
lable at ScienceDirect

Chemosphere 211 (2018) 254e260
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Effects of sulfate on simultaneous nitrate and selenate removal in a
hydrogen-based membrane biofilm reactor for groundwater
treatment: Performance and biofilm microbial ecology

Lijie Zhou a, Xiaoyin Xu b, **, Siqing Xia b, *

a College of Chemistry and Environmental Engineering, Shenzhen University, Shenzhen 518060, PR China
b State Key Laboratory of Pollution Control and Resource Reuse, Shanghai Institute of Pollution Control and Ecological Security, College of Environmental
Science and Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, PR China
h i g h l i g h t s
� Sulfate had no effects on nitrate degradation and promoted Se(VI) removal in MBfR.
� High Hydrogenophaga was one of the contributors for efficient nitrate degradation.
� Selenate removal was relied on bacteria of Hydrogenophaga and Desulfovibrionaceae.
� Dark hydrogen oxidation was the majority of functional profile for biofilm in MBfR.
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a b s t r a c t

Effects of sulfate on simultaneous nitrate and selenate removal in a hydrogen-based membrane biofilm
reactor (MBfR) for groundwater treatment was identified with performance and biofilm microbial
ecology. In whole operation, MBfR had almost 100% removal of nitration even with 50mgmL�1 sulfate.
Moreover, selenate degradation increased from 95% to approximate 100% with sulfate addition, indi-
cating that sulfate had no obvious effects on nitrate degradation, and even partly promoted selenate
removal. Short-term sulfate effect experiment further showed that Gibbs free energy of reduction
(majority) and abiotic sulfide oxidation (especially between sulfate and selenate) contributed to
degradable performance with sulfate. Microbial ecology showed that high percentage of Hydrogenophaga
(�75%) was one of the contributors for the stable and efficient nitrate degradation. Chemoheterotrophy
(ratio>0.3) and dark hydrogen oxidation (ratio>0.3) were the majority of functional profile for biofilm in
MBfR, and sulfate led to profiles of sulfate respiration and respiration of sulfur compounds in biofilm.
Additionally, no special bacteria for selenate degradation was identified in biofilm microbial ecology, and
selenate degradation was relied on Hydrogenophaga (75% of ecology percentage with sulfate addition)
and Desulfovibrionaceae (4% of ecology percentage with sulfate addition). But with overloading sulfate,
Desulfovibrionaceae was prior to sulfate degradation for energy supply and thus inhibited selenate
removal.

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

As an essential trace element for human and animals, selenium
(Se) frequently enters into the environment with anthropogenic
activities, especially agricultural run-off, drainage of oil refineries,
siqingxia@gmail.com (S. Xia).
mining and fossil fuels combustion (Ontiveros-Valencia et al., 2016;
Tokunaga and Takahashi, 2017). Previous studies (Lenz et al., 2008;
Chen et al., 2017a; Wang et al., 2017) have showed that selenium
has been accumulating potentially in the nature, and selenium
pollution has been considered as a matter of public and scientific
attention in the last decades. Selenium has been identified globally
in the range of 0.01e2.0mg kg�1 in soil. Hendry et al. (2015) re-
ported that coalmine waste rock in the Elk Valley of British
Columbia (Canada) had the average concentration of 3.12mg Se
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Fig. 1. A schematic of hydrogen-based membrane biofilm reactor.
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kg�1, and Molnar et al. (2018) showed that some of soil with shales
or sandstones contained as high as 1200mg kg�1 selenium. Several
incidents of selenium poisoning have been reported in Hubei
(China), Shanxi (China) and Punjab (India) (Winkel et al., 2012; Zhu
et al., 2017). Therefore, due to high concentration of selenium
accumulation in soil, groundwater has been facing the strong po-
tential selenium pollution. In USA, groundwater in Utah was
detected to contain over 6mg L�1 selenium, and over 9mg L�1 se-
lenium was identified in groundwater of Colorado (Gore et al.,
2010; Ji and Wang, 2017). Selenium pollution in groundwater has
become the serious problem in recent years. Furthermore, sele-
nium is in the form of four oxidation states in aqueous solutions
(�2, 0,þ4 andþ 6), and selenate (Se(VI)) is the most common form
for selenium in the aqueous environment due to its high solubility
and mobility (Constantino et al., 2017; Tokunaga and Takahashi,
2017). Moreover, because selenate also is the most toxicity sele-
nium, the provisional guideline for selenium in drinking water of
World Health Organization (WHO) is 40 mg L�1, and the maximum
concentration of selenium in drinking water must be below
50 mg L�1 (Zhu et al., 2017). In many countries, including European
Union, Canada, US, China, etc., the limit for selenium, especially for
selenate, is required below 10 mg L�1 (Xie et al., 2017; Cui et al.,
2018). Consequently, selenate removal in groundwater is the hot
topic for water treatment, especially in China, in recent years.

Although chemical or physical methods, such as nano zero-
valent iron, M-Al double hydroxide, barite, MgO nanosheets, have
been applied for selenate removal in groundwater (Constantino
et al., 2017; Tokunaga and Takahashi, 2017; Xie et al., 2017; Cui
et al., 2018), biological treatment is still the priority for selenate
degradation because groundwater also contains high concentration
of nitrate for simultaneous removal. Hydrogen-based membrane
biofilm reactor (MBfR) is a technology to delivers H2 as electron
donor for bacteria by diffusion through the membrane pores to
reduce oxidized contaminants (nitrate, selenate, sulfate, chromate,
etc.), which thus is considered as the promising method for
simultaneous nitrate and selenate removal. Zhao et al. (2013) and
Xia et al. (2011) have reported that MBfR could excellently remove
selenate and nitrate in the groundwater. However, high concen-
tration of sulfate is also detected in the groundwater, and it was also
figured out that sulfate, as the oxidized contaminant, presents a
direct effect on simultaneous removal of nitrate and other oxidized
contaminants in MBfR (Ontiveros-Valencia et al., 2014; Chen et al.,
2017b). Li et al. (2017) has reported that sulfate should have a
certain of effects on selenate and nitrate removal, but without
further microbial ecology analysis. Ontiveros-Valencia (Ontiveros-
Valencia et al., 2016) has identified biofilm microbial ecology of
MBfR, but without functional profile analysis. Therefore, effects of
sulfate on simultaneous nitrate and selenate removal of MBfR still
need a further study.

This study aimed to further identify the effects of sulfate on
simultaneous nitrate and selenate removal of MBfR, especially to
identify the relationship between performance and biofilm mi-
crobial ecology. A laboratory-scale MBfR was operated with long-
term and short-term experiments in this study. Degradation of
nitrate, selenate and sulfate were analyzed, and consumed electron
was also calculated. At last, biofilm microbial ecology and its
functional profiles were detected and discussed with performance
variations to get better understanding sulfate effects on simulta-
neous nitrate and selenate removal.

2. Materials and methods

2.1. Long-term experimental set of MBfR

A 600mL working volume laboratory-scale MBfR (Fig. 1), which
was modified according to previous studies (Xia et al., 2013, 2016),
was operated in this study. Two polyvinylidene difluoride (PVDF)
membrane modules (Litree Company, China) were installed in the
middle of reactor. Membrane module totally contained 132 fibers
with membrane surface area of 990 cm2 and pore size of 0.1 mm.
Magnetic stirrer was applied for complete liquid mixture during
MBfR operation. Influent flow rate was controlled with a single
peristaltic pump. Biofilm formation occurred on the membrane
surface, and stable pure H2 diffused into reactor throughmembrane
pores to provide electron for biofilm. Reactor was maintained
around 24e26 �C with heating blanket and air condition during
whole operation.

The influent in this study was groundwater with addition of
0.6633mg L�1 NaHCO3, 0.2923mg L�1 KH2PO4, 0.01mg L�1 MgCl2,
0.001mg L�1 FeSO4$7H2O, 0.001mg L�1 CaCl2$2H2O, 0.013mg L�1

ZnSO4$7H2O, 0.038mg L�1 H3BO3, 0.001mg L�1 CuCl2$2H2O,
0.004mg L�1 Na2MoO4$2H2O, 0.004mg L�1 MnCl2$4H2O,
0.025mg L�1 CoCl2$6H2O and 0.001mg L�1 NiCl2$6H2O for bacte-
rial growth according to previous literature (Xu et al., 2015). The
influent was set in a 10 L glass bottle, and bubbled with pure N2 gas
for over 30mins to maintain the redox potential of mixed liquor in
MBfR around�200mV during operation, then sealed with a rubber
stopper to maintain anaerobic condition. The biofilm was inocu-
lated from the anaerobic biomass in the anoxic tank of Quyang
municipal wastewater treatment plant (WWTP). MBfR was started-
up with 10mg L�1 NO3

�-N and 2mg L�1 Se(VI) with 5.2 h hydraulic
retention time (HRT; flux rate¼ 1mLmin�1) and 40 kPa H2 pres-
sure to achieve steady effluence for biofilm acclimatization, then
the reactor was operated for three conditions (Table 1) for over 75
days. Normally, MBfR performance could be considered as stability
based on effluent conditions after approximate 5 hydraulic reten-
tion time (HRT) operation (Chung et al., 2008; Ziv-El and Rittmann,
2009), and each condition in this study was operated for over 65
HRT for stable performance.
2.2. Short-term sulfate effect experiment

After long-term experimental set, short-term sulfate effect
experiment is carried out to further identify effects of sulfate,
especially high concentration, on simultaneous nitrate and selenate
removal in MBfR. Five sulfate concentration (0, 25, 50, 100 and



Table 1
Operational conditions of MBfR.

Stage Time (d) NO3
� -N (mg N L�1) Se(VI)

(mg L�1)
SO4

2�(mg L�1) HRT (h)
Flux rate (mL min�1)

H2 Pressure (kPa)

I 1st�17th 10 2 e 5.2
1.0

40

II 18th-47th 10 2 50 5.2
1.0

40

III 48th-77th 10 2 50 10.4
0.5

40
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200mg L�1) were applied for MBfR with similar groundwater
loading with 5mg L�1 NO3

�-N and 0.25mg L�1 Se(VI). In all short-
term experiments, MBfR was under HRT of 5.2 h (flux
rate¼ 1mLmin�1) and 40 kPa H2 pressure. Before each sulfate
concentration experiment, MBfR was operated with the certain of
condition for over 10 HRT to stabilize the performance.

2.3. DNA extraction and cloning library

Biofilm samples were collected at the end of Stage I and Stage III
in the long-term experiment. For each collection, 3 pieces 10 cm
hollow fibers with biofilm were firstly drawn from different loca-
tions on the membrane modules. Then, fibers would be cut into
small pieces and separated from membrane surface with glass ball
and 5min ultrasonic (SK3300-35 KHz, China). Biofilm samples
were washed by TENP buffer and re-suspended with a sodium
phosphate buffer before DNA extraction (Xu et al., 2015). Total
genomic DNA was extracted from biofilm samples with Fast DNA
Spin Kit (MP Biomedicals, LLC, France) following themanufacturer's
instructions. Then, genomic DNA was analyzed with complete
cloning library according to reference (Zhou et al., 2016). 100 pos-
itive clones were selected for sequencing. Chimeric sequences were
identified as described and excluded from subsequent analysis
software (Bellerophon, Australia). All the sequences were
compared to the known sequences for phylogenetic analysis.
Operational taxonomic units (OTUs) were defined as groups in
which the sequence similarity was more than 97%. Then the ob-
tained representative sequences were compared to available rRNA
gene sequences in GenBank using the NCBI Blast program, and
further the bacterial abundance in microbial ecology of each sam-
ple was calculated based on the analyzed taxonomic data. Phylo-
genetic tree was analyzed with software Mega 5 (Zhou et al., 2016).
To predict the function potential of bacterial community, FAPRO-
TAX 1.1 (Louca et al., 2016) was used to get the output functional
table with default settings based on the taxonomic information
obtained for the sample in each stage.

2.4. Other analysis

All liquid samples were kept at 4 �C after immediate filtration
with 0.22 mm polyether sulfone syringe filter (Anpel Company,
Shanghai, China). Nitrate, nitrite, sulfate, selenate and selenite were
measured with ion chromatograph (ICS-1000, Dionex, USA) con-
taining an AS-20 column, an AG-20 precolumn and a 150mg L�1

injection loop. S2� was analyzed through methylene blue spectro-
photometric method with UV-VIS spectrophotometer (4802 UV/
VIS, UNICO, USA) (APHA, 1998), and was also detected and
compared with ion chromatograph (ICS-1000, Dionex, USA)
method (similar as the above detective condition). Dissolved oxy-
gen (DO) concentration and pH were measured via a DO-pH-redox
potential meter (HQ4d, HACH, USA). Based on the kinetic analysis
for identifying the relationships among electron donor and
acceptor (Ziv-El and Rittmann, 2009), consumed electron was
calculated with the electron balance according to surface loadings
of the electron acceptors (modulated simultaneously by varying the
HRT or individually by changing the influent concentration), the
effluent concentrations and removal fluxes.
3. Results and discussion

3.1. Long-term performance of MBfR

MBfR was operated under 3 stages as Table 1 showed. Fig. 2 il-
lustrates variations of nitrate, selenate and sulfate degradation
during Stage I, Stage II and Stage III. As Table 1 shows, Stage I
worked as control for simulate degradation of nitrate and selenate
in MBfR. Stage I (Fig. 1) shows that MBfR had approximate 100%
nitrate removal and achieved about 95% selenate degradation,
indicating that nitrate was the prior electron acceptor from H2 than
selenate. It was considered as the result of higher Gibbs free energy
of nitrate than selenate (Table 2) (Xia et al., 2013; Li et al., 2017).
WhenMBfR was operated with similar condition besides 50mg L�1

sulfate addition (Stage II), MBfR had the similar degradable per-
formance of nitrate and selenate as Stage I. This predicts that sur-
fate did not have obvious effects on electron consumption of nitrate
and selenate during MBfR operation. Additionally, no sulfate was
removed during Stage II, which meant that nitrate and selenate
achieved electron fromH2 prior to sulfate. It was because Gibbs free
energy of sulfate reductionwas much lower than that of nitrate and
selenate reduction, especially nitrate. Moreover previous studies
(Hockin and Gadd, 2003; Zhou et al., 2014; Ontiveros-Valencia
et al., 2017) also reported that the incomplete sulfate reduction
probably was partly because of abiotic sulfide oxidation coupled to
selenite oxidation. During stage III, the influent flux rate was
decreased from 1.0 to 0.5mLmin�1 to increase HRT of nitrate,
selenate and sulfate, which meant overloading H2 for oxidized
contaminants in the influent. As Fig. 2 shows, MBfR not only had
100% nitrate removal, but also presented high degradation
(approximate 100%) of selenate. Additionally, sulfate in the effluent
started to decrease from about 49mg L�1 to 38.5mg L�1, and S2�

also maintained approximately 10.4mg L�1 in the effluent during
Stage III, indicating that sulfate was transformed into S2� with
hydrogen as the electron donor.

Furthermore, this study has also calculated the consumed
electrons between degradations of nitrate, selenate and sulfate.
During Stage I and Stage II, consumed electron of nitrate degrada-
tion both remained around 5.2mmol e� day�1, which meant that
sulfate did not have an obvious effects on nitrate removal of MBfR.
Consumed electron of selenate removal also kept stably at 1.2mmol
e� day�1. In the other hands, consumed electron of sulfate degra-
dation was unstable (1.4± 0.9mmol e� day�1) during Stage II,
directly leading to poor sulfate removal. During Stage III, with over
electron supply, nitrate and selenate still worked as prior electron
acceptor. Consumed electron of sulfate degradation also increased
from 0.9 to 4.7mmol e� day�1 with high removal efficiency.
Therefore, electron consumption competition from H2 contributed



Fig. 2. Long-term performance of (a) nitrate degradation, (b) selenate degradation, (c) sulfate degradation and (d) consumed electron distribution.

Table 2
Gibbs free energy (△Go’) of reduction reaction for nitrate, selenate and sulfate with
hydrogen as the electron donor.

Item Reaction △Go’ (kJ e�1)

Nitrate NO�
3 þ 2:5H2 þ Hþ/0:5N2 þ 3H2O �112

Selenate SeO2�
4 þ 3H2 þ 2Hþ/Se0 þ 4H2O �71

Sulfate SO2�
4 þ 8H2 þ 3Hþ/HS� þ H2Oþ 8H2O �19
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to the effects of sulfate on simultaneous nitrate and selenate
removal. Previous literature (Xia et al., 2013; Ontiveros-Valencia
et al., 2016; Li et al., 2017) also reported that electron competition
was due to the Gibbs free energy of oxidized contaminant reduc-
tion. Consequently, sulfate did not show obvious negative effects on
simultaneous nitrate and selenate removal of MBfR. Furthermore,
sulfate addition even partly promoted selenate degradation.
3.2. Short-term sulfate effect experiments

For better understanding effects of sulfate, especially high
concentration, on simultaneous nitrate and selenate removal,
short-term sulfate effect experiments were also carried out with 25,
50,100 and 200mg SO4

2� L�1. As results of Fig. 3 and Table S1 shows,
nitrate was finally transferred into N2 without any nitrite during
MBfR operation. Fig. 3(c) further presented that nitrate remained
stable consumed electron of 2.6mmol e� day�1. This indicated that
nitrate had higher electron acceptability than sulfate, and thus
sulfate, even with high concentration of 200mg L�1, would not
have any effects on nitrate removal. Moreover, Fig. 3 also presented
that most of selenate was finally removed in the MBfR with all
sulfate concentrations experiments. Consequently, even with high
concentration sulfate stress, MBfR still was prior to removing the
nitrate and selenate in the reactor. In MBfR operation, H2 was
applied as the electron donor for biodegrading electron acceptors of
nitrate, selenate and sulfate (Li et al., 2017). Thus, Gibbs free energy
of reduction partly decides the completion of different electron
acceptors for H2 utilization (Chung et al., 2006; Li et al., 2014). As
Table 2 shows, the Gibbs free energy of sulfate reduction
(△Go’¼�19 kJ e�1) is lower than that of both nitrate removal
(△Go’¼�112 kJ e�1) and selenate degradation (△Go’¼�71 kJ
e�1). This means that the reduction of both nitrate and selenate
compete more strongly for H2 in MBfR operation, which answers
the result of effective nitrate and selenate removal even with high
sulfate stress. Additionally, little selenite (�0.02mg L�1) was
detected in the effluent, and small decrease (from 0.02 to
0.01mg L�1) of selenite in the effluent was showed with sulfate
advance, indicating sulfate promoting the selenium removal of
MBfR, which was similar as the result of Section 3.1. Previous lit-
eratures (Hockin and Gadd, 2003; Zhou et al., 2014; Ontiveros-
Valencia et al., 2017) reported that the abiotic sulfide oxidation



Fig. 3. Short-term sulfate effect experiment result: (a) nitrate degradation, (b) selenate
degradation, (c) consumed electron distribution.
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would couple to selenite oxidation during MBfR operation as
follow:

SO2�
4 þ 9Hþ þ 8e�/HS� þ 4H2O (1)

HS�/S0 þ Hþ þ 2e� (2)

SeO2�
3 þ 6Hþ þ 4e�/Se0 þ 3H2O (3)

Normally, sulfate reduction was the combination of eq. (1) and
eq. (2). But, eq. (3) of half reaction for selenate reduction and eq. (1)
could be combined for abiotic sulfide oxidation as:

SeO2�
3 þ 2HS� þ 4Hþ/Se0 þ 2S0 þ 3H2O (4)

Hockin and Gadd (2003) reported that this was a strongly
exothermic reaction and is thermodynamically favored over
competing reactions. Therefore, sulfate partly promoted selenate
degradation. In addition, microbial ecology also plays a significant
role in biodegrading electron acceptors of nitrate, selenate and
sulfate (Ontiveros-Valencia et al., 2016), and thus microbial ecology
would be discussed in the following section. Moreover, Table S1 and
Fig. 3(c) show that electron acceptability of sulfate increased
obviously from 0.1 to 3.6mmol e� day�1. Therefore, sulfate in high
concentration partly promoted selenate degradation.
3.3. Biofilm microbial ecology in MBfR

The microbial ecology of biofilm in MBfR (Fig. 4) was identified
at the end of operation of Stage I and Stage III. Fig. S1 (Supporting
Information, SI) shows the phylogenetic tree (100 randomly
selected clones) of biofilm at the end of Stage I and Stage III (the
microbial ecology of inoculating anaerobic biomass showed in
Fig. S1). Biofilm microbial ecology during Stage I (Fig. 4) mainly
included b-Proteobacteria (88.6%), g-Proteobacteria (3.51%), a-Pro-
teobacteria (0.88%) and Flavobacteriia (7.02%). Stage III had the
similar biofilm microbial ecology (b-Proteobacteria (79.1%), g-Pro-
teobacteria (10.0%), Sphingobacteriales (10.9%), etc.) as Stage I. This
similarity means that sulfate only led to slight shift of microbial
ecology. In addition, the majority of biofilm community (86%)
during Stage I was belonged to Hydrogenophaga, which was re-
ported as H2 utilization bacteria (Zhang et al., 2009; Zhao et al.,
Fig. 4. Microbial ecology of biofilm in MBfR during Stage I and Stage III.
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2011). The high percentage of Hydrogenophaga should contribute to
the excellent nitrate degradation, even with sulfate addition.
Consequently, sulfate would not induce any obvious effects on ni-
trate removal during MBfR operation. Moreover, as Fig. 4 shows,
sulfate addition led to the percentage increase of Desulfovi-
brionaceae, which was sulfate reduction bacteria. It indicated that
sulfate causedmicrobial ecology shift of biofilm, and parts of sulfate
was reduced into S2� in MBfR (Fig. 2(c)). Furthermore, 16s rRNA
data of biofilm (Fig. 5) predicted that functional profiles of biofilm
in MBfR mainly contained chemoheterotrophy, dark hydrogen
oxidation, respiration of sulfur compounds and sulfate respiration.
Chemoheterotrophy and dark hydrogen oxidation were the ma-
jority of functional profile for biofilm during whole MBfR operation,
because bacteria in biofilm, especially Hydrogenophaga, utilized
hydrogen as electron donor for energy supply of microbial growth.
In addition, functional profiles also showed that sulfate respiration
and respiration of sulfur compounds increased from 0 to 0.07%,
explaining sulfate removal and increasing S2� in the effluent during
Stage III.

In the other hands, in both of phylogenetic trees showed no
special bacteria for selenate degradation. Actually, Sabaty et al.
(2001) reported that non-specific selenate and selenite reduction
were carried out by some denitrifying microorganisms through the
nitrate and nitrite reduction pathways. Thus, high percentage of
Hydrogenophaga maintained the high removal of selenate during
MBfR operation (Stage I). Additionally, Desulfomicrobium norvegi-
cum, bacteria of Desulfovibrionaceae, was reported to degrade
selenate with simultaneous sulfate reduction in the previous
literature (Hockin and Gadd, 2003). In the latter studies (Lenz et al.,
2009; Truong et al., 2013), more and more bacteria of Desulfovi-
brionaceae was identified to possess the selenate biodegradability.
Ontiveros-Valencia et al. (2016) also figured out Desulfovibrionaceae
in the biofilm microbial ecology of similar MBfR reactor with
selenate, nitrate, sulfate and others oxidized contaminants. Thus,
parts of sulfate reduction bacteria are considered to be capable of
selenate reduction together with sulfate reduction (Subedi et al.,
2017). It is because sulfate has been identified as a contributor for
differences in Se accumulation and varies considerably in concen-
tration between sites, in part as a result of anthropogenic activities
(Lo et al., 2015). Therefore, with sulfate addition, selenate degra-
dation of MBfR was not obviously inhibited, and the percentage
increase of Desulfovibrionaceae could promote the selenate
removal.
Fig. 5. Functional profiles of biofilm microbial ecology during Stage I and Stage III. a

Ratio¼ (bacterial abundances with this functional profile)/(total bacterial abundances).
Based on above results, the Gibbs free energy of oxidized
contaminant reduction and the abiotic sulfide oxidation (especially
between sulfate and selenate) both contributed to effects of sulfate
on simultaneous nitrate and selenate removal in MBfR. Addition-
ally, as data of microbial ecology shows, high percentage of
Hydrogenophaga was one of the contributor for the stable and
efficient nitrate degradation. Furthermore, no special bacteria for
selenate degradation was identified in the microbial ecology, and
selenate degradation was relied on the bacteria of Hydrogenophaga
and Desulfovibrionaceae. Consequently, selenate degradation was
partly promoted with 50mg L�1 sulfate addition because of
Desulfovibrionaceae increase. But when sulfate was with obviously
higher concentration than selenate, Desulfovibrionaceae was prior
to sulfate degradation because of bacterial metabolism, and thus
selenate removal would be inhibited.

4. Conclusions

Effects of sulfate on simultaneous nitrate and selenate removal
in MBfR was studied. Sulfate had no obvious effects on nitrate
degradation during MBfR operation due to the advantages of Gibbs
free energy and microbial ecology for nitrate removal. In the other
hand, sulfate promoted selenate degradationwith 50mg L�1, which
was because Desulfovibrionaceaewas capable of selenate reduction
together with sulfate reduction. But sulfate showed the inhibition
for selenate removal when sulfate was obviously higher than
selenate. It was because Desulfovibrionaceae was prior to sulfate
degradation due to the bacterial metabolism.
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