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� Sulfur- and Fe0-based autotrophic denitrification was integrated in AnFB-MBR.
� The integrated Sulfur- and Fe0-based denitrification process reduced sulfate production.
� The integrated sulfur- and Fe0-based denitrification eliminated alkalinity supplementation.
� Thiobacillus, Sulfurimonas, and Geothrix genera dominated in the microbial community.
� The communities had implications on the functional performance of the bioreactor.
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a b s t r a c t

The integrated sulfur- and Fe0-based autotrophic denitrification process in an anoxic fluidized-bed
membrane bioreactor (AnFB-MBR) was developed for the nitrate-contaminated water treatment in or-
der to control sulfate generation and avoid alkalinity supplement. The nitrate removal rate of the AnFB-
MBR reached 1.22 g NO3

�-N L�1d�1 with NO3
�eN ranging 40e200mg L�1 at hydraulic retention times of

1.0e5.0 h. The denitrification in the integrated system was simultaneously carried out by sulfur- and Fe0-
oxidizing autotrophic denitrifiers. The effluent sulfate generation was decreased by 29.3e70.3% and 31.2
e50.9% due to the functional role of Fe0-based denitrification in the integrated system. Alkalinity pro-
duced by Fe0-oxidizing autotrophic denitrification could compensate for the alkalinity consumption by
sulfur-based autotrophic denitrification. The sulfur- and Fe0-oxidizing autotrophic denitrifying bacterial
consortium was composed mainly of bacteria from Thiobacillus, Sulfurimonas, and Geothrix genera. The
integrated modes leads to a harmonious co-existence of sulfur- and Fe0-oxidizing denitrifying microbes,
which may make a difference to the functional performance of the bioreactor. Overall, the integrated
sulfur- and Fe0-based autotrophic denitrification could overcome the shortcomings of excess sulfate
generation and external alkalinity supplementation compared to the sole sulfur-based autotrophic
denitrification, indicating further potential for the technology in practice.

© 2019 Elsevier Ltd. All rights reserved.
arch Institute, Beijing Enter-

ng), czhu@rcees.ac.cn (C. Hu).
1. Introduction

Nitrate pollution of surface water and groundwater systems is a
particular concern throughout the world (Meng et al., 2014;
Sahinkaya et al., 2017). Nitrates and nitrites lead to the eutrophi-
cation of the aquatic environment and to serious health problems
such as methemoglobinopathies and carcinogenic diseases (Meng
et al., 2014; Zou et al., 2016). To protect human health, the World
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Health Organization has set the allowable limit of 10mg L�1 NO3
�-N

for drinking water.
Biological denitrification as the main process for nitrate removal

includes heterotrophic denitrification (HDN) and autotrophic
denitrification (AD). HDN is an efficient and reliable process when
an adequate carbon source is accessible (Sahinkaya et al., 2017).
However, for organic-deficient wastewaters, such as those from the
leather processing industry and old landfill leachate, the external
organic carbon sources are required for a complete removal of ni-
trate, which increases operational complication and wastewater
treatment costs (Xu et al., 2016). AD is a promising alternative to
HDN of wastewaters with low C/N ratios (Di Capua et al., 2015). In
this process the autotrophic bacteria employ inorganic reduced
compounds such as sulfur-reduced compounds, iron and hydrogen
gas for electron donors with inorganic carbon as the carbon source
(Lai et al., 2014; R. Wang et al., 2015). Compared to HND, AD does
not require any additional carbon, and reduces biomass production,
thus minimizing the handling of sludge. Sulfur-based autotrophic
denitrification of organic-deficient waters has recently gained
increasing interest due to high efficiency and low cost of elemental
sulfur (Qian et al., 2015; Sahinkaya et al., 2017; Zou et al., 2016; Qian
et al., 2018). However, sulfur-oxidizing denitrification process in-
creases sulfate and acid generation according to Reaction (1).

55S0 þ 20CO2 þ 50NO3
� þ 38H2O þ 4NH4

þ/4C5H7O2N þ55SO4
2� þ

25N2 þ 64Hþ (1)

According to the stoichiometric equation, 1 g of NO3
�-N reduced

to nitrogen gas can produce 7.5 g of sulfate and 11M of hydrogen
ion with elemental sulfur as the electron donor. External alkalinity
is required to keep pH at a neutralized value (Peng et al., 2016). So,
the large quantity of sulfate generation and external alkalinity
consumption are two disadvantages to sulfur-based autotrophic
denitrification. The mixotrophic process that combines autotrophic
and heterotrophic denitrification has been reported to be an
effective method to control sulfate production and alkalinity
reduction since fractions of autotrophic denitrification was shared
by heterotrophic denitrifiers. The combined process of HDN and AD
has been put into research by several researchers (Kim et al., 2004;
Liu et al., 2009; Sahinkaya et al., 2011; L. Zhang et al., 2015a) for the
drinking water and sewage treatment. The sulfur-based mixo-
trophic denitrification could effectively reduce NO3

� to N2 with a
decreased sulfate generation. However, for higher nitrate concen-
tration, the demand for external carbon source in mixotrophic
denitrification is still a problem. Excessive additionmay also lead to
the residual of organic matters in effluent (L. Zhang et al., 2015a).

Fe0-based autotrophic denitrification was recently reported by
several researchers. Shin and Cha (2008) assessed the feasibility of
using Fe0 in biological denitrification for nitrate treatment. Zhang
et al. (2014) and M. Zhang et al. (2015) reported a novel ferrous
iron based autotrophic denitrification process for nitrate removal.
Peng et al. (2015) developed a mathematical model for describing
Fe0-based microbial denitrification to investigate the microbial and
chemical interactions involved in the process. They believed that
the Fe0-based microbial denitrification was a promising approach.
It has been reported that Fe0-based autotrophic denitrification
could convert NO3

�-N into N2 utilizing Fe0 as the sole electron donor
under the anoxic conditions (Peng et al., 2015; Shin and Cha, 2008):

5 Fe0 þ 2NO3
�þ6H2O/5Fe2þþN2þ12OH� (2)

If Fe0-based autotrophic denitrification is integrated into sulfur-
oxidizing denitrification process, it will share fractions of sulfur-
based autotrophic denitrification process thus reducing sulfate
production. Meanwhile, the produced alkalinity in the Fe0-based
denitrification process could compensate for alkalinity reduction of
sulfur-based autotrophic denitrification (Reaction (1)). Thus, the
integrated sulfur- and Fe0-based autotrophic denitrification could
overcome the shortcomings of excess sulfate production and
external alkalinity needs of the sole sulfur-based autotrophic
denitrification process. However, to our knowledge the integrated
sulfur- and Fe0-based autotrophic denitrification process has not
been reported so far.

Enlightened by the above analysis, we integrated sulfur- and
Fe0-based autotrophic denitrification process in an anoxic
fluidized-bed membrane bioreactor for removal of nitrate in
wastewater. Our earlier studies developed the sulfur-based auto-
trophic denitrifying AnFB-MBR for the treatment of nitrate-
contaminated wastewater (Zhang et al., 2014, 2015a,b,c), which
provided a promising alternative for packed bed reactors due to the
superior performance, while concurrently ensuring almost abso-
lute biomass retention and avoiding sloughed biomass in the
product water. Thus, the focuses of this paper were as follows: (1)
to systemically research the performance and feasibility of the
sulfur- and Fe0-based autotrophic denitrifying AnFB-MR process;
(2) to give a deeper exploration on the composition of microbial
community to further indicate how the communities assemble in
the novel process.

2. Materials and methods

2.1. AnFB-MBR setup and operation

The reactor used in this study was the same as previously re-
ported by (Zhang et al., 2015b), and was provided in Fig. S1. The
inoculum was composed of the enriched sulfur- and Fe0-oxidizing
autotrophic denitrifying culture, which was acclimated as
described in SupplementaryMaterials Part. Initially, adding 100 g of
sulfur particles (50e200 mm) and 100 g of Fe0 particles
(100e300 mm) to the reactor as the electron donor. Additionally,
supplementing a top-up 30 g of the same sulfur and Fe0 particles
each 50-day operation, respectively, in order to keep relative sta-
bility of the sulfur and Fe0 contents in the reactor.

2.2. Continuous and batch experiments

In this study, the denitrification performance of nitrate was
characterized by periodically detecting the influent and effluent
nitrate content, and the effluent concentrations of nitrite and sul-
fate. A 15N-tracer technique was employed to determine the NO3

�-N
conversion and fate. The batch experiments were carried out in
500-mL glass serum flasks. 15N-NO3

� of 15N-labelling potassium
nitrate with 99.7 atom% 15N was employed as the sole nitrogen
substrate. The batch flasks were inoculated with 0.16 g VSS/L of the
Fe0-and sulfur-oxidizing autotrophic denitrifying culture from the
operating AnFB-MBR. The oxygen and background nitrogen exist-
ing in headspace of the flasks were excluded with high-purity he-
lium flushing for over 30min. All the glass flasks were sealed with
butyl rubber stoppers plus aluminum crimp seals.

2.3. Chemical analyses

The liquor samples were analyzed for nitrate, nitrite, sulfate and
ammonium using ion chromatography (IC) (Thermo ICS 5000,
USA). For nitrate, nitrite and sulfate, the IC had an AG 11-HC pre-
column (4� 50mm) and AS11-HC column (4� 250mm), an eluent
of 30mM KOH with a flow rate of 1.2mL/min. For ammonia, the IC
had a CS12A column (4� 250mm), an eluent of 20mM MSA with
an eluent flow rate of 1ml/min. Liquid samples were filtered before
the IC analysis and then was injected with a volume of 25 mL. The
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retention time of NO3
�, NO2

�, and SO4
2� were 5.7, 3.8 and 4.3min,

respectively. Correspondingly, the gas samples were measured by
the gas chromatography (GC). The GC of 6890 N system (Agilent
Technologies, USA) and SP3410 (Beijing Beifen-Ruili Analytical In-
strument Co. Ltd., China) were used to analyze N2 and N2O,
respectively, as represented by L. Zhang et al. (2015b). The N2O and
N2 collected from the sealed flasks were injected into the GC
directly for analysis. Alkalinity was determined by the Standard
Methods as described by Carranzo et al. (2012).

The 15N fractions of 15N-labeled N2O and N2were analyzed using
a Delta V Advantage Isotope Ratio Mass Spectrometer (Thermo
Fisher Scientific Inc., USA). The N2O and N2 generations of NO3

�

denitrification were calculated from 15N-labeled N2 and N2O. The
15N fractions in the biomass solid were determined by the method
as reported by Zhang et al. (2015b).
2.4. DNA extraction

When the nitrate removal reached a stable state in the biore-
actor, the sludge samples of all stages were collected for DNA
extraction. Powersoil ® DNA Isolation kit (MOBIO laboratories, Inc.)
was used to extract Genomic DNA of all samples twice according to
the manufacturer's instructions, and the qualities were detected
with a ND-1000 spectrophotometer (Bio-Tech, USA) and agarose
gel. Finally, all the DNA samples were preserved at �80 �C for
further analyses.
2.5. RT-PCR assays

Real-time PCR assays utilized 331f/797r and 931f/M1100r as the
primers to quantify the 16S rRNA of bacteria and archaea with the
thermal cycling conditions including 15 s at 95 �C, 15 s at annealing
temperature of 62 �C, and 20 s at 72 �C. The mixture was heated to
95 �C, cooled to 65 �C(15 s), and then heated to 95 �C at 0.1 �C s�1

slowly with the continuous fluorescence measurement to generate
a melt curve profile. The entire samples were repeated three times
in parallel utilizing PCR quality water as the negative control. A
standard curve was obtained by employing 10-fold dilution of
standard recombined plasmid. The bacterial and archaeal standard
curves had R2 values of 0.99 and the amplification efficiencies were
90e110%.
Fig. 1. Feed and effluent NO3
�-N, NO2

�-N, NH4
þ-N and sulfate variations as a function of

time.
2.6. Pyrosequencing procedure and data analysis

In order to expand on the microbial community structure of the
integrated sulfur- and Fe0-based autotrophic denitrification, a set of
primers targeting the V1eV3 region were used to amplify the
bacterial 16S rRNA gene from each DNA sample. The obtained 16S
rRNA gene sequences reported in this study have been deposited
into the Sequence Read Archive with accession number SRP103719.

Ribosomal Database Project (RDP) pyrosequencing Pipeline was
employed for analyzing all the obtained raw sequences. Low quality
sequences containing reads lower than 200 bps, with an average
quality scores of less than 25, primer mismatches and chimeric
sequences were removed by quality filters (Schloss et al., 2011). An
RDP classifier was used to classify the sequences at a confidence
threshold of 80% (Wang et al., 2007). Using RDP's complete linkage
clustering tool, the operational taxonomic units (OTUs) were
defined with sequences similarity level of 97%. Then the sequences
were further assigned to phylotypes from phylum to genus level
and for a given phylogenetic group, its relative abundance was
determined by the number of sequences affiliated with this group
divided by the total number of sequences.
3. Results and discussion

3.1. Reactor performance

The integrated sulfur- and Fe0-based autotrophic denitrifying
AnFB-MBR was operated continuously for 120 days (periodsⅠ-Ⅳ).
The concentration profiles of NO3

�-N, NO2
�-N, NH4

þ-N and SO4
2� in

the effluent are shown in Fig. 1. In periodsⅠ, the influent NO3
�-N

concentration was 40mg L�1 and the HRT was set at 5 h. Nitrates
and nitrites were not detected in the effluent during the first 30
days, although the HRT was further decreased to 1 h. With the
influent NO3

�- N concentration increasing to 100mg L�1 in pe-
riodsⅡ, the effluent NO3

�- N was still at undetectable levels during
this period (days 30e60) with the HRT of 3e5 h. The nitrite con-
centration in the effluent increased transiently to 23.0mg L�1 on
day 38, and then gradually returned to ＜ 1.0mg L�1 NO2

�-N in a
week. Throughout the whole operation, the effluent ammonium
concentrationwas continuously below 1.5mg L�1 NH4

þ-N, implying
less than 1.9% of nitrate removed was converted to ammonium.

Sulfate is the main by-product during the sulfur-based auto-
trophic denitrification. From Fig. 1, in periodⅠthe decreased sulfate
production ratios were not stable at the beginning of the start-up of
the bioreactor. During the periodⅡ, when influent nitrate concen-
trations were increased to around 100mg L�1, the measured sulfate
generations and the theoretical sulfate productions of the sole
sulfur-based autotrophic denitrifiers were 223.8e532.7mg L�1 and
around 754mg L�1, respectively, indicating sulfate production
could be decreased by 29.3e70.3% in the integrated system. In
periods Ⅲ and Ⅳ, the measured sulfate generations were
310.0e994.0mg L�1, while the theoretical sulfate productions were
848.0e1925.0mg L�1 for the sole sulfur-based autotrophic de-
nitrifiers, implying about 31.2e50.9% denitrification was shared by
Fe0-based autotrophic denitrifiers after the stable operation of the
bioreactor was achieved. The measured sulfate concentration in the
integrated AnFB-MBR system and the theoretical value of sulfate
generation calculated on the basis of Reaction (1) are compared in
Fig. 2. These results indicated that denitrification in the integrated
AnFB-MBR system could be carried out simultaneously by sulfur-
and Fe0-based autotrophic denitrifiers in the integrated system. The
integrated process combining sulfur- and Fe0-based autotrophic
denitrification proved to be an effective strategy to control sulfate
generation.

In this study, an integrated sulfur- and Fe0-based autotrophic



Fig. 2. Relationship between the sulfate formed and the nitrate removed.

Fig. 3. Feed and effluent pH and alkalinity variations.
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denitrification was realized in an AnFB-MBR, and was specifically
tested for reducing sulfate generation and high alkalinity needs of
the sole sulfur-driven AD process. The nitrate removal rates reached
1.22 g NO3

�-N L�1d�1 with 98% removal efficiency when treating
40e200mg L�1 of NO3

�-N at HRTs of 1e5 h. Compared with most of
those reported previously (Table S1), the performance in this study
seemed to be much better than those in packed bed reactors.
During the long-term operation, no continuous nitrite accumula-
tion was observed, and the effluent ammonium content was below
1.5mg L�1 NH4

þ-N, suggesting high and consistent denitrifying ef-
ficiencies of the integrated sulfur- and Fe0-based autotrophic
denitrification process.

Sulfate and hydrogen ions are produced during the sulfur-based
autotrophic denitrification. From the previous studies (Moon et al.,
2008; Park et al., 2002; Sahinkaya et al., 2011), the sulfate genera-
tions were in accordance with the theoretical value of the complete
sulfur-oxidizing denitrification according to the stoichiometry of
Reaction (1). As shown in Figs. 1 and 2, in the period Ⅱand periods
Ⅲ~Ⅳ the sulfate productions in the integrated sulfur- and Fe0-
based denitrifying system were decreased by 29.3e73.0% and
31.2e50.9%, respectively, compared to the sole sulfur-driven auto-
trophic denitrification, implying that Fe0-driven denitrifying ac-
tivity was responsible for certain quantity of nitrate removal after
the system was stabilized. These in turn suggested that Fe0-based
autotrophic denitrification could mitigate sulfate generation in the
integrated system. Sahinkaya and Dursun (2012) reported that
synchronous heterotrophic and sulfur-based autotrophic denitrifi-
cation process could decrease sulfate productions by 25e60% with
different addition of organic carbons.

3.2. pH and alkalinity consumption

Alkalinity consumption is also a disadvantage of sulfur-based
autotrophic denitrifying process in addition to sulfate production.
It has been reported previously that the autotrophic denitrifiers
usually have an optimum pH in the range of 6.8e8.2 (Furumai et al.,
1996; Zou et al., 2016). Fig. 3 shows the variations of alkalinity and
pH of the influent and effluent of AnFB-MBR throughout the
operation. When the influent pH and alkalinity were at around
7.5e8.5 and 330e450mg L�1 CaCO3, the pH and alkalinity in the
effluent were in the range of 6.8e8.0 and 300e400mg L�1 CaCO3,
respectively, which were slightly lower than those in the influent
without external alkalinity supplements. According to reactions (1)
and (2), nitrate removal by sulfur-driven autotrophic denitrification
produces hydrogen ions, while hydroxyl ion is generated by Fe0-
based autotrophic denitrification process. In consideration of
around 45e68% of NO3

�-N was removed by Fe0-based denitrifica-
tion as discussed above, the acidity generated by sulfur-oxidizing
autotrophic denitrification could be neutralized by the alkalinity
generated by Fe0-driven denitrification. Although the pH in the
effluent was slightly lower than that in the influent, the alkalinity
generation by Fe0-driven denitrification could balance the alka-
linity consumption by sulfur-oxidizing autotrophic denitrification
to a great extent without external alkalinity addition. Therefore, the
integrated sulfur- and Fe0-based autotrophic denitrification process
needs no external alkalinity addition and consequently decreases
effluent hardness compared to the sulfur-oxidizing autotrophic
denitrification. Although mixotrophic denitrification also could
decrease effluent sulfate concentration and alkalinity requirement,
the supplement of an external carbon source often leads to high
effluent TOC concentration (Liu et al., 2009; Sierra-Alvarez et al.,
2007).

3.3. Membrane filtration performance

Fouling has been a main issue that limits the long-period
operation in the industrial MBR systems. The performance of
membrane was evaluated by determining variation in permeate
flux and transmembrane pressure (TMP) which were employed for
indicating the membrane fouling. As shown in Fig. 4, the fluxes
varied from 5 to 15 L m�2 h�1, and TMP remained between 0.02 and
0.30 bar when the HRT was in the range of 1e5 h during the whole
operation. When TMP reached 0.3 bar on days 34, 57 and 89, the



Fig. 4. Transmembrane pressure and flux over operational time.
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membrane module was chemically cleaned, and then was used
again during the whole operation. The long-term and successful
operation of 120 days suggested that the integrated sulfur- and Fe0-
based autotrophic denitrifying AnFB-MBR offered a feasible option
for dealingwith nitrate pollution of surfacewater and groundwater.
However, for the optimal reactor performance, more investigation
is needed to optimize the membrane flux in the future.
3.4. 15N-labelling denitrification process

A 15N-tracer technique was utilized to illuminate the NO3
�-N

conversion and N-balance in the integrated sulfur- and Fe0-based
process. The concentration variation of 15NO3

�-N, 15NO2
�-N, 15N2O-N,

15NH4
þ-N and 15N2-N under the different initial nitrate concentra-

tions are shown in Fig. 5. The initial 15NO3
�-N in the range of

50e200mg L�1 was completely consumed within 7e35 h. Nitrite
and nitrous oxide as the main intermediates were detected during
the integrated sulfur- and Fe0-based process. It was detected that
the brief accumulation of nitrite produced by nitrate reduction
appeared in the first 5e10 h. In addition to nitrite, N2O as another
major intermediate product was also determined. Peak 15N2O-N
concentrations of 0.08e0.18mM were monitored in the first
7e10 h, and thenceforth decreased to ＜non-detectable levels. For
different initial 15NO3

�-N concentrations of 50, 100, 150, and
200mg L�1, the final 15N-N2 concentrations tended to increase to
0.35, 0.67, 0.93 and 1.25mM, respectively. 15NH4

þ-N produced in the
integrated sulfur- and Fe0-based denitrification process was
detected to be 0.7e5.8mg L�1 for nitrate in range of 50e200mg L�1

15NO3
�-N. Nitrogen converted into 15N2-N accounted for 84.6%e

95.7% of the removed nitrogenwith only 0.15e0.39% being 15N2O-N.
In addition, the ammonia detected in the effluent accounted for
1.4e2.9% of the removal nitrogen. The abiotic chemical denitrifi-
cation by Fe0 possibly resulted in the by-product ammonium gen-
eration (Suzuki et al., 2012). However, the biological denitrification
predominated in the Fe0-driven autotrophic denitrification.

The measured sulfate generations were 205e735mg L�1, while
the theoretical sulfate production were 385e1497mg L�1 if the
different initial concentration of nitrate was removed by the sole
sulfur-based autotrophic denitrifiers. The sulfate generations were
decreased by 53.7e63.3% in the case of Fe0 addition. These results
further demonstrated that the integration of sulfur- and Fe0-based
autotrophic denitrification would provide a novel process for the
nitrate-contaminated water treatment to achieve nitrate removal
with the elimination of excess sulfate generation.
3.5. Biomass with the operation

In this study, VSS (Volatile Suspended Solids) was determined
with the operation, and Real-time PCRwas applied for investigating
and monitoring the quantity of DNA products of bacteria and
archaea in all the analyzed samples. Fig. S2 shows the biomass and
Real-time PCR results of the bacterial and archaea 16s rDNA copy
numbers during the whole operation. The VSS increased gradually
from0.22 to 0.68 g VSS/L with the operation, and tended to stabilize
in the range of 0.63e0.68 g VSS/L, showing a low sludge yield
compared with that of heterotrophic denitrification. The total
numbers of bacteria and archaea tended to increase in this reactor
between days 12 and 62. The 16s rDNA copies of bacteria and
archaea increased from 8.3� 1010 and 2.6� 108 to 39.5� 1010 and
11.3� 108 copies/g SS, respectively, indicating an increase of mi-
crobial biomass. The total number of bacteria and archaea remained
relatively stable from day 62 onwards. It was also notable that the
concentration of bacteria gene copies was two orders of magnitude
higher than archaea, implying that bacteria had a remarkable su-
periority over the archaea in microbial community.

3.6. Microbial community

In addition to the AnFB-MBR performance, the phylogenetic
analysis was utilized to describe the characteristics of the microbial
communities in the integrated sulfur- and Fe0-based autotrophic
denitrification reactor under the steady-state operation. For all
microbial samples, we obtained 59,227 high-quality 16S rRNA gene
sequences with an average length of 250 bps. As shown in Fig. 6, the
qualified readings selected from the predominant bacterial struc-
tures in the integrated systemwere illustrated at the phylum, class
and genus level when the influent NO3

�-N concentrations were 40,
100,150 and 200mg L�1, respectively.

At the phylum level, the culture was dominated by Proteobac-
teria, Acidobacteria, Firmicutes, Chloroflexi and Bacteroidetes, whose
sum of the sequence number made up over 90% of the total se-
quences, as shown in Fig. 7a. Proteobacteria was found to be the
largest phylum in the four samples (79.4%, 80.7%, 61.8% and 70.5%
for S40, S100, S150, and S200, respectively). At the class level, the
identified taxonomic classification of pyrosequences were eluci-
dated in Fig. 7b. Most of sequences in all the four samples belonged
to 10 classes, of which Betaproteobacteriawas the highest abundant
class with relative abundance of 63.9%, 58.3%, 44.7%, and 51.1%,
respectively, followed by Deltaproteobacteria, Epslionproteobacteria,
Gammaproteobacteria, Holophagae, Bacilli and Anaerolineae. The
genera level identification of the bacterial communities at different
influent NO3

�-N concentrations is illustrated in Fig. 7c. It was
obvious that the four samples have similar microbial composition
although the influent NO3

�-N concentration ranged from 40 to
200mg L�1. Thiobacillus was found to be the most predominant
genera, with the percentage of 63.9%, 58.3%, 44.7% and 51.1% in all
analyzed communities, respectively. The proportion of Sulfur-
imonas and Geothrix were the second and third highest at the
genera level with abundances ranging from 0.91% to 12.4% and
0.89%e11.0%, respectively.

The analysis at the genus level gives us a deeper comprehension
of microbial community structure and interaction mechanisms
under different operation conditions. In this integrated sulfur- and
Fe0-based autotrophic denitrification system, the bacterial se-
quences that have been classified mainly belonged to the genera of
Thiobacillus (44.7%e63.9%), Sulfurimonas (0.91%e12.4%) and Geo-
thrix (0.89%e11.0%). Thiobacillus was the most abundant genus,
accounting for the largest proportion of bacteria in all samples.
According to the previous studies, Thiobacillus, as a facultative
anaerobic and obligate chemical autotrophic bacterium, was



Fig. 5. Course of 15N-NO3
- consumption and 15N-NO2
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famous for its capacity to utilize sulfur as electron donor in the
autotrophic denitrification process (Beller et al., 2006; L. Zhang
et al., 2015b). Sulfurimonas, belonging to Epslionproteobacteria,
plays a vital role in sulfur oxidation (Campbell et al., 2006). Thio-
bacillus and Sulfurimonas which have the ability of reducing nitrate
to N2 and oxidizing sulfur element to sulfate were the most
commonly reported sulfur autotrophic denitrifying bacteria
(Koenig et al., 2005; Shao et al., 2010). In addition, Thiobacillus was
found to be also capable of anaerobic, nitrate-dependent Fe(II)
oxidation (Beller et al., 2013; Juncher Jørgensen et al., 2009; Straub
et al., 1996), implying that also Thiobacillus was possibly associated
with Fe0-oxidizing denitrification in this integrated system. Geo-
thrix was previously mentioned as chemoorganoheterotrophically
denitrifying bacterium in the sulfur-iron mixed bioreactor for the
removal of phosphorus and nitrogen (S. Wang et al., 2015) and
nitrate-reducing bacterium in an Fe0-based denitrifying system
(Zhang et al., 2010). It is expected that Geothrix as the third domi-
nant genera were likely to account for the Fe0-oxidizing denitrifi-
cation observed in the integrated system.

Linking microbial community structure to ecological function
has been considered to be an essential concern in bioreactors (Liu
et al., 2010). Clearly, it is concluded from the above experimental



Fig. 6. Taxonomic classification of pyrosequences from bacterial communities of S40, S100, S150 and S200 at the (A) phylum, (B) class, and (C) genus levels.
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results that the biological mechanism of microbial community
structure correspond with the operational advantages of the inte-
grated sulfur- and Fe0-based autotrophic denitrification in the
AnFB-MBR. It suggests that the reactor operation of the integrated
modes leads to the harmonious co-existence state between sulfur-
and Fe0-oxidizing denitrifying microbes, which may have
functional implications of the integrated system. In order to make
us gain a better understanding of the relationship between
ecological function and microbial community structure, further
researches are required on the different microbial communities
with the clearer changes of reactor performance in the integrated
sulfur- and Fe0-based denitrification system.
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4. Conclusion

In this work, it has been confirmed that the integrated sulfur-
and Fe0-based AD process could eliminate excess sulfate generation
and alkalinity requirement when reducing NO3

� to N2 effectively.
The AD process was carried out simultaneously by sulfur- and Fe0-
based autotrophic denitrifiers in the integrated system. The Fe0-
driven autotrophic denitrification shared a fraction of nitrate
removal, and thus mitigated sulfate generation. The alkalinity
consumption in the sulfur-oxidizing denitrification could be
compensated effectively by the alkalinity generated in the Fe0-
based denitrification. Our results indicated that the steady micro-
bial community structure was in good agreement with the per-
formance superiority of the integrated sulfur- and Fe0-based
autotrophic denitrification in the AnFB-MBR. The ecological in-
teractions between sulfur- and Fe0-oxidizing autotrophic de-
nitrifiers were addressed for complete NO3

� removal with the
control of SO4

2� generation and alkalinity consumption. On the basis
of the comprehension over the predominant microbial community
members and their functional roles in the integrated AD system,
this research provided a novel process for nitrate removal with
decrease of sulfate production and elimination of alkalinity
requirement.
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