical methods

Aqueous samples were filtered using cellulose acetate syringe
filters with a pore size of 0.22-mm before analysis. Spectrophoto-
metric methods were chosen to measure the concentration of V(V)
and Cr(VI) by using a spectrophotometer (DR6000, HACH, the USA).
2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (5-Br-PADAP)
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was used as a chelating agent for determining V(V) at 603 nm
(Deng et al., 2014), while Cr(VI) was analyzed by using a diphenyl
carbazide method at 540 nm (Wang et al., 2018). COD was
measured based on digestion with potassium dichromate in
concentrated sulfuric acid (Zhang et al., 2009). pH was measured
using a pH-201m (Hanna, Italy). Total V and total Cr in aqueous
solution were analyzed by inductively coupled plasma-mass spec-
trometry (ICP-MS, Thermo Fisher X series, Germany). Generated
precipitates in CS were collected by centrifugation, vacuum dried
by a freeze-dryer (FD-1A-50, Shanghai Bilon, China) and examined
by X-ray photoelectron spectroscopy (XPS) (XSAM-800, Kratos, UK)
with Mg Ka radiation (13 kV, 20mA).
2.3. Microbial analysis

Ultrasonic method was employed to collect biomass in bio-
reactors and inoculated mixed anaerobic culture. Their total
genomic DNA was extracted with FastDNA® SPIN Kit for Soil (Qia-
gen, CA, the USA). The extracted DNA was then pooled and ampli-
fied by PCR (GeneAmp® 9700, ABI, the USA) with primers 338F
(ACTCCTACGGGAGGC AGCAG) and 806R (GGACTACHVGGGTWTC-
TAAT) (Cao et al., 2017). After that, the purified and quantified DNA
was sent to Shanghai Majorbio Technology (Shanghai, China) for
high-throughput 16S rRNA gene sequencing on MiSeq (Illumina,
the USA). Sequences in this study had been submitted to the NCBI
Sequence Read Archive with the accession number of SRP129751.
The acquired data were analyzed with methods as previously
described (Shu et al., 2016).
Fig. 2. Identification of reaction products in CS. (a) Changes of total V and total Cr in a ty
spectrum of Cr 2p; (d) changes of pH and COD during 72-h operation.
3. Results and discussion

3.1. Simultaneous removals of V(V) and Cr(VI)

Gradual decreases in both V(V) and Cr(VI) were observed in
three consecutive operating cycles in CS (Fig. 1a), indicating that
simultaneous reductions of these two metal ions could be realized.
In a typical cycle (72 h), V(V) removal efficiency was 97.0± 1.0%
(p< 0.05), with nearly complete removal of Cr(VI) (99.1± 0.7%). The
average removal rates were 15.8± 0.3 mMh�1 for V(V) and
20.3± 0.4 mMh�1 for Cr(VI) (p< 0.05), with pseudo first-order rate
constants of 0.0335 h�1 and 0.0698 h�1, correspondingly (Fig. 1b).
These achievements showed remarkable advantage to results from
pure culture. For instance, only 71.3% of V(V) and 91.2% of Cr(VI)
were removed after 27-d operation by Shewanella loihica PV-4, with
the same initial concentration and carbon source (Wang et al.,
2017a). As metal ions could also be removed by adsorption (Saleh
et al., 2017b), the obtained results were also compared with those
from adsorption. For example, themaximum adsorption capacity of
V(V) and Cr(VI) on Zr(IV)-impregnated collagen fiber was
1.92mMg�1 and 0.53mMg�1, respectively (Liao et al., 2008). Our
study providedmore efficient and robust route to solving combined
pollution in groundwater caused by these two toxic metal ions and
broadened this proposed microbial reduction of contaminants for
detoxification under anaerobic condition (Kotlarz et al., 2016; Tan
et al., 2018; Li et al., 2018). It should be noted that results of this
studywere from a preliminary experiment in batchmode. Effects of
groundwater chemistry and hydrodynamics were not considered
yet. Further studies treating naturally V(V) and Cr(VI) co-
contaminated groundwater under long term operation in
pical cycle (72 h); (b) high resolution XPS spectrum of V 2p; (c) high resolution XPS
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continuous-flow mode were also required to further verify the
gained results.

Concentrations of V(V) in SS-V and Cr(VI) in SS-Cr also decreased
gradually with time (Fig. 1a), with reduction efficiency of
97.0± 0.2% and 86.1± 1.2% (p< 0.05), respectively. V(V) removal
rate of 17.7± 0.3 mMh�1 was obtained in SS-V, with pseudo first-
order rate constant of 0.0461 h�1, while Cr(VI) removal rate was
11.9± 0.4 mMh�1 in SS-Cr, with pseudo first-order rate constant of
0.0250 h�1 (Fig. 1b). These results were consistent with previous
studies for bio-reductions of V(V) and Cr(VI) individually by mixed
anaerobic culture (Zhang et al., 2015; Pradhan et al., 2017). Hardly
any V(V) and Cr(VI) were removed in BS, demonstrating that V(V)
and Cr(VI) removals in CS were biologically mediated and living
microbes played crucial roles in detoxify these contaminants.
Fig. 3. Influences of operating factors on V(V) and Cr(VI) bio-reductions in CS. Removals o
10mM acetate and pH of 7; removals of (c) V(V) and (d) Cr(VI) under different initial acetate
Cr(VI) under different pH with initial 1mMV(V), 1mM Cr(VI) and 10mM acetate.
Interestingly, comparedwith SS-V and SS-Cr, Cr(VI) removal was
accelerated, with lagged removal of V(V) in CS. These competitive
and synergetic effects were also observed in co-contaminants re-
movals by pure culture (Wang et al., 2017a). Firstly, Cr(VI) was given
priority to gain electrons from the organics oxidation by microbes
as it has higher redox potential than V(V) (Equation (1), (2)), thus its
reduction process took priority in CS.

Cr2O7
2� þ14Hþ þ 6e� / 2Cr3þ þ7H2O EQ¼ 1.33 V (1)

VO2
þ þ 2Hþ þ e�/ VO2þ þ H2O EQ¼ 0.991V (2)

Secondly, Cr(VI) has a much higher biotoxicity than V(V) and
microorganisms tend to reduce it first to less toxic and mobile
f (a) V(V) and (b) Cr(VI) under different initial Cr(VI) concentrations with 1mMV(V),
concentrations with 1mMV(V), 1mM Cr(VI) and pH of 7; removals of (e) V(V) and (f)



Fig. 4. Rarefaction curves based on sequencing of inoculated sludge and biomass in
employed bioreactors. The OTUs were defined by 3% distances.
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Cr(III) by priority to improve its living condition (Singh et al., 2015).
Under heavy metal ion conditions, proteins and proteases upre-
gulated so as to aid in protein folding and promote refolding of
polypeptides produced under stress (Bencheikh-Latmani et al.,
2005). As Cr(VI) is more toxic than V(V), the proposed system
possessed additional benefits with accelerated and enhanced Cr(VI)
removal.

3.2. Examination of reduction products

Both total V and total Cr decreased progressively in the aqueous
solution of CS in a typical cycle (72 h) (Fig. 2a), implying the
insoluble characteristics of reduction products. Total Cr declined
more significantly than total V, consistent with tendencies of V(V)
and Cr(VI) in CS. After 72 h operation, removal efficiencies of total V
and total Cr were 61.1± 0.2% and 68.3± 0.3% (p< 0.05), respec-
tively. Meanwhile, obvious precipitates appeared during the oper-
ation of CS. They were collected and XPS survey indicated the peaks
of vanadium and chromium, supporting decreases in total V and
total Cr in the aqueous solution. High resolution spectra of V 2p
were obtained and the detected sub-band located at 515.8 eV was
identified as V(IV) (Fig. 2b) (Cai et al., 2017; Zhang et al., 2018). This
result confirmed that V(V) was bio-reduced to V(IV). V(IV) was less
toxic and could precipitate naturally in near-neutral conditions,
with main forms of VO(OH)2 and/or vanadyl phosphate [CaV2(-
PO4)2(OH)4$3H2O] (Qiu et al., 2017). The generated V(IV) was easily
re-oxidized when it was exposed to air during collections and tests,
thus peaks corresponding to V(V) were also observed (Huang et al.,
2015). Moreover, the Cr 2p3/2 - Cr 2p1/2 peak splitting value was
observed to be 9.6 eV (Fig. 2c), good consistent with the literature
value for Cr(III) (Li et al., 2008). The conditional solubility of Cr(III)
under tested condition was negligible (50e100 mg L�1) (Lai et al.,
2016), thus the bio-generated Cr(III) could also precipitate spon-
taneously. Insolubilities of the reduction products of V(V) and
Cr(VI) could realize removals of vanadium and chromium from
groundwater, thus purifying V(V) and Cr(VI) co-contaminated
environment efficiently.

Furthermore, slight increase in pH was observed in CS, due to
the consumption of proton during bio-reductions of V(V) and Cr(VI)
(Equation (1) and (2)) (Liu et al., 2017). COD decreased with time
accordingly in CS (Fig. 2d), indicating the consumption of acetate
during bio-reductions of V(V) and Cr(VI). This result was in accor-
dance with results that most discovered V(V) and Cr(V) reducers
were heterotrophic (Zhang et al., 2015; Pradhan et al., 2017), and
acetate acted as electron donor and carbon source in this study.
Two mechanisms were involved in metal ions bio-reduction, ie.
microbes respired them directly via electron transfer, and/or they
bound the reductases of other electron acceptors for detoxification
(Yelton et al., 2013). Both pathways could occur in this study as mix
anaerobic culture was employed, contributing to the enhancement
of V(V) and Cr(VI) removals. The consumption of added COD was
432.6± 4.9mg L�1 in this process. When practical bioremediation
was conducted, COD should be supplemented accurately, thus in-
hibition due to insufficient COD and secondary pollution caused by
residual COD could be successfully prevented.

3.3. Influences of operating factors

Four gradients of initial Cr(VI) concentration (0.5mM, 1mM,
1.5mM, 2mM) were examined, with initial 1mMV(V), 10mM ac-
etate and pH of 7. Though both V(V) and Cr(VI) were removed
gradually within the 72-h operating period, V(V) removals were
suppressed more obviously under higher initial Cr(VI) concentra-
tions (Fig. 3a). V(V) reduction efficiencies decreased from
99.3± 0.9% at initial Cr(VI) concentration of 0.5mM decreased to
67.0± 1.2% at initial Cr(VI) concentration of 2mM (p< 0.05). V(V)
removal rates were reduced from 13.1± 0.1 mMh�1 to
9.0± 0.2 mMh�1 accordingly. Regarding to Cr(VI), complete Cr(VI)
removals happened with its initial concentrations below 1mM,
while Cr(VI) reduction efficiencies decreased to 85.0± 0.6% with its
initial concentration of 2mM (Fig. 3b). Nevertheless, Cr(VI) removal
rates were enhanced from 6.5± 0.2 mMh�1 to 23.3± 0.1 mMh�1

with the increase in initial Cr(VI) concentration from 0.5mM to
2mM (p< 0.05). This suggested that the employed mixture
anaerobic culture could realize higher Cr(VI) removals even under
higher Cr(VI) concentration conditions.

As activities of dissimilatorymetal reducing bacteria are affected
by amount of electron donor and carbon source, experiments
employing different initial acetate concentrations (5mM, 10mM,
15mM, 20mM) were conducted, with initial 1mMV(V), 1mM
Cr(VI) and pH of 7. V(V) was removed more slowly than Cr(VI)
under each tested condition (Fig. 3c and d). Notably, V(V) removal
decreased first and then increased with the increase in initial ac-
etate concentration, with the lowest V(V) reduction efficiency and
removal rate at initial acetate concentration of 10mM. Cr(VI) re-
movals exhibited opposite tendencies, with maximum Cr(VI)
removal efficiency and removal rate under 10mM acetate condi-
tion. It was reported that approximate 330mg L�1 COD was
required for mix culture to reduce 1mMV(V) (Zhang et al., 2015).
Microbes tended to respire more V(V) with lower toxicity when
carbon sources were limited while larger amount of carbon source
could support higher microbial activities to respire more Cr(VI)
with higher toxicity (Pradhan et al., 2017). When initial acetate
concentration further increased, methanogenesis would compete
with the dissimilatory metal reduction (Reul et al., 1999), which
would reduce activities of dissimilatory metal reducing bacteria
and resulted in the decrease of Cr(VI) removals.

Fig. 3e and f illustrated that V(V) and Cr(VI) removals varied
under different pH (6, 7, 8, 9), with initial 1mMV(V), 1mM Cr(VI)
and 10mM acetate. Most V(V) and Cr(VI) could be removed, with
faster Cr(VI) removal than V(V) under each tested pH, indicating
that this proposed bioremediation of V(V) and Cr(VI) co-
contaminated environment could function in a relatively wide pH
range. pH played an important role in the toxicity of metals through
affecting their speciation and it influenced contact between mi-
croorganisms andmetal ions (Escudero et al., 2017; Bell et al., 2004;
Li et al., 2016). At lower pH, dissolved V(V) and Cr(VI) are released
into aqueous solution thus they can express their toxicities
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(Shaheen et al., 2016; Chen et al., 2015). Cr(VI) removal efficiencies
and removal rates maximized under favorable condition (pH of 7),
while adverse environment promoted V(V) removals, especially
under acidic condition.
3.4. Dynamics of microbial community

Obvious changes took place in microbial richness and di-
versities. Microbial richness decreased, compared with the inocula,
Fig. 5. Evolutions of microbial communities and functional species for inocula and employ
genera involved in V(V) and Cr(VI) bio-reductions.

Table 1
Alpha-diversity of microbial communities in inocula and bioreactors in this study.

OUT number Ace Chao1 Shannon Simpson Coverage

Inocula 755 915 919 4.21 0.049 0.995
SS-V 518 653 680 4.21 0.034 0.996
SS-Cr 493 625 638 3.92 0.056 0.997
CS 673 774 776 4.84 0.018 0.996
as reflected by rarefaction curves drawn at a 3% distance (Fig. 4).
Microbial growth and proliferation could be inhibited by the added
V(V) and Cr(VI). SS-Cr possessed the lowest microbial richness,
which could also be reflected by Ace and Chaol indexes (Table 1), as
Cr(VI) is more toxic than V(V) (Zhang et al., 2017). However, mi-
crobial richness in CS was higher than that in SS-V and SS-Cr
though lower than that in the inocula, implying antagonisms of
added two metal ions (Hsieh et al., 2011). These effects were more
obvious in aspects of microbial diversity, with the highest diversity
of CS among the four samples (Table 1). Shannon and Simpson
indexes suggested that the addition of Cr(VI) resulted in the
decreased microbial diversity due to stronger toxicity, while mi-
crobial diversity increased slightly with the addition of V(V) as
bacterial species were tolerant to V(V) up to 230mg L�1 (Hao et al.,
2016).

Evolution of microbial communitywas observed at phylum level
(Fig. 5a). While Proteobacteria, Bacteroidetes and Chloroflexi
remained dominant with the addition of metal ions, the
ed bioreactors. (a) Microbial community compositions at phylum level; (b) functional
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community structures with distinct survival conditions were
noticeably different from that of the inocula. Specific phyla were
accumulated significantly, such as Synergistetes, Atribacteria and
Tenericutes in SS-V, consistent with previous studies (Liu et al.,
2017). Actinobacteria and Spirochaetae appeared abundantly in SS-
Cr, while Chlorobi and Nitrospirae possessed large portions in CS,
which could participate in the detoxification of added metal ions.

Functional species possibly involved in bio-reductions of V(V)
and Cr(VI) were found at genus level (Fig. 5b). A large number of
Geobacter appeared newly in SS-V, which was previously reported
to reduce V(V) (Ortiz-Bernad et al., 2004). Anaerolineaceae was
accumulated significantly in SS-V (17%) and it was reported to
contribute to selenate reduction with selenate reductases in the
Rifle site (Fakra et al., 2018). Thiobacillus, whose abundance
increased to 1.9% in SS-Vwas reported to reduced nitrate and nitrite
through extracellular electron transfer (Pous et al., 2014). Enrich-
ment of Thauera genus was obvious in SS-Cr and its role in Cr(VI)
detoxification and immobilization had been revealed (Miao et al.,
2015). Syntrophobacter also boosted in SS-Cr and it was able to
use nitrite, nitrate and/or sulfate as the electron acceptor (Ramos
et al., 2016; Worm et al., 2014). These mentioned genera above
were also detected in CS, except Geobacter, which might be
responsible for V(V) and Cr(VI) reductions directly or indirectly in
CS. Particularly, proportions of Spirochaeta and Spirochaetaceae
were the largest in CS among all samples and they could also ac-
count for V(V) and Cr(VI) removals with their abilities of reducing
sulfate and Fe(III) (Kümmel et al., 2015; Baek et al., 2016).

4. Conclusions

Simultaneous bio-reductions of V(V) and Cr(VI) by mixed
anaerobic culture were realized with high efficiency in this study.
Removal efficiencies of V(V) and Cr(VI) after 72-h operation were
97.0± 1.0% and 99.1± 0.7%, respectively. Interactions between V(V)
and Cr(VI) were revealed, with promoted Cr(VI) bio-reduction and
suppressed V(V) removal. V(IV) and Cr(III) were the main reduction
products, which could precipitate under near-neutral groundwater.
Influences of initial Cr(VI) and acetate concentrations and pH were
also investigated. Microbial communities evolved and specific
species such as Anaerolineaceae, Spirochaeta and Spirochaetaceae
were enriched, which could be involved in bio-reductions of V(V)
and Cr(VI). This study reveals the relationship between V(V) and
Cr(VI) in aquifer during their bio-reductions and is helpful to
develop novel technology for remediation of V(V) and Cr(VI) co-
contaminated groundwater.
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