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H I G H L I G H T S

• pH value at 7~8 was maintained by
CO2 membranes in long term opera-
tion.

• Net SO42− reduction was controlled
by NO3− loading in MBfR due to sul-
fide oxidation.

• Sulfide oxidation provided extra elec-
tron flow pathways to denitrification.

• Sulfate-reducing bacteria and sulfide-
oxidizing bacteria drove closed S-cy-
cling.
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A B S T R A C T

A hydrogen-based membrane biofilm reactor (MBfR) equipped with separate hydrogen (H2) and carbon dioxide
(CO2) adjustable gas-transfer modules was used to explore denitrification in a water containing a high con-
centration of sulfate (SO42−) (500 mg S/L). CO2 was used for pH control and as the sole carbon source for long-
term operation of the MBfR, during which>90% denitrification was achieved. Short-term experiments de-
monstrated that increasing the SO42− loading had negligible effect on nitrate (NO3−) reduction, but SO42−

reduction was strongly suppressed by high NO3− loading regardless of H2 availability. Sulfide oxidation ac-
companied with SO42− reduction occurred in the biofilm, and the intermediate element sulfur was further
oxidized to SO42−. Results of high-throughput sequencing suggest that sulfide oxidation was carried out by the
known sulfide-oxidizing bacteria: Starkeya and Xanthobacter. And sulfide oxidation coupled to denitrification
was a primary reason for minimal net SO42− reduction when the NO3− loading was high enough. This study
demonstrates the promise of effective denitrification without net SO42− reduction in MBfR systems and docu-
ments the important sulfur-conversion processes.
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1. Introduction

NO3− and NO2− are electron acceptors commonly found in agri-
cultural runoff, groundwater, and industrial and municipal waste-
waters. The U.S. EPA set maximum contaminant levels (MCLs) of
10 mg N/L for NO3− and 1 mg N/L for NO2− [1] due to their health risk
[2]. Denitrification by hydrogenotrophic autotrophic biofilms is a
promising means to remove nitrate and nitrite [3–6], these denitrifying
bacteria (DB) are found throughout the Proteobacteria, and well-estab-
lished genera include Dechloromonas (β-proteobacteria), Hydrogenophaga
(β-proteobacteria), and Xanthobacter (α-proteobacteria) [7–10].

Sulfate (SO42−) is an electron acceptor that is frequently found in
water and wastewater. Dissimilatory SO42− reduction, the sulfate-re-
ducing bacteria (SRB) reduce SO42− to form sulfide, is driven by series
of enzymes: with consumption of one molecule of ATP, SO42− was
activated by an ATP sulfurylase producing adenosine phosphosulfate
(APS) and pyrophosphate. After the activation, an APS reductase re-
duces APS to sulfite (SO32−) and adenosine monophosphate (AMP), and
a sulfite reductase converts SO32− to sulfide [5,11]. Minimizing SO42−

reduction is normally an important objective when SO42− and NO3−

are present in the same water [6,8,12,13], since sulfide, the SO42−-
reduction product, can inhibit denitrification [14] and create an extra
H2 demand.

The hydrogen-based membrane biofilm reactor (MBfR) that delivers
hydrogen gas (H2) to a biofilm by diffusion through the walls of bub-
bleless gas-transfer membranes has been used to achieve denitrification
in the presence of SO42−. Researches have conducted to investigate
reduction of SO42− in a denitrifying MBfR fed with a moderate
SO42−concentration (< 100 mg SO42−/L) [8,12,15,16]. These studies
concluded that SO42− reduction occurred when NO3− was almost
completely removed, but was insignificant when the H2-delivery ca-
pacity was only enough to accomplish denitrification. Thus, SO42−

reduction could be suppressed by carefully limiting the delivery capa-
city of H2.

Denitrification can be made more challenging when the water
contains a high concentration of SO42−, such as ≥1000 mg SO42−/L.
High-sulfate wastewaters occur in the rubber industry [17], oil-pro-
duction wastewater [18], mine drainage [19], and flue-gas desulfur-
ization [20]. High SO42− loading might stimulate the growth of SRB
that compete with denitrifiers for H2 as the electron donor. However,
the competition advantages of denitrification over SO42− reductions in
a hydrogen-based biofilm may alter in a water containing high-sulfate,
which has not been studied.

A promising approach to minimize net sulfate reduction is to allow

sulfide oxidation through autotrophic denitrification using sulfide as an
electron donor [21,22]. SO42− reduced to sulfide by SRB is re-oxidized
by sulfide-oxidizing bacteria (SOB). Full sulfide oxidation, back to
SO42−, leads to no net SO42− reduction, but partial sulfide oxidation
also is possible. No net SO42− reduction is an ideal outcome, because it
eliminates the troublesome aspect of SO42− reduction and creates no
additional demand for H2 beyond that of denitrification. End-product
distribution of sulfide oxidation depends on the sulfide to nitrate (S/N)
ratio [23,24], and an S/N ratio< 0.5 mol/mol fostered almost com-
plete re-oxidization to SO42−. A greater S/N ratio led to accumulation
of sulfide and partial oxidation in expense of sulfide oxidation to ele-
mental sulfur (S0) that led to net sulfate reduction and proportionally
increased demand for H2.

pH control is another practical challenge, since reduction of oxya-
nions consumes protons and increases the pH [5,25,26], which can lead
to inhibition of metabolic activity and mineral precipitates [25,27,28].
Bubbleless CO2 delivered by hollow-fiber membranes [29,30] is a
simple option for pH control in a H2-based MBfR, particularly since it
also provides the inorganic carbon source for the autotrophs. The de-
mand for CO2 to neutralize alkali is the driving force to pull CO2
through the membrane, and CO2-delivery capacity can be controlled by
CO2 pressure [31,32]. Thus, membrane delivery of CO2 can bring about
pH stability and inorganic-C delivery in one simple step.

In this study, we evaluated the denitrification capability of a bench-
scale MBfR with separate membranes for delivering H2 and CO2 when
the influent water contained a high concentration of SO42−. The over-
arching objective was to develop a management strategy to achieve full
NO3− reduction while suppressing SO42− reduction and document the
mechanisms underlying SO42− reduction and oxidation. Specific ob-
jectives were (1) to determine how manipulating the H2 pressure and
NO3− loading could counteract a high SO42− loading and allow NO3−

reduction without net SO42− reduction; (2) to define the role of sulfide
oxidation in suppressing net sulfate reduction; and (3) to understand
how the structure and function of the microbial community was related
to success or failure of the first specific objective.

2. Materials and methods

2.1. MBfR setup

The MBfR setup used in this study (shown in Fig. 1), modified from
our previous nitrate-bioreduction study [31], consisted of a transparent
plastic cylinder sealed with a plastic ring, silicone pipelines, and peri-
staltic pumps (Lange BT100-2J, China). The reactor was 25 cm in

Fig. 1. Schematic of the MBfR system.
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height and 8 cm in inner diameter. All membranes used in the reactor
were polyvinyl chloride (PVC) hollow fibers with an outer diameter of
0.18 cm, an inner diameter of 0.12 cm, and average pore size of 0.1 μm
(Litree Company, Suzhou, China). The reactor contained one main
bundle (65 fibers) that was 36 cm long. Both ends of the main bundle
were connected to the pure H2 gas-delivery pipeline. A supplementary
bundle of 30 fibers (15-cm long) was pressurized with pure CO2. The
total surface area of H2 and CO2-delivering membranes were 882 and
254 cm2, respectively. The reactor had a 630-mL working volume and
the liquid was mixed by a magnetic stirring bar at the bottom of the
reactor and by a peristaltic pump giving a recirculation rate of 150 mL/
min. In all experiments, the medium was stored in a 10-L glass bottle
purged with N2 to eliminate the dissolved oxygen (DO) lower than
0.2 mg/L. The temperature was controlled at 25 ± 1 °C.

2.2. Enriching denitrifying microorganisms

Activated sludge collected from an anoxic tank in the Quyang
wastewater treatment plant (Yangpu, Shanghai) was used to inoculate
the MBfR. The enrichment medium contained the following compounds
(mg/L): CaCl2·2H2O 1; FeCl2 1; MgCl2 10; ZnCl2 0.013; H3BO3 0.038;
CuCl2·2H2O 0.001; MoO4·2H2O 0.004; MnCl2·4H2O 0.004; CoCl2·6H2O
0.025; NiCl2·6H2O 0.001; and Na2SeO3 0.003. NaHCO3 and NaNO3
were added as carbon and nitrogen sources for the growth of auto-
trophic microorganisms, respectively. A 5-mM phosphate buffer
(Na2HPO4 and KH2PO4) was added into the feed water to stabilize its
pH at 7.1 ± 0.1. Enrichment was carried out in 250-mL glass-bottle
with 100 mL H2 in the headspace. NaNO3 was added as the sole electron
acceptor and NaHCO3 as the sole carbon source. After 2 days, the NO3−

concentration decreased below the detection limit, and NO3− was re-
plenished. After another 2 days, an acclimated autohydrogenotrophic
denitrifying inoculum was used to inoculate for the MBfR.

2.3. Reactor startup and continuous operation

The MBfR was inoculated with 50 mL of suspended biomass from
the enrichment culture. The composition of the feed medium to the
MBfR was the same as the enrichment medium, except as noted for each
stage and substage, as summarized in Table 1. Once CO2 was supplied
via the membranes, NaHCO3 was reduced gradually and replaced by
CO2, and the phosphate buffer was removed during continuous

operation. The maximum CO2-delivery capacity at 1.8 atm was 3.24 g/
m2-d, calculated according to Xia et al. [31].

2.4. Short-term experiments

Before the start of short-term experiments, the MBfR was fed con-
tinuously with SO42−-containing influent so that the biofilm of MBfR
could acclimate to SO42− (stage 2). After SO42− exposure for 35 days,
the effluent concentrations of all N and S species were stable (< 10%
deviation over three days), and a series of short-term experiments was
used to investigate the effect of SO42− loadings, H2 pressure, and NO3−

loadings on NO3− and SO42− reductions. The experiments were orga-
nized into three series, as noting in Table 1. Prior to each short-term
test, the reactor was returned to the baseline condition, which was a
simulated wastewater having 30 mg N/L of NO3−, 500 mg S/L of SO42−

(~1400 mg SO42−/L), 1.6 atm for H2, and 1.8 atm for CO2; baseline
loading lasted until the concentration of all N and S species in the ef-
fluent became stable. Each substage lasted 52.5 h, equivalent to 5 HRTs,
long enough for the system to reach a steady state for the liquid phase
[33]. Replicate samples were collected at 3, 4, and 5 HRTs, and the
results are reported as the average values ± the standard deviation.

2.5. Practical wastewater experiments

After the conclusion of the short-term experiments, we replaced the
synthetic wastewater by actual wastewater composed of 85% (by vo-
lume) domestic sewage plus 15% dyeing effluent from the Quyang
wastewater treatment plant (Shanghai, China). The actual wastewater
was fed to the MBfR continually for 80 days, but we changed the HRT in
a series of three substages (Table 1). When the concentration of all N
and S species in effluent stabilized, we calculated the contaminants
removal and flux.

2.6. Sampling and analytical methods

MBfR influent and effluent samples were collected routinely and
immediately filtered through a 0.22-μm membrane filter (Anpel
Company, Shanghai, China). NO3−, NO2−, SO32−, and SO42− were
measured by ion chromatography (ICS-1000, Dionex, USA) using an AS-
19 column. NH4+ was measured using Nessler's reagent colorimetric
method according to Standard Methods (GB 7479-87, China). The

Table 1
Operational parameters for all stages and substages.

Stages Substages Water Influent NO3−-N
(mg/L)

Influent SO42− (mg
S/L)

Influent HCO3−

(mg/L)
H2 pressure
(atm)

CO2 pressure
(atm)

HRT (h) Duration (d)

1 1 Synthetic
wastewater

30 0 80 1.6 0 10.5 30
2 30 0 80 1.8 10
3 30 0 40 1.8 10
4 30 0 0 1.8 10

2 30 500 0 1.6 1.8 10.5 35
3 A1 30 10 0 1.6 1.8 10.5 75

A2 30 35 0 1.6
A3 30 100 0 1.6
A4 30 250 0 1.6
A5 30 500 0 1.6
B1 30 500 0 1.2
B2 30 500 0 1.4
B3 30 500 0 1.6
B4 30 500 0 1.8
C1 0 500 0 1.6
C2 10 500 0 1.6
C3 20 500 0 1.6
C4 30 500 0 1.6
C5 40 500 0 1.6

4 1 Actual wastewater 33 470 0 1.6 1.8 31.5 27
2 470 0 10.5 27
3 470 0 5.2 26
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dissolved sulfide concentration was analyzed using a colorimetric
method based on methylene blue formation [34]. Considering all the
possible products of SO42− reduction (i.e., SO32−, S0, and sulfide), the
concentration of S0 (mg S/L) was calculated based on sulfur mass bal-
ance: (S0-S removal = Inf. SO42−-S – Eff. SO42−-S – Eff. SO32−-S – Eff.
sulfide-S) [23]. We also measured the pH of unfiltered influent and
effluent samples at least three times daily using a pH meter (HQ40d,
HACH, USA).

The solids collected from biofilm were washed by deoxygenated
water, freeze dried, and characterized on X-ray diffraction (Bruker D8
advance XRD, Germany) using Cu-Kα radiation and Organic chemical
elemental analyzer (CHON, Elementar Vario EL III, German) to analyze
S0 concentration in biofilm solid.

2.7. Electron-equivalent fluxes analysis

The surface loadings (Jmax) and removal fluxes (J) of an electron-
acceptor substrate (g/m2-d) were calculated with Eqs. (1) and (2), re-
spectively [35]:

=J QS
A

max 0
(1)

=J Q(S S)
A
0

(2)

where Q is the influent flow rate, m3/d; S0 and S refer to the influent
concentration and effluent concentration of the substrate (SO42− and
NO3−), respectively, g/m3; A is the surface area of the membrane, m2.
Electron-consumption flux was computed from the removal fluxes and
reaction stoichiometry shown in Eq. (3) for denitrification and sulfate
reduction to sulfide in Eq. (4) when using H2 as the sole electron donor:

+ + + = + ++NO 3.0H 0.23CO H 0.48N 0.046C H O N 3.4H O3 2 2 2 5 7 2 2 (3)

+ + + + = + +
+

+SO 4.2H 0.015NO 0.075CO 1.5H 0.50H S 0.50HS 4.2H
O 0.015C H O N
4
2

2 3 2 2 2

5 7 2 (4)

Considering that sulfide is an electron donor, NO3− flux was divided
into 3 parts: NO3− flux 1 represents electron-equivalents transferred to
NO3− from sulfide for its partial oxidation to S0 (Eq. (5)); NO3− flux 2
represents electron-equivalents transferred to NO3− from sulfide for its
complete oxidation to SO42− (Eq. (6)); NO3− flux 3 represents electron-
equivalents transferred to NO3− from H2 (Eq. (3)); the net SO42− flux
represents electron equivalents retained in sulfide and S0 and was
computed by subtracting the electron-equivalents for sulfide oxidation
to S0 from the measured SO42− flux (Eq. (4)), which means net electron
equivalent flows to SO42− (i.e., net SO42− flux = measured SO42− flux
– NO3− flux 1).

+ + + + = + +
+

+NO 0.24CO 1.5H S 1.5HS 2.5H 0.48N 0.048C H O N 3.4H
O 3.0S

3 2 2 2 5 7 2 2

0 (5)

+ + + = + +
+ + +

NO 0.23CO 0.38H S 0.38HS 0.48N 0.045C H O N 0.34H
O 0.76SO 0.13H

3 2 2 2 5 7 2 2

4
2 (6)

The H2 flux in g H2/m2-d has the same value as the H2 flux in e− eq/
m2-d, and a sulfide flux of 1 g S/m2-d is equal to 0.1875 e− eq/m2-d. All
reactions include biomass (C5H7O2N) net synthesis.

We also calculated the unused H2 flux from the measured effluent
H2 concentration (S):

=J QS
AH2 (7)

Finally, the maximum delivery fluxes of H2 and CO2 were de-
termined by the methods of Tang et al. [36] and Xia et al. [31].

2.8. Microbial community analysis

We collected the inoculation sludge and biofilms at the end of stages
1 and 2. Biofilm samples were pieces of membrane cut from the fiber
bundler using an autoclaved scissors. We followed the procedures of
biofilm separation and DNA extraction described by Xia et al. [30]. In
brief, NGS library preparations and Illumina MiSeq sequencing were
conducted at GENEWIZ, Inc. (Beijing, China). DNA samples were
quantified using a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA,
USA), and DNA quality was checked on a 0.8% agarose gel. We per-
formed amplicon sequencing of the V3 and V4 region of the 16S rRNA
genes using the barcoded primer set 338F (5′-ACTCCTACGGGAGGCA
GCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and sequence
results were processed and analyzed on QIIME platform [37]; the de-
tailed protocol was described by Long et al. [7]. We picked the op-
erational taxonomic unit (OTUs) using the Greengenes batabase with
uclust based on ≥97% identity, randomly picking 5500 sequences per
sample and removed OTUs contain fewer than 2 sequences from our
analysis and aligned representative sequences of OTUs to the Green-
genes Database using PyNast. To assign taxonomy to OTUs, we assigned
taxonomy to the OTUs using the Greengenes database using confidence
threshold of 0.8. Primers also contain adaptor sequences that allow
uniform amplification of the library with high complexity ready for
downstream NGS sequencing on Illumina Miseq, the 16S rRNA genes
target-specific sequence.

3. Results and discussion

3.1. Denitrification using CO2 as carbon source and pH buffer

Stage 1 was used to document that CO2 could be the sole carbon
source and the sole pH buffer in the denitrifying MBfR. In its role as a
pH buffer, CO2 counteracted base formation from oxyanion reduction.
The pH dropped to 6.0 at first (Fig. S1 in Supplementary Information),
but recovered to 7.3 in two days, once denitrification became estab-
lished and generated base. On day 50, we removed bicarbonate from
the influent to verify that CO2 could be the sole carbon source for the
biofilm. The maximum CO2 delivery capacity (3.2 g/m2-d) exceeded
the CO2 consumption needed for OH− neutralization and being the
carbon source (1.9 g/m2-d, calculated by Eq. (3)). At the end of stage 1,
100% denitrification was achieved (the NO3− flux was 0.22 e− eq/m2-
d), and the pH was stable at 7.9 ± 0.1, verifying the applicability of
membrane delivery of CO2 for long-term operation.

3.2. Effects of relative availabilities of H2 and the electron acceptors

Series of short-term tests evaluated the effects of changing the re-
lative availabilities of H2 (the electron donor) and SO42− or NO3− (the
electron acceptors) on denitrification and SO42− reduction. The avail-
abilities were directly compared according to their electron-equivalent
loadings or fluxes (e− eq/m2-d). The effects were evaluated in three
series: Increasing SO42− loading, increasing H2 delivery capacity, and
increasing NO3− loading (the A, B, and C series, respectively, in
Table 1).

3.2.1. NO3
− reduction is not affected by higher SO4

2− loading
The first short-term experiments began after 35 days of acclimation

to influent SO42− (shown in Fig. S2, SI); effluent SO42− concentration
was stable and previous studies showed that 35 days was long enough
to establish sulfate reduction in the MBfR [12,33,38]. The effluent
concentrations of NO3−-N, SO42−, and sulfide are shown in Fig. 2a.
NO2− was not detected in A substages, while SO32− and NH4+ were not
detected in all experiments. The sum of effluent SO42−-S and sulfide
concentrations was almost equal to influent SO42−-S concentration,
which shows good mass-balance closure for S and that S0 accumulation
was minimal. The effluent H2 concentration was stable at ~370 μg/L
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for all these conditions (Fig. S3a, in SI), much higher than the half-
maximum-rate concentration for H2 in SO42− reduction (22 μg H2/L
[39]), indicating that H2 availability was not a limiting factor for SO42−

reduction.
NO3− removal was stable at ~93% in these substages, and Fig. 2b

shows that the electron equivalent fluxes of NO3− removal and effluent
H2 (noted as the unused H2 flux) also were stable at ~0.17 and ~0.01
e− eq/m2-d, respectively. Although the net SO42− flux rose a small
amount with higher SO42− loading (up to a flux of 0.013 e− eq/m2-d
for the surface loading of 2.1 e− eq/m2-d), SO42− reduction was minor,
no more that 1% of influent SO42−. Thus, an increased influent SO42−

concentration scarcely promoted SO42− reduction, and NO3− reduction
remained unaffected. The likely reason is that denitrifiers dominated
the competition between DB and SRB for space in the biofilm (discussed
below, Section 3.4), which led to low SRB abundance in the biofilm.

Modeling [40] described how SRB can compete well for space in the
biofilm only when their specific growth rate approaches the specific
growth rate of inherently faster-growing DB. The highest nitrate con-
centration to allow more SO42− reduction was 0.12 mg N/L if the
SO42− concentration was 483 mg S/L, and the H2 was 370 μg/L in the
liquid (effluent). In the A substages, the effluent NO3− concentration
was ~2.5 mg N/L, which is consistent with DB having a competitive
advantage for space at outside surface of the biofilm (the growth rates
of DB and SRB calculated from effluent NO3− and SO42− concentration
were ~0.61 and ~0.21 d−1, respectively). SO42− reduction was small
and not sensitive to the influent SO42− concentration, since the SO42−

concentration in the biofilm was typically higher than half-maximum-

rate concentration of SO42− (0.16–31 mg SO42−/L [5]) due to the
reasons that sulfate is bioavailable, and minor net sulfate reduction
happened. These modeling results account for the reason why in-
creasing the SO42− loading had negligible effect on NO3− reduction at
a moderate NO3− loading.

3.2.2. Higher H2 availability promoted NO3
− reduction more than SO4

2−

reduction
The H2-delivery capacity, set by the H2 pressure, provides an upper

limit on the removal flux of electron-acceptor substrates [36]. In the B
substages, the H2 pressure was increased stepwise from 1.2 to 1.8 atm
(absolute pressure), and the concentrations of the compounds are
shown in Fig. 3a. Mass balance closure for S was achieved, with almost
100% of the reduced SO42− recovered as sulfide, which means that S0

did not accumulate in the biofilm. NO3− reduction was strongly con-
trolled by H2 pressure. The lowest H2 pressure (1.2 atm) did not have
enough H2-delivery capacity (0.18 e− eq/m2-d) to support complete
denitrification. NO3− removal was only ~74% at 1.2 atm, NO2− ac-
cumulated in the effluent (2.1 ± 0.2 mg N/L), and the effluent H2
concentration was zero (Fig. S3b in SI), leading to an unused-H2 flux of
zero (Fig. 3b).

Once the H2 pressure was increased to 1.6 atm, NO3− removal was
93%, NO2− was not detected, and H2 appeared in the effluent, giving a
flux of unused H2. Whereas, the higher H2 pressure only slightly in-
creased SO42− reduction, which suggests that H2 competition between
SO42− and NO3− was not the major reason why SO42− reduction was
repressed. The further increase of H2 pressure to 1.8 atm, SO42− re-
duction constituted only 10% of H2 consumption, compared to 84% for
denitrification, although the H2 concentration in the effluent rose to
~600 μg/L, a value much higher than a typical half-saturation con-
centration for H2 in SO42− reduction [5], and the unused-H2 flux in-
creased to 7% of the total electron-equivalent flux.

3.2.3. Increased NO3
− loading suppressed SO4

2− reduction
To verify and more deeply evaluate the inhibitory effect of deni-

trification on net SO42− reduction, the influent NO3−-N concentration
was increased stepwise from 0 to 40 mg/L in the C substages. We as-
sumed that the abundance of SRB that drove SO42− reduction in the
biofilm was stable, because the reactor was operated in a pseudo-steady
state condition [33]. Thus, we interpret that a lower net SO42− flux at a
higher NO3− loading was due to sulfide oxidation coupled to deni-
trification. We calculated the electron-equivalent fluxes based on the
stoichiometry for the combinations of electron donors and different
sulfide oxidation products in Eqs. (3)–(6), and these results are ex-
hibited in Fig. 4b.

Fig. 4 summarizes the results for concentrations and electron-
equivalent fluxes for the C substages. The effluent sulfide was 31.8 mg/
L when influent NO3− was absent and decreased with higher influent
NO3− concentration. The maximum net SO42− flux (0.14 ± 0.03 e−

eq/m2-d) occurred in substage C1, when influent NO3− was absent. In
substages C2-C5, the net SO42− fluxes had a negative correlation with
the NO3− fluxes: As the NO3− flux increased from 0.06 to 0.23 e− eq/
m2-d, the net SO42− flux decreased in parallel, from 0.14 to 0.002 e−

eq/m2-d. The total H2 consumption increased from 0.14 to 0.23 eq/m2-
d as the NO3− loading increased, and this was accompanied by a small
reduction in the unused-H2 flux (from 0.014 to 0.006 e− eq/m2-d).
These results are consistent with Zhao et al. [38], who reported that
SO42− removal dropped from 78% to 21% once NO3− was introduced.

Based on the S mass balance, S0 accumulated in the biofilm in
substages C2 and C3. (The next section documents the accumulation of
S0 using XRD.) S0 accumulated only when the influent NO3− con-
centration was 10 and 20 mg N/L. About 31% of the reduced sulfide
was partially oxidized to S0 that accumulated in the biofilm when the
influent NO3− concentration was 10 mg N/L (Fig. 4a); this corre-
sponded to 10 mg S/L in the effluent. The accumulated-S0 concentra-
tions were 2.7, 0, and 0 mg/L as the influent NO3− concentration was

Fig. 2. Results for the A substages, in which the SO42− loading was increased.
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increased to 20, 27, and 38 mg N/L, respectively. The influent S/N mole
ratios were 1.4, 0.75, 0.52, and 0.37 for these four NO3− inputs.

We computed nitrate’s electron-equivalent fluxes (shown in Fig. 4b)
for oxidation from sulfide to S0 (called NO3− flux 1) and from sulfide to
SO42− (called NO3− flux 2) based on the stoichiometry in Eqs. (5) and
(6). Sulfide oxidation increased from 0.03 to 0.13 eq/m2-d when the
influent NO3− concentration increased from 0 to 40 mg N/L.

The S/N mole ratio had major control over the accumulation of S0,
represented as an equivalent S0 concentration in the effluent. When
nitrate was in short supply as an electron acceptor (i.e., a high S/N
ratio), sulfide oxidation stopped at S0; however, complete sulfide oxi-
dation was achieved with excess NO3− due to a low S/N ratio in the
influent. The observed use of denitrification for sulfide oxidation with

small S/N ratio is consistent with Liu et al. [23], who used a con-
tinuous-flow reactor having sulfide as the electron donor for dentifi-
cation. They found that the S0 conversion rate increased from 15% to
90% when the influent S/N mole ratio was increased from 0.3 to 1.3.

Re-oxidation was the major reason why net SO42− flux was sup-
pressed by NO3− loading in the C substages, which also accounts for the
most sulfate reduction when NO3− was absent in substage C1. Using
NO3− to oxidize SO42− lowered the H2 demand, because the electrons
transferred from H2 to sulfide flowed to NO3− when it was the acceptor
for sulfide oxidation. While most of the sulfide was fully oxidized back
to SO42−, a modest fraction was retained in the biofilm as S0 when the
nitrate loading was not too high (substages C2 and C3).

Fig. 3. Results for the B substages, in which the H2 pressure was increased.
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3.2.4. The accumulation of S0

In order to document that S0 precipitated and accumulated in the
biofilm during the C substages, we collected biofilm solids from the C
substages and analyzed them using XRD. The XRD patterns for biofilm,
shown for substage C2 in Fig. 5a, show the diffraction peaks of S0 at 2θ
at 13.2°, 23.5°, and 27.1° (PDF: 13-0141), which prove that S0 existed in
the biofilm. S0 surface density in biofilms (shown in Fig. 5b) presents
the µg S/cm2 membrane surface area of S0 for all substages, the results
in substage C1, C2, C3, C4, and C5 were 1.6, 34.1, 13.8, 0, and 0, re-
spectively. S0 accumulated in the biofilm (surface density of the biofilm
was 0.55 mg cell/cm2) the most in substage C2 and disappeared com-
pletely with highest NO3− loadings in substages C4 and C5. Substage
C3 had about one-third the S0 concentration of substage C2. This is
consistent with the much smaller S0 accumulation based on mass bal-
ance (Fig. 4a), and it may reflect retention of some S0 accumulated in
substage C2. The total loss of S0 in substages C4 and C5 suggests that
they were oxidized as the electron donor for denitrification.

3.3. Regulation of practical wastewater by surface loading control

In stage 4, the MBfR was continually fed with the actual wastewater
for 80 days to verify its practicability, the influent concentration of
NO3−-N and SO42−-S were 33 and 470 mg/L, the wastewater-quality
properties were shown in Table S4, SI. In Section 3.2, we demonstrated
SO42− reduction was suppressed by NO3− loading that determined by
influent concentration. For wastewater that NO3− concentration was

certain, we changed the NO3− loading by influent flow. To investigate
effect of surface loadings of NO3− and SO42− on their reduction, inflow
rate was set as 0.33, 1, and 2 mL/min. The effluent pH was 6.9~7.2,
and NO2− was not detected. The effluent concentrations of NO3−

correlated to the increasing influent flow, and their removal fluxes also
increased (Fig. 6). The removal flux of NO3− (0.18 e− eq/m2-d,
HRT = 10.5 h) was close to that obtained with synthesis water for the
same conditions. The onset of SO42− reduction occurred at an influent
flow of 1 mL/min (HRT of 10.5 h), but longer HRTs resulted in more
SO42− reduction. Thus, to find an optimal influent flow is a manage-
ment strategy to achieve NO3− reduction but suppress SO42− reduction
in actual wastewater.

3.4. Microbial community shaped by electron acceptors

We collected samples of the inoculum and the biofilm at the end of
stages 1 and 2 for high-throughput sequencing. Fig. 7a summarizes the
results at the class level and according to the known abilities to carry
out denitrification, sulfate reduction, and sulfide oxidation. As ex-
pected, the relative abundance of DB moderately declined in stage 2
(with added SO42−) compared with stage 1 (without added SO42−),
while SRB and SOB increased in stage 2.

Fig. 4. Results for the C substages, in which the NO3− loading was increased.

Fig. 5. XRD analysis of biofilms show evidence of S adsorbed on biofilm (a);
sulfur surface density in biofilms (b).
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3.4.1. Denitrifying groups in the biofilm
Fig. 7b presents the major phylotypes at the genus level. Although

phylotypes were diverse in the inoculum, sequences related to the Be-
taproteobacteria class were dominant (44%), and potential denitrifying
groups were presented by genera belong to families Xanthobacteraceae
(6%) and Xanthomonadaceae (7%). The relative abundance of DB in-
creased to 65% with complete denitrification in MBfR (stage 1), and the
predominant group shifted to the family Comamonadaceae, which was
dominated by Hydrogenophaga (32%), a common denitrifier in MBfRs
[7,10]. An important DB in stage 1 was belong to the family Cyclo-
bacteriaceae (22%), an alkalophilic denitrifying group that grows in pH
of 7~12 [41]. It was apparently enriched in alkaline conditions (pH 8)
and disappeared when the effluent pH was below 7 (stage 2).

3.4.2. Absence of net SO4
2− reduction due to sulfur-cycle

Phylotypes related to SO42− metabolism were represented by
genera Desulfotomaculum (5.7%), Desulfitibacter (4.3%), and
Dethiobacter (3.5%). The roles these phylotypes likely played in the

SO42− reduction are noteworthy. Desulfotomaculum, a known SRB, can
use SO42− as its electron acceptor [42–44]. In contrast, Desulfitibacter
utilizes the intermediates SO32− or S0 as electron acceptors, but not
SO42− [45,46]. Dethiobacter uses thiosulfate, polysulfide, and S0 as
electron acceptors [47,48]. Therefore, the presence of Desulfitibacter
and Dethiobacter suggests SO32− or S0 reduction, since they cannot di-
rectly metabolize SO42−. Additionally, some SRB have metabolic flex-
ibility that helps them persist in a biofilm when SO42− is absent
[12,38]. Desulfitibacter is reported to respire NO3− [45], and NO3− is
normally the preferred electron receptor when SO42− and NO3− coexist
[12,16,33]. Thus, this multi-function genus might act as SRB when it
cannot do denitrification, otherwise, it functions as a DB.

SOB belonging to the family Xanthobacteraceae were present only
after adding SO42− (stage 2): The genera Starkeya (6.1%) and
Xanthobacter (12.9%), capable of respiring NO3− coupled to sulfide
oxidation to SO42− or partial oxidation to S0, depending on the S/N
ratio [49,50].

Occlusive S-cycle in the biofilm driven by SRB and SOB led to less

Fig. 6. Performance profiles during stage 4.
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net SO42− reduction (shown in Fig. 8). SRB consumed H2 to reduce
SO42− to sulfide, whereas SOB continued to oxidize sulfide partially
back to SO42− couple with NO3− reduction. As a result, electron flowed
through the sulfide and eventually flowed to the NO3−. This S-cycle
process might account for the results of Section 3.2.3, an increase of
NO3− flux decreased net SO42− flux through more sulfide oxidation to
S0 or SO42−, which also account for the inverse relationship between
SO42− and NO3− reduction fluxes.

4. Conclusions

An MBfR equipped with H2 and CO2 membranes was used to study
denitrification in high-sulfate containing water. The MBfR gave stable
denitrification when using CO2 as the sole carbon source and pH
moderator. While a high SO42− loading had negligible effect on NO3−

reduction, high enough NO3− reduction fluxes strongly suppressed
SO42− reduction. Illumina sequencing, XRD results, and electron-

Fig. 7. Phylogenetic profiling of the major microflora in the inoculum and biofilms.
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equivalent mass balances support that SO42− reduction was suppressed
by increasing NO3− loading due to three reasons: SRB abundance was
restricted by space competition with DB, some SRB preferred to deni-
trify, and importantly, SOB oxidized sulfide back to SO42− using NO3−

as the electron acceptor. Therefore, occlusive S-cycle in the biofilm
driven by these genera decreases net SO42− reduction when SO42− and
NO3− coexist.
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