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Abstract This paper investigates a novel sulfur-oxidizing
autotrophic denitrifying anaerobic fluidized bed membrane
bioreactor (AnFB-MBR) that has the potential to overcome
the limitations of conventional sulfur-oxidizing autotrophic
denitrification systems. The AnFB-MBR produced consistent
high-quality product water when fed by a synthetic ground-
water with NO3; —N ranging 25-80 mg/L and operated at
hydraulic retention times of 0.5-5.0 h. A nitrate removal rate
ofup to 4.0 g NO; -N/L,¢acto:d Was attained by the bioreactor,
which exceeded any reported removal capacity. The flux of
AnFB-MBR was maintained in the range of 1.5-15Lm *h ™.
Successful membrane cleaning was practiced with cleaning
cycles of 35-81 days, which had no obvious effect on the
AnFB-MBR performance. The '*N-tracer analyses elucidated
that nitrogen was converted into '>N,-N and '*N-biomass
accounting for 88.1-93.1 % and 6.4-11.6 % of the total
nitrogen produced, respectively. Only 0.3-0.5 % of removed
nitrogen was in form of '’N,O-N in sulfur-oxidizing autotro-
phic denitrification process, reducing potential risks of a sig-
nificant amount of N,O emissions. The sulfur-oxidizing auto-
trophic denitrifying bacterial consortium was composed main-
ly of bacteria from Proteobacteria, Chlorobi, and Chloroflexi
phyla, with genera Thiobacillus, Sulfurimonas, and
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Ignavibacteriales dominating the consortium. The pyrose-
quencing assays also suggested that the stable microbial com-
munities corresponded to the elevated performance of the
AnFB-MBR. Overall, this research described relatively high
nitrate removal, acceptable flux, indicating future potential for
the technology in practice.
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Sulfur-oxidizing autotrophic denitrification - Groundwater -
Pyrosequencing - Microbial community

Introduction

Nitrate contamination of groundwater is now widespread due
to the increased use of synthetic nitrogen fertilizers, concen-
trated animal feeding operations, and industrial waste effluent
discharge (Puckett 1995). A high level of nitrate in drinking
water, producing nitrite in the human gut, can cause methe-
moglobinemia or blue baby syndrome infants and gastroin-
testinal cancer in adults (Ward et al. 2005). Nitrate pollution is
widely considered to be one of the main threats to groundwa-
ter quality, requiring urgent and intensive monitoring and
strong policies. The United States Environmental Protection
Agency set the maximum allowable concentrations of 10 mg
NO; -N L " and 1.0 mg NO, N L™ for drinking water (Lee
and Rittmann 2002).

Groundwater polluted with nitrates contains almost no
organic matter. Thus, autotrophic sulfur-oxidizing denitrifica-
tion is considered to be an alternative process for nitrate
removal from drinking water (Sierra-Alvarez, et al. 2007;
Puig et al. 2012; Sahinkaya and Kilic 2014). In such systems,
sulfur and nitrate act as an electron donor and an acceptor,
respectively (reaction 1). This process has four major advan-
tages: (1) Inorganic substances are utilized as electron donors,
eliminating potential problems associated with residual
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organics; (2) external organic carbon is not necessary, which
reduces the cost and risk of operation and the release of carbon
dioxide; (3) lower cell yield reduces microbial contamination;
and (4) autotrophic sulfur-oxidizing denitrifying bacteria pro-
duce less nitrous oxide (N,O) (a greenhouse gas) than hetero-
trophic denitrifying bacteria. Elemental sulfur is water-
insoluble and stable under normal conditions and could be
physically removed from effluents for reuse. Thus, elemental
sulfur is an attractive source of energy for autotrophic denitri-
fication of nitrate-contaminated groundwater (Moon et al.
2008; Sahinkaya et al. 2011).

558" + 20C0O, + S50NO;™ + 38H,0 (1)
+ 4NH{ — 4CsH;0,N + 558047 + 25N,
+ 64H"

A number of researches have used reduced sulfur com-
pounds for biological denitrification of ground water (Zhang
and Zeng 2006; Sierra-Alvarez et al. 2007; Sahinkaya et al.
2011; Sun and Nemati 2012). These were dominantly packed
bed processes and were often subject to mass transfer prob-
lems associated with channeling (caused by clogging) and
nitrite accumulation due to biofilm control issues. Post-
treatment is generally required in these systems to remove
sloughed biomass from the product water, resulting in high
capital investment. Additionally, the full-scale applications of
these packed processes are hampered by the low nitrate-
loading rates. Membrane bioreactors (MBRs), which can fa-
cilitate complete retention of the biomass, offer a more inte-
grated approach, although development for drinking water
application is still in its infancy and only limited research
has been conducted (McAdam and Judd 2007). Liao et al.
(2006) recommended more research on combining mem-
branes with existing high-rate reactor configurations already
determined to be suitable for dilute wastewaters. For this
purpose, the anaerobic fluidized bed bioreactor is proposed
to be particularly advantageous due to good mass transfer
characteristics. Kim et al. (2011) evaluated the performance
of anaerobic fluidized bed MBR for low-strength wastewater,
which are capable of achieving high effluent quality.
Laboratory-scale extractive and diffusive MBRs have been
evaluated on heterotrophic denitrification of drinking water
(Ergas and Rheinheimer 2004; McAdam and Judd 2006).
However, to our knowledge, elemental sulfur-oxidizing auto-
trophic denitrifying AnFB-MBR is not reported for treatment
of nitrate-contaminated drinking water so far.

For sulfur-oxidizing autotrophic denitrification processes, a
significant research effort has been devoted to their applica-
tion in environment technology. Previous authors have inves-
tigated process design criteria such as nitrate loading rate
(Zhang and Zeng 2006), hydraulic residence time (Ahmed
et al. 2012), pH and alkalinity (Kim and Bae 2000), sulfur
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particle size (Koenig and Liu 2001), sulfur/limestone ratio
(Zhang and Lampe 1999), and addition of supplemental or-
ganic substances (Sahinkaya et al. 2011). Some studies fo-
cused on fundamental issues such as kinetics, stoichiometric
relationships, modeling, etc. (Zeng and Zhang 2005; Cardoso
et al. 2006; Sierra-Alvarez et al. 2007). However, knowledge
of bacterial communities contributing to sulfur-oxidizing au-
totrophic denitrification is still very limited (Koenig et al.
2005; Fernandez et al. 2008; Moon et al. 2010). The underly-
ing communities of autotrophic denitrifying bacteria and their
response to environmental conditions need to be further
understood.

Some culture-independent molecular ecology techniques
such as fluorescence in situ hybridization, denaturing gradient
gel electrophoresis, genetic libraries, and quantitative real-
time polymerase chain reaction (PCR) have been applied in
a number of studies concerned with the heterotrophic
denitrifying communities in wastewater treatment systems
(Throbék et al. 2004; Hallin et al. 2006; Warneke et al.
2011). In addition, barcoded pyrosequencing method was
recently used for analyzing bacterial community structural
changes of these key denitrifying genes (Mao et al. 2011;
Zhao et al. 2011). In contrast, the detailed investigation about
microbial diversity and functional genes of sulfur-oxidizing
autotrophic denitrifying biofilm using the above molecular
ecology techniques has often been ignored.

This paper develops a novel sulfur-oxidizing autotrophic
denitrifying AnFB-MBR system, which integrates mem-
branes and an elemental sulfur-based autotrophic denitrifying
anaerobic fluidized bed for treatment of nitrate-contaminated
groundwater. This goal of this study is to systematically
evaluate the denitrification performance of the novel sulfur-
based AnFB-MBR system, investigate the N mass balance
and kinetics of denitrification, and demonstrate the feasibility
of autotrophic denitrification by the sulfur-based AnFB-MBR
system. An additional objective is to determine the microbial
ecology of the sulfur-oxidizing autotrophic denitrification. We
monitored changes in the microbial community according to
specific group: total bacteria by 16S RNA gene and denitri-
fiers by the functional genes nirK, nirS, and nosZ. We also
analyzed bacterial communities in the sulfur-based AnFB-
MBR through pyrosequencing to better understand of the
“black-box™ of sulfur-oxidizing autotrophic denitrification,
and result in better reactor operation and control.

Materials and methods
Experimental setup
The setup of the AnFB-MBR system is shown in Fig. 1. The

AnFB-MBR was a 2.3-L continuous-flow system consisting
of an acrylic column and a submerged self-made membrane
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module. The internal diameter of the column reactor was
10 cm and the height, 40 cm. The membrane module
contained 200 polyvinylidenefluoride ultrafiltration hollow-
fiber membranes (2.2 mm inner diameter, nominal pore size of
0.1 pm, and representing a total membrane surface area of
0.3768 m?; provided by Xiamen Kunpeng, Ltd., China), each
with a 0.3-m active length. 200 g of sulfur particle (50—
200 um) was initially added as source of electron donor of
sulfur-based autotrophic denitrification. Additional 100 g of
the same sulfur particle was supplemented each 60-day oper-
ation to maintain a relatively stable sulfur content in the
AnFB-MBR. An overhead stirrer with a rotating speed of
450 rpm was used to maintain fluidization of the sulfur parti-
cle. A peristaltic pump (BT300-2 J, Baoding Longer Precision
Pump Co., Ltd., China) was used to deliver the feed solution
to the reactor. A liquid level indicator was connected to the
peristaltic pump to maintain a constant water level at the top of
the AnFB-MBR. The same kind peristaltic pump (as above)
was connected to the top open sections of the membrane fibers
in the AnFB-MBR to achieve the effluent. The transmem-
brane pressure (TMP) required to maintain flow was moni-
tored with a vacuum pressure meter. The AnFB-MBR was
operated at 28+3 °C.

The feed solution for the system was tap water amended
with a concentrated stock solution of KNO3, NaHCOs3, phos-
phate buffer (Na,HPO4+KH,PO,), and trace element solu-
tion. The purpose of adding NaHCO; was to ensure an ample
supply of inorganic carbon for autotrophic growth, while the
phosphate and trace element solution were added to ensure
sufficient nutrient for bacterial growth. The influent concen-
trations of NOs -N were systematically changed from 25 to
80 mg/L according to the operational stages. The mineral salts
utilized in all experiments were composed of (milligrams per
liter): NaH,PO,4-2H,0 (150), K,HPO,4-2H,0O (220),
NaHCO; (500), MgCl,-7H,0O (5), CaCl, (1), and trace ele-
ment solution supplied at 0.1 mL/L. The trace element solu-
tion contained (milligrams per liter): MnCl, (64), CoCl,-
7H20 (200), (NH4)6M070244H20 (55), ZHC12 (70), N1C12
6H,0 (24), CuSO4 (2), FeSO4-7H,O (500), H;BO; (6),

AFB-MBR

EDTA (500). The pH was adjusted to 7.5-7.7 with sodium
hydroxide. N, sparge system was used to exclude oxygen
from the feed solution.

Continuous experiments

Different periods of operation can be distinguished based on
the empty bed hydraulic retention time (HRT) and the influent
nitrate concentration maintained in the reactor (Table S1).
Each steady state had a duration of 5-10 days.

The conversion of substrates was monitored periodically
by measuring the influent concentration of nitrate: the con-
centration of nitrate, nitrite, and sulfate in the effluent. Fresh
effluent samples were collected from the effluent line.

Batch experiments

The conversion of NO; —N and N-balance of sulfur-oxidizing
autotrophic denitrifying process were elucidated with a '>N-
tracer technique. The bath assays were conducted in glass
serum flasks (500 mL) supplemented with 200 mL medium
lacking NH,"-N. '*N-NO;~ expresses the nitrogen isotope '
N of the nitrate (NOs ) as a sole nitrogen substrate. The
mineral medium (pH 7.5) contained variable concentrations
of '*N-labelling potassium nitrate (K'°NOs) with 99.7 atom%
'>N. The experiments were inoculated with 0.20 g SS/L of the
denitrifying culture and elemental sulfur particles from the
AnFB-MBR. The headspace was flushed with high-purity
helium to exclude oxygen and background nitrogen from the
assays. All flasks were sealed with butyl rubber stoppers and
aluminum crimp seals. Controls lacking inoculum were run in
parallel to monitor the possible abiotic degradation of the
electron donor and electron acceptor. All bioassays were
carried out in duplicate in an orbital shaker (150 rpm).
Headspace samples in the bioassays were analyzed for '
N, and ""N,O content at regular intervals throughout the
experiment. Liquid samples were withdrawn periodically to
monitor the conversion of substrates and the formation of
degradation products. Solid samples were finally withdrawn
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to determine the nitrogen converted into '*N-biomass. The N-
balance of sulfur-oxidizing autotrophic denitrification was de-
termined by measuring the amounts of consumed '"NO; -N
that were recovered as '>N-N,, >N-N,0, and '*N-biomass.

Cleaning protocol

When the AnFB-MBR was continuously operated until the
TMP was increased by 0.3 bar, the membrane module was
taken out from the bioreactor and replaced with a clean
membrane. The fouled membrane was soaked in 0.5 %
NaOCl solution overnight and followed by thorough flushing
with deionized water.

Analytical measurements

Nitrate, nitrite, and sulfate were determined by ion chroma-
tography (IC) (Dionex ICS 2000). The IC had an AS19
column (4x250 mm) and AG 19 precolumn (4*%50 mm), an
eluent of 30 mM KOH, and an eluent flow rate of 1 mL/min.
The injection volume was 20 puL. Liquid samples were
membrane-filtered (0.2 um) prior to chromatographic analy-
sis. The retention time of NO;~, NO, , and SO,> were 10.2,
6.3, and 7.9 min, respectively.

Dinitrogen (N,) content was determined by gas chromatog-
raphy (GC) using a 6890 N system (Agilent Technologies,
USA) equipped with thermal conductivity detection. The gas
chromatograph was fitted with a stainless steel packed column
(2 m*3 mm, Porapak T, 80-100 mesh). The temperature of the
column, the injector port, and the thermal conductivity detector
were 60 , 110 , and 100 °C, respectively. The carrier gas was
helium at a flow rate of 19.1 mL/min. Headspace samples
(150 pL) was collected using a pressure-lock gas syringe.
Nitrous oxide (N,O) was measured by GC analysis of the
headspace. The 20-mL headspace sample was injected into a
SP3410 gas chromatograph (Beijing Beifen-Ruili Analytical
Instrument Co. Ltd., China) with a conductivity detector and
a stainless steel packed column (2 mx3 mm, Porapak T, 80-
100 mesh). High-purity nitrogen at a flow rate of 30 mL/min
was the carrier gas. The column and detector temperature were
both set at 72 °C.

The >N fractions of ' N-labeled N, and N,O were deter-
mined by a Delta V Advantage Isotope Ratio Mass
Spectrometer (IRMS, Thermo Fisher Scientific, Inc., USA)
in the Stable Isotope Ratio Mass Spectrometry Laboratory,
Chinese Academy of Forestry Sciences. A gas sample is
flushed from a vial by a He carrier stream. Carbon dioxide,
NO, and water are chemically removed prior to chromato-
graphic separation of N, from N,O. The potential contribution
to N, and N,O formation of NO5 ™ denitrification was calcu-
lated from the produced **N, and *°N,. For analysis of '°N
fractions in the biomass solid, aliquots of solid biomass were
weighed into tin capsules. Samples were combusted at
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1,020 °C with excess oxygen in an elemental analyzer
(Thermo Fisher Scientific, Inc., USA), and the resulting com-
bustion gases passed through a reduction furnace at 650 °C.
After removal of water with magnesium perchlorate and pu-
rification in a gas chromatographic column, N, was measured
with the above IRMS. Nitrogen isotope ratios are reported in
the conventional delta notation with respect to atmospheric N,
(AIR). The analytical reproducibility is 0.2%o for 5'°N.

DNA extraction

The sludge samples including elemental sulfur were collected
for all stages when the reactor reached a steady state in terms of
different NO; concentrations. The DNA was extracted accord-
ing to the procedures described in the Powersoil® DNA
Isolation kit (MOBIO laboratories, Inc.). All samples were
extracted in duplicate. The DNA concentrations were measured
with a UV-vis spectrophotometer (NanoDrop Technologies,
USA), and its yield and purity was documented based on the
260/280 nm absorbance ratio. Then the samples were stored in
—80 freezer for the following molecular applications.

Real-time PCR

Quantitative real-time PCR was used to enumerate nirS, nirk,
nosZ, and 16S rRNA genes of sulfur-oxidizing denitrifying
bacteria. Quantification was performed in triplicate on an ABI
Prism 7300 sequence detection system (Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions
using SYBR-green based detection. The 20-puL reaction mix-
ture contained 10 uL of 2xSYBR Premix EX Taq™™ (Takara
Bio Inc., Japan), 0.4 pL of Rox Reference Dye (50%), 0.4 puL
of each primer (10 uM), and 5 ng of DNA template, 7.8 uL
ddH,O. The nirS, nirK, nosZ, and 16S rRNA genes were
PCR-amplified from extracted DNA with the primers and
conditions listed in Table S2.

Following amplification, dissociation curves were deter-
mined across a temperature range of 85.7-88.0 °C. Ct values
for each well were calculated using the manufacturer’s soft-
ware. The PCR products were then cloned into the pPGEM-T
Easy Vector (Promega Madison, USA) to construct plasmids
containing target fragments. Plasmids used for standards for
quantitative analyses were extracted from the correct insert
clones of each target gene. The concentration of plasmid DNA
was determined on a Nanodrop® ND-1000 UV-vis
Spectrophotometer (NanoDrop Technologies, USA). The
standard curves based on serial dilutions containing between
10" and 10* target gene copies were generated. The copy
numbers of the sludge samples were calculated by comparison
to standard curves. Negative controls with sterilized water
instead of DNA template were included in every PCR setup.
The triplicate PCR reactions were performed for all samples
and negative controls.
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Barcoded pyrosequencing

To analyze the taxonomic composition of bacterial communi-
ties contributing to sulfur-oxidizing autotrophic denitrifica-
tion, the V3-V1 region of the 16S rRNA gene was chosen
for the amplification and subsequent pyrosequencing of the
PCR product. The 16S rRNA genes were amplified using the
primers 27 F/533R. The forward primer contained the A
adapter (CCA TCT CAT CCC TGC GTG TCT CCG AC),
and the reverse primer contained the B adapter (CCT ATC
CCC TGT GTG CCT TGG CAG TC). Amplicon pyrose-
quencing was performed on a 454 GS FLX Titanium platform
(Roche Inc., USA) (Majorbio Bio-Pharm Technology Co.,
Ltd., Shanghai, China) according to standard protocols.

Raw pyrosequencing data that were obtained from this
study were deposited to the NCBI Sequence Read Archive
with accession no. SRP045436. Sequences were first extract-
ed from the raw data according to the Genome Sequencer Data
Analysis Software Manual (Software Version 2.0.00, October
2008). To minimize the effects of random sequencing errors,
low-quality sequences were removed from the analysis if they
were <200 bp, contained ambiguous characters, had homo-
polymers longer than 8 bp, more than one MID mismatch, or
more than two mismatches to the reverse primer sequence.
The sequences that matched with the reverse primer were
converted to their reverse complement counterparts using
BioEdit to make all the sequences forward-oriented. Finally,
pyrosequencing produced 5246 (S30), 4982 (S50), and 6045
(S80) high-quality V1-V3 tags of the 16S rRNA gene with an
average length of 483 bp.

The 16S rRNA gene sequences were aligned by NAST
(Greengenes). Operational taxonomic units (OUT) were ob-
tained from the quality sequences using the MOTHUR pro-
gram by setting a 0.03 distance limit (equivalent to 97 %
similarity). Rarefaction curves, Shannon diversity index
(http://www.mothur.org/wiki/Shannon), and species richness
estimator of Chaol (http:/www.mothur.org/wiki/Chao) were
generated in MOTHUR for each sample. Sequences were
classified using the Greengenes database at an 80 %
confidence threshold with MOTHUR. After phylogenetic
allocation of the sequences down to the phylum, class, and
genus levels, relative abundance of a given phylogenetic
group was set as the number of sequences affiliated with that
group divided by the total number of sequences per sample.

Results
Reactor performance

To assess long-term treatment performance, the AnFB-MBR
system was operated for around 170 days treating simulated

nitrate-contaminated groundwater. The whole operation was
divided into five periods based on the HRT. The HRT was
decreased from 5.0 h in period I to 0.5 h in period V. For each
operational period, the concentration of nitrate in the bioreac-
tor feed was increased stepwise from around 25 to 80 mg
NO; -N/L. The performance of the bioreactor as a function of
time is illustrated in Fig. 2.

Inoculation of the bioreactor with the sulfur-oxidizing
denitrifying enrichment culture permitted the rapid start-up
of the sulfur-based denitrification process. Complete removal
of nitrate was observed during the first 30 days (period I)
when the reactor treated an influent with 25-80 mg/L NO3 -N
ata HRT of 5.0 h. Nitrate was also removed to non-detectable
levels during the other periods (days 31-170), although the
HRT was decreased stepwise from 5 to 0.5 h. High nitrate
removal efficiency (100 %) was maintained throughout the
operation. Nitrite accumulation has been shown to be reliable
marker of reactor overloading in sulfur-based denitrification
processes (Flere and Zhang 1999). In periods I-II1, nitrite was
not detected in the effluent. On day 110, the influent NO; -N
concentration was increased to 80 mg/L at a HRT of 1 h. The
effluent nitrite concentration increased briefly then returned to
<non-detectable levels. During the final part of phase V, nitrite
was detected at concentrations of up to 1.5-4.0 mg/L when the
influent NO3 -N concentration was increased to around
80 mg/L at a HRT of 0.5 h. However, the effluent NO, -N
concentration decreased to <the regulatory levels (0.07 mM or
1 mg/L NO, -N) about 10 days after the incident. These
results suggested that the reactor was operated below its
maximum loading capacity, especially at relatively low nitrate
concentration (40 mg/L NO5 -N or lower). However, in the
present study, the HRT was not further decreased to a shorter
time because of the constraints of membrane flux. Further
decrease in HRT may be accomplished by increasing the
number of membrane fibers.

Sulfate was the only product of the sulfur oxidation detect-
ed in the effluent during the denitrification course of the study.
The sulfate production could be taken as an indicator for the
denitrification. The observed sulfate concentrations were in
good agreement with the theoretical sulfate production calcu-
lated according to the stoichiometry of the complete sulfur-
oxidizing denitrification (Fig. 3), indicating that nitrate was
completely reduced for all tested concentrations. However,
sulfate production is the main disadvantage of sulfur autotro-
phic denitrification process. As shown in Fig. 2, only when
presenting a low nitrate concentration of less than 30 mg /L
NOj3 -N, the produced sulfate was below limit value of
250 mg/L. Theoretically, around 33 mg/L NO; -N could be
removed using sulfur-oxidizing autotrophic denitrification
without exceeding sulfate regulatory level of 250 mg/L, set
by US EPA. Thus, sulfur-oxidizing autotrophic denitrification
process was especially feasible for treating contaminated
groundwater with low nitrate concentrations (<30 mg/L

@ Springer


http://www.mothur.org/wiki/Shannon
http://www.mothur.org/wiki/Chao

2820

Appl Microbiol Biotechnol (2015) 99:2815-2827

Fig. 2 Performance of the
bioreactor as a function of time
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NO; -N). For the waters with higher nitrate, some additional
strategies should be considered to control the sulfate
formation.

Membrane performance

Fresh membrane was installed at the beginning of the exper-
iments. Performance efficiency of the membrane module was
assessed by monitoring flux and transmembrane pressure
(TMP). Results of flux and TMP analyses for long-term
operation are illustrated in Fig. 4. During the whole operation
the flux was maintained between 1.5 and 15 L m > h ™', and
TMP remained in the range of 0.03—0.30 bar at the HRTs of
0.5-5.0 h. In periods I and II (days 1-54), the AnFB-MBR did
not show evidence of serious membrane fouling as the TMP
remained at 0.03—0.08 bar under the low flux of 1.5—
2.5 L m? h'. This result suggests that the AnFB-MBR is
being operated at low flow conditions, which is expected to
maintain a reliable flux before irreversible fouling occurs.
From day 55 on, the flux was increased to around
3.8 L m 2 h™! by reducing HRT to 2 h. The TMP increased
gradually to 0.3 bar on day 81, and then the ex situ chemical
cleaning of the membrane was carried out to avoid irreversible
fouling. In periods IV (days 82-120), a flux of 7.5 L m > h ™!
was applied at a HRT of 1.0 h. The AnFB-MBR was contin-
uously for 43 days when the TMP increased to >0.3 bar.
During the operation of phase V, the HRT was further de-
creased to 0.5 h, resulting in a higher flux upto 15L m > h ™",
The boundary of membrane cleaning of 0.3 bar was reached in
35 day for this phase, indicating a higher flux led to a shorter
fouling cycle. It has generally observed that the duration of the
slow fouling rate decrease when fluxes approach the critical
flux (Guglielmi et al. 2007).
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Operation time (days)

'>N-labelling denitrification process

['°N] nitrate-labelling experiments were conducted to investi-
gate nitrate utilization and product formation by mixed liquor of
the bioreactor. The '’NO; -N concentrations (30-60 mg/L
SN, "-N) are in the range of those applied in the continuous
sulfur-based bioreactor. Figure 5 shows the conversion of
ISNO; N, the evolution of >’NO, -N and *N,O-N, and the
generation of '°N,-N in the bioassays, respectively, as function
of time. The nitrate was completely consumed within 5-8 h at
concentrations of nitrate ranging from 30 to 60 mg/L "NO; -
N. Nitrite and nitrous oxide were detected as the intermediate
degradation products during the sulfur-oxidizing denitrification
process. Maximum of nitrite was accumulated from nitrate
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Fig. 3 Observed sulfate and the theoretical sulfate production with the
reduced nitrate according to the stoichimetry of the complete sulfur-
oxidizing denitrification
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Fig. 4 Results of flux and TMP 0.40
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reduction in the first 3-6.5 h and completely removed after-
ward. Nitrite was sequentially reduced via nitric oxide (NO)
and N,O to N, during denitrification. NO gas could not be
detected in this experiment. However, as shown in Fig. 5, N,O
was another main intermediate except for nitrite during the
sulfur-oxidizing denitrification. Peak '>N,O-N concentrations
(0.088-0.123 mM) were observed in the first 4-8 h, and

Fig. 5 The conversion of
SNO; N, the evolution of

1 -1 -1 1 -1 -1
— 5NO3 - 5N:30 mg-L — 5NO3 - 5N:40 mg-L

40 60 80 100 120 140 160 180
Time (days)

thereafter decreased steadily to <131 ppb after 1626 h. N,
gas tended to increase steadily following the complete denitri-
fication of nitrate. The final ">N-N, concentrations achieved
were 0.409, 0.525, 0.670, and 0.783 mM for different initial
SNO; -N concentrations of 30, 40, 50, and 60 mg/L, respec-
tively. The culture was stopped when no more N, was released,
which coincided with the total consumption of nitrate.
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Nitrogen balances were determined based on the above
tests for further elucidating the removal mechanisms of
sulfur-oxidizing autotrophic denitrification. Table 1 summa-
rizes the '"NO; -N consumed, the amounts of '>N,-N and
>N,O-N released, and the '*N-biomass formed. The nitrogen
recovery as I>N,-N, ®N,O-N, and '’N-biomass were calcu-
lated by taking into account the elementary compositions of
the substrate and products. A nitrogen recovery of 98.9—
105.6 % was obtained for nitrate denitrification. Nitrogen
converted into '° N,-N and 'SN-biomass accounted for 88.1—
93.1 % and 6.4—11.6 % of the total nitrogen produced, respec-
tively. These results indicated that nitrate was completely
reduced to N, during the sulfur-oxidizing autotrophic denitri-
fication. Meanwhile, the '>’NO5 -N was immobilized as '*N-
biomass, implying nitrate as a sole nitrogen source supported
microbial growth. N,O was a main intermediate product dur-
ing denitrification. Recently, N,O generation and emission
have been paid more attention because N,O is a potent green-
house gas and major ozone-depleting substance in the atmo-
sphere (Zhu and Chen 2011; Pan et al. 2012). In the present
study, only 0.3-0.6 % of removed nitrogen was in form of
NLO-N, i.e., <131 ppb of N,O was released from the sulfur-
oxidizing autotrophic denitrification.

Functional gene abundance

Figure 6a shows the 16S rRNA, nirS, nirK, and nosZ gene
copy numbers during the enrichment culture of activated
sludge. The 16S rRNA gene continuously decreased through
the enrichment culture stage, indicating a decrease of micro-
bial biomass. The autotrophic sulfur-oxidizing denitrifiers
were cultured and enriched during the acclimatization period.
However, the autotrophic bacteria growing on inorganic car-
bons had a lower growth rate compared with the heterotrophic
bacteria (from the activated sludge), resulting in a decreasing
microbial biomass with the acclimatization of the inocula. The
copy numbers of the nirS and nosZ gradually increased from
6.92x10"" and 1.48x10° to 7.94x10" and 6.31x10"°
copies/g SS at the end of the acclimatization period.
Presumably, the increases represented accumulation of more
autotrophic sulfur-oxidizing denitrifiers over time. The copy
numbers of the nirK gene (copper-based NO,-reductase) did
not change significantly, probably because nirK was not a

good marker for denitrifiers in the autotrophic sulfur-
oxidizing denitrifying biomass.

Figure 6b summarizes the real-time PCR results as a func-
tion of different NO;  removal flux during the stable opera-
tion. Overall, the abundance of nirS and nosZ tended to
increase when NO3™ removal flux increased, suggesting the
nirS and nosZ genes possibly tracked the NO; removal
capacity of the bioreactor. However, during the stable opera-
tion, the detected genes indicative of nirS outnumbered genes
indicative nirK by approximately 10°-107 orders of magni-
tude, further implying nirS-type denitrifiers are possibly are
important for the autotrophic sulfur-oxidizing denitrification
process.

Bacterial communities

We used pyrosequencing to analyze the bacterial communities
of the autotrophic sulfur-oxidizing denitrifying microbial bio-
mass for dominant phyla, classes, and genera. Pyrosequencing
yielded a total of 16,870 high-quality sequences for the 16S
rRNA gene for all samples, and Fig. S1 in the supporting
information shows the rarefaction curves based on an OUT
definition of 97 % sequence similarity. Figure 7, which sum-
marizes bacterial diversity at the phyla, class, and genus
levels, shows that the dominant bacterial structures in the
bioreactor for steady state at the different influent nitrate
concentrations of 30 (S30), 50 (S50), and 80 mg/L NO3 -N
(S80) were relatively stable. In total, eight identified phyla in
each sample were detected (Fig. 7a). Proteobacteria was by
far the largest phyla in the bioreactor (73.1 %, 67.3 %, and
72.2 % for S30, S50, and S80, respectively). Chlorobi was the
second abundant phyla, which was approximately 20.4 %
(S30), 22.3 % (S50), and 22.6 % (S80) of the total reads.
The sum of the two largest phyla accounted for over 90 % for
all the three samples. Chloroflexi as the third largest phyla,
whose relative abundance in S30, S50, and S80 was 3.2 %,
4.2 %, and 3.4 %, respectively.

The class level identification of the bacterial communities
in S30, S50, and S80 is illustrated in Fig. 7b. Pyrosequencing
detected 11 bacterial classes in all the three samples. The
majority of sequences belonged to Betaproteobacteria,
Chlorobi, and Epsilonproteobacteria. Betaproteobacteria
was the dominant classes, with the percentage of 60.9 %,

Table 1 Nitrogen balance and recovery of sulfur-oxidizing autotrophic denitrification process by '>N-tracer technique

N-NO;~ (mg/L) Total '>N-NO5~ amount (mM) >N-N,O (mM) SN-N, (mM) >N-biomass (mM) N recovery (%)
30 0.444 0.00256 0.4085 0.02795 98.9

40 0.582 0.00291 0.5244 0.04218 97.9

50 0.702 0.00298 0.6696 0.0692 105.6

60 0.878 0.00228 0.7826 0.1032 101.1
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56.1 %, and 54.2 % for S30, S50, and S80, respectively.
Chlorobi and Epsilonproteobacteria were the second and
third dominant classes, whose abundances were in the ranges
0f20.4-22.6 % and 10.9-16.5 %, respectively. About 8.8 %
(S30), 9.8 % (S50), and 6.9 % (S80) of the total reads in each
sample were not classified at the class level, indicating that
these bacteria are unknown.

Figure 7c shows the relative proportions of the most abun-
dant bacterial genera for the steady sate at the different influent
NO; -N concentrations. Clearly, the AFB-MBR had similar
dominant bacterial genera, although the influent NO3 -N con-
centrations were gradually increased from 30 to 80 mg/L
during the stable operation. The most numerous genera were
Thiobacillus (58.6 %, 52.7 %, and 51.4 %), Ignavibacteriales
(18.9 %, 20.6 %, and 20.7 %), and Sulfurimonas (10.7 %,
10.9 %, and 16.3 %), whose sum accounted for 88.2 %, 84 %,
and 88.4 % for S30, S50, and S80, respectively. The unclas-
sified bacteria at a genus class accounted for 1.2 % (S30),
1.74 % (S50), and 1.1 % (S80) of the total reads.

Discussion

Sulfur-oxidizing autotrophic denitrification has been mostly
used for drinking production from nitrate-contaminated
ground water. Most of the autotrophic denitrification applica-
tions were carried out through sulfur-packed bed reactor
(Zhang and Zeng 2006; Sierra-Alvarez et al. 2007; Wan
2009; Sahinkaya et al. 2011; Sun and Nemati 2012). In the
current study, a sulfur-oxidizing autotrophic denitrifying
AnFB-MBR was developed and specifically tested for
groundwater denitrification. The results obtained from this
study and those reported by other authors are summarized in
Table 2. The nitrate removal rates obtained in our study was
up to 1.25-4.0 g NO3 -N/Lcacrord When the bioreactor treated
25-80 mg/L NO; -N at a HRT of 0.5 h. The HRT attained in
our study during the treatment of 25-80 mg/L NOz -N, 0.5 h,

165 tRMNA

is relatively low compared with literature studies. It should be
noted from Fig. 2 that the removal capacity of the AnFB-MBR
may be further enhanced by increasing the number of mem-
brane fibers through the optimization of module and reactor
configurations. Therefore, it could be deduced that the AnFB-
MBR system in this study greatly exceeded any reported
removal capacity. The relatively high nitrate loading rates
were achieved in the present study because it led to nearly
absolute biomass retention and had good mass transfer char-
acteristics. Also, the greater nitrate removal may result from
the greater working volume and more efficient sulfur utiliza-
tion of the AnFB-MBR compared with the packed bed reac-
tors. Finally, in contrast to all other packed beds and conven-
tional biological systems, the AnFB-MBR proved to have a
good potential as a sulfur-oxidizing autotrophic denitrification
technology also because it prevents secondary contamination
of drinking water by bacteria, which was emitted with the
treated water in the conventional biological processes. In fact,
the AnFB-MBR has been determined to been suitable for
dilute wastewater or wastewater treatment (Liao et al. 2006;
Kim et al. 2011).

The maximum flux of AnFB-MBR achieved was higher
than those between 5 and 10 L m 2 h™" observed in anaerobic
membrane bioreactors (Ho and Sung 2010; Spagni et al. 2010)
but lower than those typically reported in aerobic MBRs,
being between 20 and 25 L m > h™' (Judd 2002). Anaerobic
membrane bioreactors have potential for energy-efficient
treatment of wastewater treatment, membrane fouling being
a major hurdle to application (Kim et al. 2011). In this current
case, the AnFB-MBR maintained a reliable flux before irre-
versible fouling occurs with a frequent ex situ chemical
cleaning. The membrane cleaning cycles required were 35—
81 days under the different flux at the HRTs of 0.5-5 h when
no automated backwash was performed in the membrane. The
autotrophic sulfur-oxidizing denitrifying bacteria having low
cell yields resulted in a low biomass concentration, which
might prolong membrane operation. In addition, the use of
sulfur particles as a carrier may be beneficial for enhancing
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(A) Bacterial phyla S30

S50

Chloroflexi 4.17%
Bacteroidetes 1.71%
Acidobacteria 1.00%

Actinobacteria 0.35%
Gemmatimonadetes 0.20%
Others 0.46%

Chloroflexi 3.22%
Firmicutes 0.60%

Bacteroidetes 1.64%

Actinobacteria 0.17%

Acidobacteria 0.04%
Gemmatimonadetes 0.25%

Others  0.54%

S80

Chloroflexi3.36%
Firmicutes 0.48%
Bactervidetes 0.48%

Actinobacteria 0.12%
Acidobacteria 0.15%
Gemmatimonadetes 0.12%
Other 0.49%

(B) Bacterial classes
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Epsilonproteobacteria
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(C) Bacterial genera
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Fig. 7 Bacterial diversity, at the phyla, class, and genus levels, shows that the dominant bacterial structures in the bioreactor for steady state at the
different influent nitrate concentrations of 30 (S30), 50 (S50), and 80 mg/L NO5 -N (S80) were relatively stable
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Table 2 Summary of removal rate and operating parameters compared with previously values observed by others: removal of nitrate by sulfur-based

autotrophic denitrification system

Reactor type Initial NO; -N (mgL ") HRT (h) Removal rate (g NO; -N L™'d™") References

PBR 50-75 4.0-10.5 0.45 Sahinkaya and Dursun 2012
PBR 20-25 2.7 0.20 Kimura et al. 2002

PBR 102 1.8-30.5 0.30 Sierra-Alvarez et al. 2007
PBR 20-110 2-9 0.20 Zhang and Zeng 2006

PBR 32 0.24 Wan 2009

AFB-MBR 25-80 0.5-5 1.25-4.0 Current study

PBR packed bed reactor

membrane performance. The positive effects of carries on
membrane fouling were also reported previously by other
authors in MBR systems (Liu et al. 2010; Kim et al. 2011).
These results suggest that the application of AnFB-MBR
appears to be feasible for treatment of nitrate-contaminated
groundwater if an appropriate fouling control protocol is
applied.

The NO;5 -N conversion and N-balance of sulfur-oxidizing
autotrophic denitrifying process were elucidated with a '>N-
tracer technique. These results indicated that nitrate was
completely reduced to N, during the sulfur-oxidizing autotro-
phic denitrification. Meanwhile, the '’NO; -N was
immobilized as '*N-biomass, implying nitrate as a sole nitro-
gen source supported microbial growth. Total '>N,O-N re-
lease of 0.3-0.6 % of removed '’NO; -N was yielded in the
sulfur-oxidizing autotrophic denitrifying processes, indicating
a negligible release of N,O. However, heterotrophic denitrifi-
cation is implicated as a potential source of global N,O
emission during biological nitrogen removal operations (Lu
and Chandran 2010; Wunderlin et al. 2012). Autotrophic
sulfur-oxidizing denitrifying bacteria were considered to pro-
duce less N,O than heterotrophic denitrifying bacteria (Park
et al. 2002). It implied that the sulfur-oxidizing autotrophic
denitrifying process produced less N,O than the conventional
heterotrophic denitrifying systems, which greatly reduced the
potential risks caused by a significant amount of N,O
emissions.

In this study, except for the AnFB-MBR performance, we
also characterize the bacterial phylogenetic membership of
sulfur-oxidizing autotrophic denitrifiers during the stable op-
eration period. The traditional approaches (e.g., clone library,
DGGE, and T-RFLP) used in previous studies may largely
underestimate the diversity of microbial communities in-
volved in sulfur-oxidizing autotrophic denitrification. Thus,
high-throughput deep-sequencing approaches are essential to
improve our knowledge of the diversity of these microbial
communities. The rarefaction curves of these genes were close
to saturation after sequencing ~5,000 for each sample, indi-
cating that such a sequencing effort is sufficient to elucidate
the diversity and structure of the microbial communities

(Fig. S1). Pyrosequencing results confirmed the dominance
of Proteobacteria, Chlorobi, and Chloroflexi in our
reactors, signifying that future research dedicated to the
functional importance of these bacteria is warranted. The
enrichment of Proteobacteria, Chlorobi, and Chloroflexi
has been detected in previous studies characterizing
denitrification and even chemolithotrophic denitrification
(Knowles 1982; Koenig et al. 2005; Fernandez et al. 2008).
Compared with the Proteobacteria and Chlorobi, much less
is known regarding the role of Chloroflexi in denitrification
systems. In our reactor system, members of the Chloroflexi
accounted for 3.2-4.2 % of the dominant community in the
samples. Despite their abundance in molecular surveys,
knowledge about Chloroflexi physiology is scarce
(Krangelund et al. 2007), yet isolated members of the
Chloroflexi have been shown to reduce nitrate to nitrite
(Kohno et al. 2002).

From major subdivisions, our AnFB-MBRs were mainly
enriched in classes Betaproteobacteria, Chlorobi, and
Epsilonproteobacteria. This finding was slight different from
16S rDNA-based DGGE results conducted on
autosulfurotrophic denitrifying biofilm, which revealed the
enrichment related to four subdivisions («, 3, v, and &) of
the kingdom Proteobacteria and from the kingdom Chlorobia
(green sulfur bacteria) (Koenig et al. 2005). However, a func-
tional role for members of Betaproteobacteria in cathodic
denitrifying biofilms has been suggested by Wrighton et al.
(2010).

Standing on the genus level allows us to infer the functions
of the communities, based on the assumption that members that
are closely related phylogenetically share similar metabolic
capabilities. In this sulfur-oxidizing autotrophic denitrification
system, Thiobacillus (51.4-58.6 %), Sulfurimonas (18.9—
20.7 %), and Ignavibacteriales (18.9-20.7 %) formed a dom-
inant community structure. Thiobacillus was the first autotro-
phic denitrifier, whose autotrophic denitrification may outcom-
pete its heterotrophic counterpart and play a dominant role in
nitrogen cycle in certain ecosystems (Brettar and Rheinheimer
1991). Up to date, Thiobacillus and Sulfurimonas were the
most commonly reported autotrophic denitrifiers, which
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reduced nitrate to N, while oxidizing elemental sulfur or re-
duced sulfur compounds to sulfate (Koenig et al. 2005; Shao
et al. 2010). Ignavibacteriales, as the second dominant genus,
seemed to be associated with the sulfur-based autotrophic
denitrification. However, Ignavibacteriales as a dominant spe-
cies has not been reported in the sulfur-based autotrophic
denitrifying process to date. Ignavibacteriales was previously
reported to be collected from a sulfide-rich hot spring at
Yumata, Nagano, Japan, and was identified as a member of
Chlorobi phyla (Takao et al. 2010). Thus, future research
dedicated to the functional importance of the novel genus
Ignavibacteriales needs to be warranted.

Our study also evaluated differences in community struc-
ture (richness and abundance) in response to performance.
These findings also suggest that the bacterial community
may have implications on the functional performance of the
AnFB-MBR. The great stability in the community structure
resulted in a great stability and high-efficiency performance of
the reactor, although influent nitrate was increased from 25 to
80 mg NO; -N/L. These findings show, for the first time in the
AFB-MBR, potential link between community structure and
function. Further studies elucidating the relationships between
bacterial OUT richness and evenness, phylogenetic diversity,
and system performance are necessary to optimize the bacte-
rial component of these systems.

In summary, AnFB-MBR is an effective and innovative
technology for the treatment of nitrate from drinking water
with the superiority of the performance compared with con-
ventional packed bed processes while concurrently having
nearly absolute biomass retention and avoiding sloughed bio-
mass from the product water. The '*N-tracer analyses dem-
onstrated '>’NO; -N was recovered mainly as I>N,-N and '
N-biomass in the sulfur-oxidizing autotrophic denitrification.
N,O as a main intermediate was further reduced to N5, im-
plying this process reduced potential risks of a significant
amount of N,O emissions. Our results provided the detailed
characterization of bacterial communities in sulfur-oxidizing
autotrophic denitrifying system, suggesting the stable micro-
bial community structure corresponded to the elevated perfor-
mance of the AnFB-MBR. To be noted is that this is an initial
feasibility study only to evaluate whether fluidized bed oper-
ation in conjunction with membrane filtration had potential
benefits for applications in the sulfur-oxidizing autotrophic
denitrification. Although AnFB-MBR appears promising for
the treatment of nitrate from drinking water, significant ad-
vancements and large-scale demonstration are necessary for
AnFB-MBR to be considered over more established treatment
technologies. Further study is required to optimize AnFB-
MBR performance, which might be accomplished by maxi-
mizing membrane flux and alternative efficient fouling control
strategies. This research also provides a framework for further
ecological and physiological microbial research in the sulfur-
oxidizing autotrophic denitrifying system.
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