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ARTICLE INFO ABSTRACT
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Sb is classified as a priority pollutant, to control the pollution in aquatic environments of Sb, enhance the un-
derstanding of Sb biogeochemical cycle, the effects of sulfate and nitrate on antimonate (Sb(V)) removal in a
Hydrogen-Based Membrane Biofilm Reactor (Ho-MBfR) were investigated. With the input of sulfate, the MBfR
achieved 90% Sb removal and a removal flux up to 0.76 g Sb/mz-day. The Sb(V) was reduced to Sb(III), which
was primarily Sb,S3 solids retained in the biofilm. Furthermore, the mechanism of antimonate reduction shifted
from enzymatic reduction with no sulfate input to abiotic reduction based on sulfide produced microbially being
the reductant. The subsequent input of nitrate suppressed Sb(V) reduction and removal, along with suppressing
sulfate reduction. Nitrate became the dominant electron acceptor, which led to SbyS3 oxidation and the net
release of Sb(V) and SOF. This work reinforces that the Ho-MBfR is a promising bioremediation strategy for
antimonate removal, and it provides mechanistic insights regarding the impacts of sulfate and nitrate on

Interaction
Sulfide

antimonate reduction and removal.

1. Introduction

Antimony (Sb) is listed as a critical mineral by the U.S. Geological
Survey due to its widespread use in flame retardants and lead-acid
batteries, as well as an input to semiconductor, textile, and catalyst in-
dustries [1,2]. Sb also is a pollutant in aquatic environments and is
classified as a priority pollutant by the European Council, the United
States Environmental Protection Agency, the Chinese Environmental
Protection Agency, and the Japanese Environmental Protection Agency
[3].

In antimony mining and smelting, Sb usually appears in surface
waters as Sb(V), typically Sb(OH)g, at up to 11 ppm Sb, while Sb(III) is
not detected [4]. The absence of Sb(III) is associated with it precipitating
as Sby03(s) or SbySs(s). Compared with Sb(V), Sb (III) is more easily
absorbed and removed by centrifugation or filtration [5,6]. Therefore,
controlling the state of Sb is crucial for controlling its fate and risk,
investigating strategies that reduce Sb(V) to Sb(III) should be effective

for removing Sb from water [7-9]. The physicochemical methods such
as combining coagulation precipitation and membrane separation pro-
cess, electrochemical methods, and adsorption methods have been re-
ported to control the Sb pollution [10-12]. While the physicochemical
methods are usually high operational costs, and lead to secondary
contamination [13]. As a low-cost and environmentally friendly
manner, Sb bioremediation was thought to be a promising pathway to
control the redox state and reduce Sb(V) to Sb(III) [14].
Microorganisms require an electron donor to reduce Sb(V). Among
the bioavailable electron donors, Hj is especially promising, because Hy
is non-toxic, is relatively inexpensive, leaves no residual organic, and
has been applied for microbiological reductions of various many con-
taminants [15-19]. The low water solubility of Hy limited its use in
water treatment, but this was overcome by using an Hy-based membrane
biofilm reactor (Hy-MBfR). In a Ho-MBfR, H» diffuses through the walls
of non-porous hollow-fiber membranes and is delivered directly to a
biofilm attached on the outside surface of the membrane [20,21]. A
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previous work documented Sb(V) reduction and removal in the Ho-MBfR
[22]. However, there usually are other coexist ions in the facilized sit-
uation might influence the performance. Therefore, the interactions of
the coexist matters to the Sb bioremediation need to be clarify, espe-
cially for oxidized ions that might also serve as the electron acceptors
and compete the electron donor with Sb(V). As it reported the coexist
oxidized ions with Sb(V) in mine drainage: e.g., 60-300 mg/L sulfate
and up to 10 mg/L nitrate-N [4]. Coexisting sulfate may have a positive
impact on Sb removal when sulfate-reducing bacteria (SRB) produce
sulfide that precipitates Sb(III) as SbyS3 [23,24]. In contrast, coexisting
nitrate may harm Sb(V) reduction and removal in two ways: by directly
inhibiting Sb(V) reduction or by oxidizing Sb(III) as the electron donor
for denitrification [25,26]. Though these potential relationships among
Sb(V), NO3, and SO%’ have been reported, the effects on microorganisms
are not well defined in general [27] and not at all for the Ho-MBfR.

Part of understanding the interactions revolves around reductases
able to reduce the three electron acceptors. The respiratory arsenate
reductase (ArrAB) mediates dissimilatory Sb(V) reduction [28], and the
arsenate reductase ArsC mediates cytoplasmic antimonate reduction
[22]. The dissimilatory sulfate-reduction pathway includes a three-step
reaction process (Fig. S1): sulfate is first transformed to APS (adenosine
5'-phosphosulfate) from the sat gene, and the aprA and aprB genes
encode adenylylsulfate reductase, which converts APS to sulfite. Finally,
dsrA and dsrB drive the transformation from sulfite to sulfide [29].
Revealing which genes are transcribed would help to understand how
the coexisting ions affect the microbial community and Sb(V) removal.

In this work, we investigated Sb(V) reduction and Sb’s fate in the Ho-
MBfR with coexisting sulfate and nitrate. We quantified antimonate-
removal kinetics in the Hy-MBfR, identified the antimonate-reduction
pathway using transcriptomics, characterized the biofilm’s community
structure using high-throughput sequencing of the 16S rRNA gene,
evaluated the biofilm’s morphology with scanning electron microscopy
(SEM) and transmission electron microscope (TEM), and revealed the
presence of Sb and S solids using electron microscopy and X-ray spec-
troscopy (XPS).

2. Materials and methods
2.1. Reactor configuration

The MBfR contained two bundles of nonporous polypropylene hol-
low fibers (Teijin, Japan): The main bundle contained 32 fibers, and the
coupon bundle contained 20 fibers for biofilm sampling. The H; pressure
to the fibers’ lumen was regulated at 1.5 atm (absolute) to give a Hp-
delivery capacity of 0.366 g Ho/m?2.d [30]. The MBfR was operated at
room temperatures (25 + 1 °C) in a continuous-flow and completely
mixed mode: an influent flow rate at 0.29 mL/min and a recirculation
rate at 100 mL/min. Configuration details are in Section S2 of Sup-
plementary Information (SI).

2.2. Startup and operation

Acclimated Hj-oxidizing and autotrophic denitrifying bacteria
(detailed description of their enrichment is in Section S3) were inocu-
lated into the MBfR. The MBfR was fed with basal salts medium (con-
taining bicarbonate as the inorganic carbon source, phosphate buffer,
and trace elements detailed in Section S3) that also contained 10 mg/L
of Sb(V) (provided as KSb(OH)e, AR, Ourchem, China) and 0, 60, 120,
240, or 240 mg/L of SO?( (provided as NasSOy4, AR, Sinopharm, China)
without NO3 in Stages S1, S2, S3, S4, and S6 respectively. Each stage was
operating for 15 days, which allowed the effluent to reach steady state.
In Stage S5, 10 mg /L NO3-N (provided as NaNOs, AR, Sinopharm,
China) was added in addition to 10 mg /L of Sb(V) and 240 mg /L of
SO7". Stage S5 was operated 30 days.

The batch test was carried out after S6 using the basal salts media
contained 240 mg/L of S0% (provided as NapSO4, AR, Sinopharm,
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China) and 10, 20, 50 mg/L of Sb(V) (provided as KSb(OH)e, AR,
Ourchem, China) individually in the MBfR. The samples were taken at 0,
20, 30, 45, 60, 75, 105, 135, 165, and 225 min.

2.3. Chemical analyses

Effluent samples were collected and filtered through a 0.22-ym
membrane filter (25-mm PES, Titan, China) daily. To measure the
concentrations of Sb(V), SO?(, NO3, and NOj, water samples were
analyzed with an Ion Chromatograph (Dionex Aquion, USA) with an
AS11HC column and AG11HC precolumn. The eluent of IC was set as 15
mM KOH at a 1 mL/min flow rate. The concentration of Sb(III) was
assayed using an HPLC-ICP-MS (Agilent LC1200-ICPMS 7700, Agilent,
USA). An anion exchange column (PRP-X100, 4.1 x 150 mm, 10 pm,
Hamilton, Switzerland) was equipped with HPLC. The mobile phase
were applied as EDTA (20 mM) and 2 mM potassium hydrogen-
phthalate at pH 4.5, the flow rate was set as 1 mL/ min. The injection
samples were 10 pL water samples collected from MBfR that were
diluted 100-fold with ultrapure water[7]. The concentration of
ammonium-nitrogen (NHZ-N) was determined by the standard methods
[31].

Removal fluxes (g/mz-d) were calculated according to

0(S) — S)

J = "

m
where Sp and S are the influent and effluent ions concentration (g/L), Q
is the influent flow rate to the MBfR (L/d), and A is the membrane
surface area (mz). To evaluate the demand of maximum H, flux in
theoretical, the substrate-mass fluxes were converted to electron-
equivalent fluxes based on the maximum electron-equivalent fluxes in
theory that Sb(V) being reduced to Sb(III) (2 e eq/mol), SOF to HyS (8 €
eq/mol), and NO3 to Ny (5 e eq/mol).

2.4. Biofilm transcriptomics and community structure analysis

Biofilm samples were collected at the end of S2, S4, S5, and S6. Two
18-cm-long sections from a coupon fiber were cut off for DNA extraction
and RNA separation. After sampling, the open end of the remaining fiber
was tied with 2 knots to avoid H; leakage.

Total RNA was extracted using a TaKaRa MiniBEST Universal RNA
Extraction Kit (TaKaRa,Japan), and it was reverse transcribed to cDNA
following the instructions of the PrimeScript™ RT reagent Kit with
gDNA Eraser (Perfect Real Time, TaKaRa, Japan) immediately [32]. The
primer pairs aprA-1-F / aprA-5-R, DSRp2060F / DSR4R, arrA-CVF /
arrA-CVR,amlt-42-f / amlt-376-r and smrc-42-f / smrc-376-r, 16SF /
16SR were used to confirm the change of the genes of target,16S rRNA
[33], arrA [34], arsC [35], aprA, dsrB,[36], respectively, for real-time
qPCR (Details in Section S4). All qPCR analyses were performed using
the CFX Connect™ Real-Time PCR System (Bio-Rad, USA). The qPCR
amplification mixture (20 pL) was prepared using 10 pL SYBR Premix Ex
Taq™ (Takara, Japan), 1 pL of each forward and reverse primer (20
mM), 1 pL of cDNA template, and 7 pL of RNase-free water (Takara,
Japan) according to the manufacturer’s instructions. All RT-qPCR assays
were carried out in triplicate. Standard dilution curves were generated
for each pair of primers. The fold change (relative expression level) of
target genes was measured using the the 2722CT method with using
partial 16S rRNA gene as a reference gene and taking S2 as a control
stage. Specifically, the formula is described as:

7 —AACT 7 —(CISX-CIRSX)-(CS2-CIRS2)

method =
Ctsx and Ctg; refer to the Ct values of the target gene in SX(X = 4,5,6)
and S2, respectively. Ctgsx and Ctrge refer to the Ct values of the
reference gene in SX(X = 4,5,6) and S2, respectively [37,38].
Genomic DNA was extracted with a DNeasy PowerBiofilm Kit
(QIAGEN GmbH, Germany) according to the manufacturer’s
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specification. The DNA concentration was measured using NanoDrop
2000 (Thermo Fisher Scientific, USA).

PCR primers 338F and 806R were applied to amplify the V3-V4 re-
gion of the bacteria’s 16S rRNA gene [39]. The Illumina MiSeq PE300
platform (Majorbio Bio-pharm Technology Co., Ltd, Shanghai, China)
was used to sequence the amplicons. Sequence data were analyzed on
the online platform of Majorbio ISanger Cloud Platform. Qualified se-
quences were clustered into operational taxonomic units (OTUs) at 97%
similarity using the Uparse software version 11 [40]. Based on the OTU
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information, the richness and evenness of microbial species were
evaluated.

2.5. Biofilm imagining and solid-state characterization

At the end of S6, two ~ 3-cm-long coupon fibers were cut off for
scanning electron microscopy (SEM; Zeiss Sigma 300, German) and
transmission electron microscopy (TEM; JEOL JEM 2100F, Japan)
equipped with energy dispersive X-ray spectroscopy (EDS).
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Fig. 1. Sb(V) and SO3 removals for Stages 1-4 of H,-MBfR operation. The maximum H,-delivery flux was 366 ¢ meq/m>-day.
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Twenty main-column fibers were desiccated in a freeze-dryer (FD-
1A-50, BILON, China) to recover the solid-phase reduction products. X-
ray photoelectron spectroscopy (XPS) was applied to analyze the
valence state of reduction production through a Thermo Scientific K-
Alpha (ThermoFisher, USA). X-ray diffraction (XRD) was applied to
analyze the structure of reduction production using an X-ray Diffrac-
tometer (Rigaku SmartLab SE, Japan) with Cu- Ko radiation (40 kV, 40
mA).
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3. Results and discussion
3.1. The effect of sulfate on Sb(V) removal
Fig. 1a shows the daily influent and effluent concentrations of Sb(V),
Sb(III), and SO%‘during S1 to S4. The Sb(V)-removal percentages, -sur-

face loadings, and -removal fluxes are in Fig. 1b, with calculated
electron-equivalent fluxes in Fig. 1c.
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When Sb(V) was the sole electron acceptor in S1, the average Sb(V)-
removal percentage was only 23% at the end of S1's 14 days. When 60
mg/L of SO?{ was introduced to the influent in S2, the Sb(V)-removal
percentage increased to 60%, giving an average Sb(V)-removal flux of
0.49 g/m?day. In S3, the concentration of SO was increased to 120
mg/L, and the Sb(V)-removal percentage increased to 85%, with an Sb
(V)-removal flux of 0.75 g/m? day. When 240 mg/L SO3~ was fed dur-
ing S4, the Sb(V)-removal flux decreased to 0.64 g/m>day at first due to
the increase of the influent SOZ~ concentration, after a period of accli-
mation it increased to 90% for days 59 to 64 (flux of 0.76 g/m?day). In
summary, the increase of SO%‘ loading enhanced the Sb(V)-removal, the
Sb(V)-removal percentage increased with the increase of SO3 loading
from S1 to S4. Furthermore, the average effluent concentration of Sb(III)
from Dayl4 to 64 was<0.6 mg/L, a major improvement over previous
research with Sb(V) as sole electron acceptor in MBfR, in which most Sb
(IID)(~50%-89%) was discharged in effluent [5,22], which suggested the
input of the sulfate also enhanced the total Sb removal.

The electron-equivalent fluxes (Fig. 1c) were less than the theoretical
maximum H, flux (366 e” meq/m?.day = 366 mg Hy/m? day) during S1
to S4, thus, the electron-donor supply was sufficient. Sulfate reduction
dominated Sb(V) reduction as an electron sink. The lack of Sb in the
effluent and strong sulfate reduction support that Sb(IIl) was retained in
the biofilms as Sb,S3 or other Sb-S complex when SOZ~ was present in the
influent.

3.2. Impact of NO3 On Sb(V) and SO%‘ reductions

Nitrate was added at 10 mg N/L in S5 and then removed from the
influent in S6. The concentrations of Sb(V), Sb(III), SO?(, and NO3 in
influent and effluent, surface loadings, removal fluxes, and electron-
equivalent fluxes are summarized in Fig. 2.

In the first 10 days of S5, the Sb(V)-removal and the sulfate-removal
presented negative values, which support that introducing nitrate led to
oxidation of Sb,S3 solids that had accumulated in the biofilm. The
effluent NO3 was 5.5 mg N/L (average of Days 65 to 69), but decreased
to 3.1 mg/L (average of Days 70 to 97). By Day 80, the Sb(V)-removal
flux returned to positive value and then continued to increase. None-
theless, the average Sb(V)-removal flux for Days 80 to 97 was only 0.19
g/m?.day, or 38% of the flux in S4 (0.50 g/m?2-day). NO3 in the effluent
was<0.3 mg N/L during S5 and NH4-N was under the detection limit
(data not shown), indicating that NO3 was most likely reduced to Nj.

Over S5 (Days 65 to 92), the net electron-equivalent fluxes remained
smaller than the maximum electron-equivalent delivery flux of Ha.
However, at the end of S5 (Days 93 to 97), the total electron-equivalent
flux for reductions of NO3 and SO?( exceeded the theoretical maximum
H, flux as the SO - and NO3-removal fluxes became larger. Having a net
reduction flux greater than the Hy-delivery capacity suggests the possi-
bility of some S° was produced and retained, which would lead to an
electron balance. The dominant electron-equivalent flux in S5 was for
NOj3 reduction, and this was accompanied by diminished electron-
equivalent fluxes for SO%’ and Sb(V) reductions. Thus, denitrification
inhibited other reduction process due either to competition for electron
donor, direct inhibition, or both.

In S6, NO3 was removed from the influent, and the SO%’ and Sb(V)
removal fluxes increased at Day 104. However, the SOZ -removal flux
began decreasing from Day 105, eventually declining to close to zero.
The Sb(V)-removal flux reached a relatively stable state from Days 105
to 120: 0.64 g/m>day, or 128% of S4 and 337% of S5.

Overall, S5 and S6 demonstrate that nitrate inhibited Sb(V) removal,
even though the sulfate-removal flux increased. It appears that nitrate
exposure led to SbyS3 oxidation coupled to NO3 reduction. This phe-
nomenon could be a good means to release Sb(III) that has accumulated
in biofilm for Sb recycling, but it is deleterious for Sb(V) reduction and
removal.
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3.3. Route of Sb(V) reduction in the MBfR

3.3.1. Functional gene expression

Fig. 3 presents the relative mRNA expression levels for arrA, arsC,
aprA, and dsrB genes during S2, S4, S5, and S6. From S2 to S4, sulfate
suppressed the expression of the arrA gene (p < 0.0001). In S5, nitrate
further suppressed the expression of the arrA gene (p < 0.01). In S6,
removing nitrate did not lead to recovery of arrA gene expression. These
trends indicate that sulfate and nitrate suppressed the expression of the
arrA gene, which means that dissimilatory antimonate reduction was
down-regulated. The expression of the arsC gene also was suppressed
due to the input of sulfate (p < 0.1), but the addition of nitrate up-
regulated arsC-gene expression (p < 0.001) from S4 to S5. This may
have been related to the increased Sb(V) surface loading and greater
oxidation of Sb(III) to Sb(V).

The simultaneous changes in the expression of the arrA and arsC
genes indicate that dissimilatory and cytoplasmic Sb(V) reductions were
down-regulated by the addition of sulfate. However, the Sb(V)-removal
fluxes increased, which implies that Sb(V) reduction shifted away from a
route mediated by ArrA or ArsC when the input of sulfate increased.

The aprA and dsrB genes were up-regulated with the increasement of
influent sulfate, which corresponded to greater sulfate reduction.
Therefore, an alternative mechanism is proposed: abiotic reduction of Sb
(V) in which sulfide, produced microbially, is the reductant for a non-
enzymatic reaction [24].

3.3.2. Sb(V) removal kinetics

Fig. S3 shows the plots of In[Sb(OH)g] versus time for the removal of
Sb(OH)g in the presence of 240 mg/L SO% and with initial concentra-
tions of [Sb(OH)g] at 50, 20, or 10 mg Sb/L in the Hy-MBfR. The first-
order rate constants for the reduction of Sb(V) were similar, and the
average first-order rate was k’ = 11.0 + 2.1 x 10> min~!. This rate
constant is larger than reported using dissolved sulfide to reduce Sb(V)
in an abiotic batch test [41]. This faster rate supports the value of using
Ho-MBfR to produce sulfide for abiotic Sb(V) reduction.

3.4. Characteristics of the biofilm and reduction products

3.4.1. Biofilm community

Fig. 4 presents the changes of community structure in S2, S4, S5, and
S6. Desulfovibrio and norank_f Sutterellaceae are sulfate-reducing bacteria
(SRB) [42,43] that increased from S2 to S4, decreased in S5, and
recovered in S6 with the removal of input nitrate. The sulfate-removal
fluxes and the aprA and dsrB gene-expression levels changed similarly
and in concordance with the increased sulfate reduction by SRB in S2,
S4, and S6. Meanwhile, the change of SRB abundance is simultaneously
with the change of Sb(V)-removal, which supported the abiotic reduc-
tion of Sb(V) with sulfide, produced microbially. The upregulation of the
arsC gene in S5 was accompanied by increases in unclassified f Rhodo-
cyclaceae and g norank f Pleomorphomonadacea, which are Sb-resistant
bacteria (SbRB) that possess the arsC gene [22]. The input of nitrate in
S5 affected the biofilm community structure significantly, leading to a
domination by autotrophic denitrifiers Zoogloea and Terrimonas [44,45].
In contrast, the introduction of nitrate coincided with decreases in
heterotrophic Azonexus, norank_f AKYH767, and Methylocystis [46,47].
The increase in heterotrophic norank f PHOS-HE36 in S6 may have been
associated with their capacity for sulfur oxidation [48].

3.4.2. Biofilm morphology

The biofilm was occupied by bacilli and cocci (Fig. 5a and 5b) that
were surrounding by nanoparticles (Fig. 5a, 5b, and 5¢). The mean size
of the 196 nanoparticles in Fig. 5c¢ is 71.5 nm and conforms to a log-
normal distribution (D’Agostino & Pearson test, p = 0.1836).

3.4.3. Reduction-product characteristics
EDS patterns (Fig. S4b) show that Sb and S were the main elements in
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the biofilms beyond the basic C, N, and O elements in cells. XPS patterns
document that Sb(III) was the predominant oxidation state for the Sb
precipitates (Fig. 5e). S(-II) was the predominant oxidation state for S, as
well a small amount of S° was present (Fig. 5f). The EDS and XPS results
support that the precipitates were composed primarily of an Sb(III)-S
complex. XRD spectra (Fig. S5) indicated the Sb(III)-S complex con-
tained SbyS3 and SbyOs. In summary, the reduction product by the
biofilm included a mixture of SbyS3 and Sby0s.

3.5. The interactions of sulfate and nitrate to the antimonate removal in
H,-MBfR

Fig. 6 summarizes the mechanisms acting in the MBfR biofilm
exposed to oxidized Sb, S, and N. With the input of the sulfate, the
biofilm’s dissimilatory and cytoplasmic antimonate reductions were
suppressed (Fig. 3a and 3b), but the bioreduction of sulfate driven by Hy
dominated the biofilm’s activity (Fig. 3¢ and 3d). Hp-based sulfate
reduction is described by eq 1 [49]:

+ 4H, + H'>HS™ + 4H,0 AG® = —19.0 kI /mole”

Neors €))

With strong sulfate reduction, Sb(V) reduction and removal were
linked to the S cycle, as described by eqs 2-5 [24,50]:

Sb(OH),” + HS ~ — Sb(OH), + S° + H,0 + 20H" 2
3Sb(OH),” + S°—3Sb(OH), + SO} + 4H,0 + OH~ 3)
2Sb(OH), +3HS ~ = Sb,S;(s) + H,0 “@
2Sb(OH),— Sb,05(s) + 3H,0 5)

When the large input of sulfate shifted the biofilm to reduce SOF
instead of Sb(V), but the sulfide produced microbially led to abiotic Sb
(V) reduction and enhanced Sb(V) and total Sb removal. The fates of Sb
and S were illustrated by eqs 1-5. First, the input of sulfate led a
hydrogen-based sulfate bioreduction and the accumulation of sulfide.
Then the sulfide reduced the Sb(V) to Sb(III), generating S% as an in-
termediate and SO3 as a terminal product. Finally, the Sb(III) trans-
formed to Sb(III)-S complex like SbySs by the reactions with excess
sulfide or Sby0O3 directly. The input of the nitrate induced anaerobic Sb
(III) oxidation coupled to nitrate reduction and dissolution as Sb(V).
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(d). XPS patterns towards for 525-545 eV (e) and 158-168 eV (f) of precipitates in the biofilm.

Thus, solid Sb(III) and S(-II) retained in the biofilm were released as Sb
(V) and SO%’. The release of Sb(V) seemed to promote cytoplasmic
antimonate reduction. And removing nitrate allowed antimonate
removal to recover over about 7 days.

4. Conclusion

Sulfate and nitrate affected antimonate reduction and removal in a
Ho-MBfR in complex ways. Increasing the input of sulfate led to greater
Sb(V) reduction and removal, but the mechanism of Sb(V) reduction
shifted from enzymatic reduction with no sulfate input to abiotic
reduction based on sulfide produced microbially being the reductant. Sb

(II1) was primarily Sb,Ss solids that were retained in the biofilm. Sb(V)
reduction and removal were suppressed by the input of nitrate.
Furthermore, nitrate served as an electron acceptor for the oxidation of
SbyS3 solids and the net release of Sb(V) and SO%.

This work illuminated the impacts of sulfate and nitrate on antimo-
nate reduction and removal. Sulfate reduction enhanced antimonate
removal in the H,-MBfR, but nitrate suppressed sulfate and antimonate
removals. The interplay of enzymatic and abiotic reductions of Sb(V)
and the fate of Sb(IIl) in the biofilm are promising research avenues for
enhancing fundamental understanding of interactions among electron
acceptors and for improving the reliability of microbiological removal of
antimonate. For the further research, whether more Sb(V) reducing
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Fig. 6. Schematic representation of the impacts that sulfate and nitrate have on
antimonate reduction and removal in the biofilm of an H,-MBfR. Solid lines (—)
indicates abiotic processes. Dotted line (---) indicates the enzymatic reactions.
SRB: sulfate-reducing bacteria, DSbRB: Dissimilatory Sb-reduction bacteria, DB:
Denitrifying bacteria, SbRB: Sb-resistant bacteria.

enzymatic pathways existing, further insights of the interactions be-
tween nitrate and the Sb bioremediation, the effects of more specific
operation conditions like different Sb or SOF concentrations, the pres-
sure of Hy apply, temperature, pH, hydraulic retention time are rec-
ommended to be studied to enhance the understanding of Sb
bioremediation.
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