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ABSTRACT
Anaerobic denitrification is accompanied by biogas emissions, which may orient greenhouse gases or air pollutants.
Ferrous iron play an important role in wastewater treatment. However, the effect of ferrous ion on biogas emission and the
relationship between microbial community and nitrogen removal performance are not fully understood, especially in upflow anaerobic sludge blanket (UASB) reactors. Here, the results revealed that nitrogen gas increased rapidly with Fe(II)
addition. And ferrous ions enhanced denitrification and COD removal efficiency with more than 60% and 10%,
respectively. Moreover, Ferrous ions addition evidently increased Hydrogenophaga, Methylotenera, Zoogloea and
Fluviicola during the whole UASB reactor operation progress. The correlation coefficient analysis further confirmed that
Fe(II) was positively correlated with the abundances of Hydrogenophaga, Methylotenera and Fluviicola. Based on these
results of chemicals transformation kinetics, microbial community and the correlations coefficient analysis, a hypothetical
mechanism is proposed: In the UASB system with Fe(II) and NH4+, firstly Paludibacter made a contribution to NH4+
oxidation and generated NO3–, and then Hydrogenophaga, played an important role in NO3– reduction, Zoogloea coupled
NO3– reduction to Fe(II) oxidation, Fluviicola combined with Methylotenera conducted NO2– reduction together with
Fe(II) oxidation. This study will improve our understanding of ferrous ion’s influence on biogas emission, denitrification
process and corresponding microbial community.
Keywords: Biogas emission; Nitrogen gas; Ferrous iron; Denitrification; Anaerobic reactors.

INTRODUCTION
Up-flow anaerobic sludge blanket (UASB) reactors are
commonly used in municipal wastewater treatment, because
the reactor with small occupied area, low sludge generation,
low cost of investment and maintenance (Powar et al., 2013).
The effluent of UASB reactor is required to meet the effluent
standards, especially in terms of nutrients. In general,
nitrogen removal via aerobic nitrification and anaerobic
denitrification by bacteria (Kartal et al., 2010). Generally,
nitrogen removal efficiency in UASB reactors does not
reach the requirement. In order to develop fast and effective
approaches for nitrogen removal, many investigations are
performed to unveil the influence of operational parameters
on nitrogen removal efficiency and microbial communities
(Kim et al., 2011; Reddy et al., 2017). Recently, more and
more research points to greenhouse gas emission and benefits
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of biogas electricity generation during anaerobic sludge
digestion (Yang et al., 2017; Gingerich and Mauter, 2018).
Iron is the most abundant transition metal element on
the earth (Kappler et al., 2005; Li et al., 2016), and it is also
the necessary trace element for microorganisms. In recent
years, it was found that iron strongly influence many
nutrients and contaminants removal performance and their
degradation products (Lalonde et al., 2012; Melton et al.,
2014). Ferrous iron could improve chemical oxygen demand
(COD) and nonbiodegradable contaminant removal efficiency
a stable level by adjusting redox potential. In addition, the
settle ability of microorganisms was also enhanced (Chen
et al., 2007; Vlyssides et al., 2009). However, previous
research has been concentrated on the physicochemical
changes of reactor for wastewater treatment after catalysts
addition (Li et al., 2017; Liu et al., 2017), but the influence
on biogas emission and its mechanism for microorganism
changes are not clear. As we known, many gases, such as
NOx, CO2 and CH4, are released to the atmosphere by
biological processes occurring in anaerobic environments
(Rajab et al., 2012). Considering their environmental effects,
it is important to investigate underlying mechanisms on these
biogas emissions.
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In this study, after the influences of ferrous iron on the
stability of COD and nitrogen removal efficiency were
evaluated, the roles of ferrous iron on biogas emission and
corresponding microbial community were investigated in
UASB reactor across different conditions. Then, potential
mechanisms were further proposed based on the observed
relationships among microorganisms, biogas emission and
ferrous iron.
MATERIALS AND METHODS
The UASB Reactor Set up and Operating Condition
The inoculum of UASB reactor was anaerobic sludge
obtained from the Wangtang municipal wastewater treatment
plant in Anhui province, China. The configuration of UASB
reactor was shown in Fig. 1, working volume was 4.5 L, the
operating temperature maintained at 35 ± 2°C by a constant
temperature chamber. The medium composition was
K2HPO4·3H2O 155 mg L–1, CaCl2 50 mg L–1, MgCl2·6H2O
100 mg L–1, FeCl2·4H2O 25 mg L–1, NaCl 10 mg L–1,
CoCl2·6H2O 5 mg L–1, MnCl2·4H2O 5 mg L–1, ACl3
2.5 mg L–1, (NH4)6Mo7O24 15 mg L–1, H3BO4 5 mg L–1,
NiCl2·6H2O 5 mg L–1, CuCl2·5H2O 5 mg L–1, ZnCl2
5 mg L–1, 2500 mg L–1 glucose was fed as carbon source,
the medium pH was adjusted to 6.8–7.2 with NaHCO3 or
hydrochloric acid. FeSO4·7H2O with 5 mM concentration
was added to the influent for one UASB reactor on Day19
until stop on Day 67 and then recovered Fe(II) addition on
Day 105. The other UASB reactor as the control system,
the influent composition was not changed during the whole
operation period without Fe(II) supplement. The whole

operating process of UASB reactor was divided four stages,
before Fe(II) addition period was named as Con; after Fe(II)
addition was named as AdF; Fe(II) addition stopped and pH
decreased to acid condition, this period was named as Aci;
Fe(II) addition was recovered period was named as Rev.
Chemical Analytical Methods
During the reactor operation, the concentration of COD,
Fe2+, Fe3+, NO3–, NO2–, NH4+ in influent and effluent were
measured daily. All chemicals were purchased from
Sigma-Aldrich (USA), and their analysis carried out in
accordance with standard methods (Clesceri et al., 2012).
Samples Liquid sample were sampled from different ports
and mixed with equal volume. And after centrifuged at
8500 rpm for 20 min, the samples were filtered with mixed
cellulose ester membrane (0.22 µm pore size) to remove
suspended solids (Liu et al., 2014). NO3– and NO2– were
analyzed with ion chromatography (Dionex ICS-90), ion
column was IonPac AS14A 4 × 250 mm, mobile phase was
the mixed liquid 8 mM Na2CO3 and 1 mM NaHCO3, the
flow rate was 1 mL min–1 NH4+ was measured with
spectrophotometry at 420 nm after a colorimetric reaction
with Nessler's reagent (Paul et al., 2007). The concentration
of Fe2+ was extracted with 0.5 M HCl and analyzed with
1,10-phenanthroline colorimetric assay as previously
described (Li et al., 2010).
DNA Extraction and High Throughput Sequencing
The DNA was extracted from the sludge in UASB using
a PowerWater™ DNA Isolation Kit (MO BIO Laboratories,
USA) according to the manufacturer's instructions.

Fig. 1. The configuration of up-flow anaerobic sludge blanket.
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Amplicon libraries were prepared as previously reported
(Fadrosh et al., 2014; Lax et al., 2014). Briefly, the V3-V4
hypervariable region of bacterial and archaeal 16S rRNA
genes was amplified using this primer pair 338F and 806R.
The
primer
sequences
are
5’ACTCCTACGGGAGGCAGCA-3’
and
5’GGACTACVSGGGTATCTAAT-3’,
respectively.
In
addition, a sample specific 12-bp barcode was added to the
reverse primer. According to a primer coverage test using
TestPrime 1.0 (Lee et al., 2011; Fadrosh et al., 2014), the
primers have high target coverage (> 90%). Polymerase
chain reaction (PCR) was conducted as follows: initial
denaturation at 95°C for 3 min; 30 cycles of denaturation at
94°C for 30 s, primer annealing at 61°C for 1 min, extension
at 72°C for 1 min; and a final extension at 72°C for 10 min.
Replicate amplicons were pooled for purification with an
AMPure®XP PCR purification kit (Agencourt Bioscience
Corp., Beverly, MA). The purified PCR products from
each sample and then sequencing on an Illumina HiSeq
2500 platform in the Beijing Genomics Institute in China.
Analysis of Sequencing Data
Raw data was firstly removed ambiguous bases, then
combined using the Flash software with default parameters
to obtain sequences (Magoc et al., 2013). The obtained
sequences were processed using the Quantitative Insights
Into Microbial Ecology (QIIME) software pipeline, to
remove chimeric and low-quality sequences and assign
sequences to individual samples (Caporaso et al., 2010).
Operational taxonomic units (OTUs) were identified with
97% similarity (Edgar, 2010), and the representative sequence
of each OTU was classified with Ribosomal Database Project
(RDP) database (Wang et al., 2007). The alpha diversity of
samples was also compared with Shannon index, Chao1
index, and Simpson index. The raw sequences of this study
have been deposited in Sequence Read Archive database,
the under deposited number was PRJNA347292.
Statistical Analysis
All the experiments in this study were conducted in
triplicate, and the results were showed as average value
added standard deviation. The correlation coefficients were
analyzed by SPSS 18.0. Values of P were determined using
Student’s t-test.
RESULTS AND DISCUSSION
Ferrous iron Enhanced COD Removal and Affected pH
of UASB Reactor
Two UASB reactors were set up to investigate the effect
of Fe(II) on COD removal performance. In control reactor,
the COD of influent was about 500 mg L–1, the COD of
effluent gradually increased from 70 mg L–1 to 250 mg L–1,
the COD removal efficiency decreased from 90% to 45%
and stabilized in this level (Fig. 2(A)), accompanied with
COD removal, the pH of effluent decreased from 7.5 to 4.5
(Fig. 2(B)). After 5 mM Fe(II) addition on Day 105, COD
removal efficiency gradually recovered to 90%. In experiment
reactor, the operating condition was same to control reactor
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(Con period), 5 mM Fe(II) was added on from Day 19 to Day
67 (AdF period), COD removal efficiency slightly increased
from 80% to 88% and the pH was stable before and after
Fe(II) addition (Figs. 2(C) and 2(D)). After 67 days, Fe(II)
no longer added and COD removal efficiency sharply
decreased from 88% to 45% companied with pH decreased
from 7.2 to 4.9 (Aci stage). Comparable to the results in Rev
stage, both the COD removal efficiency and pH gradually
increased when Fe(II) addition was recovered.
The operational and environmental variations influence
the typical responses include a decrease in performance,
the accumulation of volatile fatty acids, and a drop in the
pH and alkalinity in anaerobic wastewater treatment systems
(Leitão et al., 2006). In this study, the COD removal
efficiency declined to below 50% following the pH
decrease, especially since pH lower than 6. The lower pH
caused microbial activity inhibition and led to bad reactor
performance, which was similar to previous studies (Haandel,
1994). The pH could be an indicator of stability or the
COD removal efficiency of the UASB.
Ferrous ion could slightly improve COD removal
efficiency and maintain the stable reactor performance.
Importantly, UASB reactor with low COD removal
efficiency and acid pH condition could be recovered to
high COD removal performance and normal pH conditions. It
has been reported that Fe(II) addition significantly affect
reactor performance. Fe(II) addition was an effective method
to obtain a high removal rate of nitrobenzene in UASB
reactor (Chen et al., 2007). Increasing Fe(II) concentration
could decrease the specific activity of sludge granules in
UASB reactor (Yu et al., 2000).
Ferrous iron Affected Nitrogen Removal Performance
NO3–, NO2–, NH4+, Fe3+ and Fe2+ concentrations were
analyzed to explore the relationship between iron addition
and nitrogen removal performance in experiment reactor
(Fig. 3). The 5 mM Fe(II) in influent was partly oxidized
to Fe(III), the concentration of Fe(III) and Fe(II) in effluent
was about 3.5 mM and 1.5 mM, respectively. In this study,
the influent contained NH4+ and NO3– and NO2–, and NH4+
was the dominant component with concentration about
14 mM, NO3– concentration was less 2 mM and NO2–
concentration was less 1 mM. In effluent NH4+ concentration
was below 1 mM, when Fe2+ was added to influent, NO3–
and NO2– concentration was close to influent, almost all
the NH4+ was oxidized to NO2–and NO3– by nitrification
process, and then they were removed by denitrification. When
Fe2+ addition was stopped, NO3– and NO2– concentration
was higher than influent, almost all the NH4+ was removed,
but a part of NO2– (22%) and NO3– (61%) was failed to
remove by denitrification. Whether Fe(II) added or not the
NH4+ in effluent was no observed difference, this indicated
that Fe(II) addition does not affect nitrification, but
seriously affected denitrification.
The concentration of NO3– in effluent was about 6 mM,
after Fe(II) addition it decreased to 2 mM similar to the
influent level, when stopped Fe(II) addition, NO3– in effluent
gradually increased to 8 mM, Fe(II) was added again on
Day 105, and NO3– in effluent gradually decreased and
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recovered to the influent level. The effect of Fe(II) on
NO2– removal trend was similar to Fe(III). The bad NO3–

and NO2– removal performance was shown after Fe(II)
addition stopped, it was not only affected by Fe(II) but also

Fig. 2. Profiles of pH and COD removal efficiency with time in different UASB reactors. (A) and (B): control UASB
reactor without the addition of Fe(II); (C) and (D): UASB reactor with Fe(II) addition; the yellow vertical solid lines
represented the beginning of Fe(II) addition; the orange vertical solid lines represented the stop of Fe(II) addition; the box
represented the sample for high-through sequencing.
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Fig. 3. Concentration of (A) Fe3+ and Fe2+, (B) NO3–, (C) NO2– and (D) NH4+, in the UASB reactor. The yellow vertical solid
lines represented the beginning of Fe(II) addition; the orange vertical solid lines represented the stop of Fe(II) addition.
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related to the low pH, because no Fe(II) addition led to pH
decrease to below 6 from Day 89 to Day 105, the acid
condition was negative for microbial activity. These results
indicated that Fe(II) addition contributed to denitrification.
Ammonium in domestic wastewater was oxidized to
nitrite or nitrate via nitrification in aerobic condition, nitrite or
nitrate was reduced to nitrogen gas via denitrification in
anaerobic condition, and denitrification is usually regarded
as one of the determining steps of the nitrification–
denitrification process (Mac Conell et al., 2013; Wu et al.,
2016). The results revealed that NO3– and NO2– could be
rapidly reduced to nitrogen gas with Fe(II) addition, which
was consistent with previous study(Li et al., 2016). Ferrous
ions (Fe2+) are required for metalloenzymes such as
hydrogenases and ferredoxins. And Fe2+ ions are transported
by the FeoAB transporter encoded by genes implicated in
ferrous iron uptake (Kammler et al., 1993). The expression
feo operon was down-regulated under aerobic conditions
and up-regulated under anaerobic conditions through
transcription factors ArcA and FNR. Feo-mediated import
of Fe2+ promotes Fur-Fe2+ occupancy and contributes to
Fur regulation under anaerobic conditions (Beauchene et

al., 2017). Although many other hidden mechanisms warrant
further investigations, our results suggested that Fe(II)
addition is an effective method to improve nitrogen removal
efficiency and maintain the high reactor performance.
Ferrous iron Affected Microbial Community
To study the effect of Fe(II) on microbial community,
the samples of the experiment reactor were analyzed with
high throughput sequencing during four different periods,
samples were named as Con, AdF, Aci and Rev. The
sequence number of these samples were 22,593, 23,908,
26,222 and 23,656, respectively (Table 1). In total, 1412
OTUs were identified in the complete data set, and the
average OTUs number of each sample was 718. Over 98.7%
of the OTUs was assigned to a taxonomic group (phylum),
and over 89.5% was identified at the order level. The Shannon
index, ACE index and Chao index for Con sample tended
to be higher than other samples, which indicated that
bacteria diversity was most abundant in Con sample.
The dominant phyla in Con sample were Proteobacteria,
Bacteroidetes, Chloroflexi, Firmicutes and Verrucomicrobia
(Fig. 4). After the addition of Fe(II), Proteobacteria

Table 1. Summary of the 16S rRNA sequences, operational taxonomic units (OTUs), and microbial diversity indices for
all examined samples.
Sample
Con
AdF
Aci
Rev

Sequences number
22593
23908
26222
23656

OTUs number
807
635
756
677

Chao index
846
690
786
743

Shannon index
5.21
4.14
4.46
4.11

Simpson index
0.014
0.058
0.056
0.058

ACE index
905
676
825
704

Fig. 4. Relative abundances of microbial community for four samples in phylum level. the. Con: control UASB reactor;
AdF: UASB reactor with Fe(II) addition; Aci: UASB reactor under acid condition (pH < 6); Rev: UASB reactor recovered
from acid condition.
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increased from 32.77% to 47.33% and Firmicutes also
increased from 5.89% to 15.36%. Fe(II) could stimulate
Proteobacteria and Firmicutes increase, which was consistent
with previous studies investigating iron oxidation and
NO3– reduction (Coby et al., 2011; Melton et al., 2014; Li
et al., 2016). However, Chloroflexi sharply decreased from
18.86% to 1.36% after Fe(II) addition, which indicated that
Fe(II) may down-regulate Chloroflexi growth. These results
suggested that Fe(II) remarkably affected the microbial
community.
In the genus level, the dominant genera in Con sample
were Clostridium, Hydrogenophaga, Flavobacterium,
Prevotella, Achromobacter. After Fe(II) addition, the
relative abundances of Hydrogenophaga, Methylotenera,
Zoogloea and Fluviicola evidently increased, while the
relative abundances of Clostridium, Flavobacterium,
Prevotella, Achromobacter and Paludibacter, dramatically
decreased in AdF sample. When stopped Fe(II) addition,
the pH decreased below 6, the relative abundances of
Paludibacter, Zoogloea and Methylomonas notably increased
in Aci sample. When the pH of the reactor returned to the
range from 7 to 8, the relative abundances of
Hydrogenophaga, Methylotenera, Zoogloea and Fluviicola
increased again in Rev sample, which was similar to the
observations in AdF (Fig. 5). Interestingly, previous related
studies have documented that some denitrifying bacterial
strains with high nitrogen removal efficiency were isolated
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from biofilters and identified as Pseudomonas aeruginosa
and Chelatococcus daeguensis according to 16S rRNA gene
homology (Wu et al., 2013; Yang et al., 2013). The results
are not agreement with ours. This implies that different
strains may acquire similar functions through convergence
evolution.
Correlations between Chemicals and Abundances of
Genera
The composition of influent and pH significantly affected
the UASB reactor performance and stability by influencing
the bacterial community and diversity. Therefore, the
correlation coefficients between abundant genera and
chemicals reaction rate were analyzed (Table 2). The results
reconfirmed that the abundances of Hydrogenophaga,
Zoogloea, Fluviicola and Syntrophus positively correlated
with COD removal efficiency; the abundances of
Hydrogenophaga, Methylotenera and Fluviicola also
positively correlated with Fe(II); the abundances of
Paludibacter and Syntrophus were related to low pH
condition.
Paludibacter, Hydrogenophaga, Zoogloea, Fluviicola,
and Methylotenera were the dominant bacteria in the UASB
reactor with Fe(II) addition. When the pH was below 6 and
without addition of Fe(II), the relative abundances of
Paludibacter increased notably in Aci, which was in
accordance with a previous study and may result from that

Fig. 5. Relative abundances of microbial community for four samples in genus level. the. Con: control UASB reactor;
AdF: UASB reactor with Fe(II) addition; Aci: UASB reactor under acid condition (pH < 6); Rev: UASB reactor recovered
from acid condition.
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Zoogloea
0.81*
0.9*
0.93*
–0.86*
–0.14
0.04
0.44
Methylotenera
0.58
0.86*
0.93*
0.96*
–0.94*
–0.88*
–0.26
Treponema
–0.67
–0.7
–0.89*
–0.7
0.77
0.79
0.77

Longilinea
0.8
0.81*
0.65
0.63
–0.75
–0.81*
–0.36

Bacteroides
–0.24
–0.36
–0.84*
–0.91*
0.79
0.67
0.23

Cloacibacterium
0.88*
0.77
0.54
0.41
–0.54
–0.62
–0.46

Paludibacter produces many organic acids (Ueki et al.,
2006). Hydrogenophaga, an important bacterium for
denitrification, is an autotrophic facultative aerobe genus
that uses hydrogen as an electron donor, with the metabolites
of N2 and H2O, which was consistent with our results that
the NO3– concentration was decreased after the addition of
Fe(II) (Chen et al., 2013). Zoogloea has been previously
reported to have NO3– reduction and nitrogen-fixing
capabilities with Fe(II) oxidation (Shao et al., 2009;
Oosterkamp et al., 2011). Both Fluviicola and Methylotenera
have been proven to play roles in denitrification with
Fe(II) oxidation (Kalyuhznaya et al., 2009; GonzalezMartinez et al., 2016).
Based on the correlation coefficient analysis and known
function of dominant bacteria, the hypothetical mechanism
was proposed in Fig. 6. Firstly, Paludibacter made a great
contribution to nitrification utilizing COD to oxidize NH4+
and generated NO3–; secondly, Hydrogenophaga and
Zoogloea reduced NO3– to NO2– companied with Fe2+
oxidized to Fe3+; Fluviicola and Methylotenera reduced NO2–

Paludibacter
–0.96*
0.92*
0.85*
–0.66
–0.81*
0.51
0.91*
ClostriHydrogePrevodium
nophaga
tella
pH
–0.82*
–0.89*
0.81*
COD
–0.11
0.84*
0.19
Fe2+
–0.88
0.85*
–0.84*
Fe3+
–0.77
0.54
–0.55
NO3–
0.6
0.91*
0.34
0.45
–0.63
0.16
NO2–
0.44
–0.43
0.31
NH4+
* Correlation is significant at P < 0.05.

Table 2. Correlation coefficients between chemicals and abundance of genus.

Fluviicola
0.88*
0.89*
0.8
0.48
–0.79
–0.68
–0.41

Methylomonas
–0.82*
–0.77
–0.33
–0.26
0.46
0.6
0.23

Syntrophus
–0.96*
–0.92*
–0.56
–0.47
0.66
0.78
0.52

–0.83*
–0.78
–0.35
–0.28
0.48
0.62
0.34
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Fig. 6. A proposed mechanism of the accelerated biogas
production with Fe(II) addition by the dominant bacteria in
UASB reactor.
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to N2 with Fe2+ addition. Recently, it was documented that
maritime emissions have a notable influence on air pollution
over coastal areas, especially in summer (Ding et al., 2018).
Apart from VOC control, NOx control is also critical to
reduce peak ozone concentrations (Li et al., 2013). As
reported by Liu et al. (2017), our study may provide a hint
for the design and preparation of Fe catalysts for biologicallyderived NOx control.
CONCLUSION
This study investigated the roles of ferrous ion in UASB
reactor. Ferrous ion not only play an important role in
maintaining appropriate pH and stable reactor performance,
but also significantly influence biogas emission and
corresponding microbial community. The findings will
improve understanding the mechanisms of ferrous ions on
denitrification process and provide hints for biogas emission
management.
CONFLICT OF INTEREST
The authors have no conflict of interest.
ACKNOWLEDGEMENTS
This work was supported by the National Natural
Science Foundation of China (Grant Nos. 51578002 and
51378017).
REFERENCES
Beauchene, N.A., Mettert, E.L., Moore, L.J., KeleåŸ, S.,
Willey, E.R. and Kiley, P.J. (2017). O2 availability
impacts iron homeostasis in Escherichia coli. Proc. Natl.
Acad. Sci. U.S.A. 114: 12261–12266.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., Fierer, N., Peña, A.G.,
Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T.,
Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A.,
McDonald, D., Muegge, B.D., Pirrung, M., Reeder, J.,
Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann,
J., Yatsunenko, T., Zaneveld, J. and Knight, R. (2010).
QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 7: 335–336.
Chen, D., Wang, H.Y., Song, M., Yang, K. and Liu, C.
(2013). Study on hydrogen autotrophic denitrification of
bio-ceramic reactor. Environ. Sci. 34: 3986–3991.
Chen, L., Zhang, W., Chen, H. and Xia, S.Q. (2007). The
effect of Fe-0/Fe2+/Fe3+ on nitrobenzene degradation
in the anaerobic sludge. J. Hazard. Mater. 143: 57–64.
Clesceri, L., Greenberg, A.E. and Eaton, A.D. (2012).
Standard methods for examination of water and
wastewater. Am. J. Public Health Nations Health 4:
387–388.
Coby, A.J., Picardal, F., Shelobolina, E., Xu, H. and
Roden, E.E. (2011). Repeated anaerobic microbial redox
cycling of iron. Appl. Environ. Microbiol. 77: 6036–6042.
Ding, J., van der A, R.J., Mijling, B., Jalkanen, J.P.,

1501

Johansson, L. and Levelt, P.F. (2018). Maritime NOx
emissions over Chinese seas derived from satellite
observations. Geophys. Res. Lett. 45: 2031–2037.
Edgar, R.C. (2010). Search and clustering orders of
magnitude faster than BLAST. Bioinformatics 26: 2460–
2461.
Fadrosh, D.W., Bing, M., Gajer, P., Sengamalay, N., Ott,
S., Brotman, R.M. and Ravel, J. (2014). An improved
dual-indexing approach for multiplexed 16S rRNA gene
sequencing on the Illumina MiSeq platform. Microbiome
2: 6.
Gingerich, D.B. and Mauter, M.S. (2018). Air Emission
reduction benefits of biogas electricity generation at
municipal wastewater treatment plants. Environ. Sci.
Technol. 52: 1633–1643.
Gonzalez-Martinez, A., Rodriguez-Sanchez, A., GarciaRuiz, M.J., Muñoz-Palazon, B., Cortes-Lorenzo, C.,
Osorio, F. and Vahala, R. (2016). Performance and
bacterial community dynamics of a CANON bioreactor
acclimated from high to low operational temperatures.
Chem. Eng. J. 287: 557–567.
Haandel, A.C.V. (1994). Influence of the digested COD
concentration on the alkalinity requirement in anaerobic
digesters. Water Sci. Technol. 30: 23–34.
Kalyuhznaya, M.G., Martenshabbena, W., Wang, T.,
Hackett, M., Stolyar, S.M., Stahl, D.A., Lidstrom, M.E.
and Chistoserdova, L. (2009). Methylophilaceae link
methanol oxidation to denitrification in freshwater lake
sediment as suggested by stable isotope probing and pure
culture analysis. Environ. Microbiol. Rep. 1: 385–392.
Kammler, M., Schon, C. and Hantke, K. (1993).
Characterization of the ferrous iron uptake system of
Escherichia coli. J. Bacteriol. 175: 6212–6219.
Kappler, A., Schink, B. and Newman, D.K. (2005). Fe(III)
mineral formation and cell encrustation by the nitratedependent Fe(II)-oxidizer strain BoFeN1. Geobiology 3:
235–245.
Kartal, B., Kuenen, J.G. and Loosdrecht, M.C.M.V. (2010).
Sewage treatment with anammox. Science 328: 702–703.
Kim, Y.M., Cho, H.U., Lee, D.S., Park, D. and Park, J.M.
(2011). Influence of operational parameters on nitrogen
removal efficiency and microbial communities in a fullscale activated sludge process. Water Res. 45: 5785–5795.
Lalonde, K., Mucci, A., Ouellet, A. and Gélinas, Y. (2012).
Preservation of organic matter in sediments promoted by
iron. Nature 483: 198–200.
Lax, S., Smith, D.P., Hamptonmarcell, J., Owens, S.M.,
Handley, K.M., Scott, N.M., Gibbons, S.M., Larsen, P.,
Shogan, B.D. and Weiss, S. (2014). Longitudinal analysis
of microbial interaction between humans and the indoor
environment. Science 345: 1048–1052.
Lee, C.K., Barbier, B.A., Bottos, E.M., Mcdonald, I.R. and
Cary, S.C. (2011). The inter-valley soil comparative
survey: The ecology of dry valley edaphic microbial
communities. ISME J. 6: 1046–1057.
Leitão, R.C., Haandel, A.C.V., Zeeman, G. and Lettinga, G.
(2006). The effects of operational and environmental
variations on anaerobic wastewater treatment systems: A
review. Bioresour. Technol. 97: 1105–1118.

1502

Zhang et al., Aerosol and Air Quality Research, 18: 1493–1502, 2018

Li, F.B., Li, X.M., Zhou, S.G., Zhuang, L., Cao, F., Huang,
D.Y., Xu, W., Liu, T.X. and Feng, C.H. (2010).
Enhanced reductive dechlorination of DDT in an
anaerobic system of dissimilatory iron-reducing bacteria
and iron oxide. Environ. Pollut. 158: 1733–1740.
Li, Q., Liu, H., Chen, T., Chen, D., Zhang, C., Xu, B., Zhu,
C. and Jiang, Y. (2017). Characterization and SCR
performance of nano-structured iron-manganese oxides:
Effect of annealing temperature. Aerosol Air Qual. Res.
17: 2328–2337.
Li, X., Zhang, W., Liu, T., Chen, L., Chen, P. and Li, F.
(2016). Changes in the composition and diversity of
microbial communities during anaerobic nitrate reduction
and Fe(II) oxidation at circumneutral pH in paddy soil.
Soil Biol. Biochem. 94: 70–79.
Li, Y., Lau, A.K.H., Fung, J.C.H., Zheng, J. and Liu, S.
(2013). Importance of NOx control for peak ozone
reduction in the Pearl River Delta region. J. Geophys.
Res. 118: 9428–9443.
Liu, H., Zhang, Z., Li, Q., Chen, T., Zhang, C., Chen, D.,
Zhu, C. and Jiang, Y. (2017). Novel method for preparing
controllable nanoporous α-Fe2O3 and its reactivity to
SCR De-NOx. Aerosol Air Qual. Res. 17: 1898–1908.
Liu, T., Li, X., Zhang, W., Hu, M. and Li, F. (2014). Fe(III)
oxides accelerate microbial nitrate reduction and electricity
generation by Klebsiella pneumoniae L17. J. Colloid
Interface Sci. 423: 25–32.
Mac Conell, E.F., Almeida, P.G., Zerbini, A.M., Brandt,
E.M., Araújo, J.C. and Chernicharo, C.A. (2013). Diversity
and dynamics of ammonia-oxidizing bacterial communities
in a sponge-based trickling filter treating effluent from a
UASB reactor. Water Sci. Technol. 68: 650–657.
Magoc, T., Pabinger, S., Canzar, S., Liu, X., Qi, S., Puiu,
D., Tallon, L.J. and Salzberg, S.L. (2013). GAGE-B: An
evaluation of genome assemblers for bacterial organisms.
Bioinformatics 29: 1718–1725.
Melton, E.D., Swanner, E.D., Behrens, S., Schmidt, C. and
Kappler, A. (2014). The interplay of microbially mediated
and abiotic reactions in the biogeochemical Fe cycle.
Nat. Rev. Microbiol. 12: 797–808.
Oosterkamp, M.J., Mehboob, F., Schraa, G., Plugge, C.M.
and Stams, A.J. (2011). Nitrate and (per)chlorate reduction
pathways in (per)chlorate-reducing bacteria. Biochem.
Soc. Trans 39: 230–235.
Paul, T., Miller, P.L. and Strathmann, T.J. (2007). Visiblelight-Mediated TiO2 photocatalysis of fluoroquinolone
antibacterial agents. Environ. Sci. Technol. 41: 4720–
4727.
Powar, M.M., Kore, V.S., Kore, S.V. and Kulkarni, G.S.
(2013). Review on applications of uasb technology for
wastewater treatment. Int. J. Adv. Sci. Eng. Technol. 2:
122–133.
Rajab, J.M., MatJafri, M.Z. and Lim, H.S. (2012). Methane

interannual distribution over peninsular malaysia from
atmospheric infrared sounder data: 2003-2009. Aerosol
Air Qual. Res. 12: 1459–1466.
Reddy, Y.V.K., Adamala, S., Levlin, E.K. and Reddy, K.S.
(2017). Enhancing nitrogen removal efficiency of
domestic wastewater through increased total efficiency
in sewage treatment (ITEST) pilot plant in cold climatic
regions of Baltic Sea. Int. J. Sustainable Built Environ.
6: 351–358.
Shao, Y., Chung, B.S., Lee, S.S., Park, W., Lee, S.S and
Jeon, C.O. (2009). Zoogloea caeni sp. nov., a flocforming bacterium isolated from activated sludge. Int. J.
Syst. Evol. Microbiol. 59: 526–530.
Ueki, A., Akasaka, H., Suzuki, D., Hattori, S. and Ueki, K.
(2006). Xylanibacter oryzae gen. nov., sp. nov., a novel
strictly anaerobic, Gram-negative, xylanolytic bacterium
isolated from rice-plant residue in flooded rice-field soil
in Japan. Int. J. Syst. Evol. Microbiol. 56: 2215–2221.
Vlyssides, A., Barampouti, E.M. and Mai, S. (2009).
Influence of ferrous iron on the granularity of a UASB
reactor. Chem. Eng. J. 146: 49–56.
Wang, Q., Garrity, G.M., Tiedje, J.M. and Cole, J.R.
(2007). Naive Bayesian classifier for rapid assignment
of rRNA sequences into the new bacterial taxonomy.
Appl. Environ. Microbiol. 73: 5261–5267.
Wu, L.N., Liang, D.W., Xu, Y.Y., Liu, T., Peng, Y.Z. and
Zhang, J. (2016). A robust and cost-effective integrated
process for nitrogen and bio-refractory organics removal
from landfill leachate via short-cut nitrification, anaerobic
ammonium oxidation in tandem with electrochemical
oxidation. Bioresour. Technol. 212: 296–301.
Wu, Z., Huang, S., Yang, Y., Xu, F., Zhang, Y. and Jiang,
R. (2013). Isolation of an aerobic denitrifying bacterial
strain from a biofilter for removal of nitrogen oxide.
Aerosol Air Qual. Res. 13: 1126–1132.
Yang, W.B., Yuan, C.S., Chen, W.H., Yang, Y.H. and Hung,
C.H. (2017). Diurnal variation of greenhouse gas emission
from petrochemical wastewater treatment processes
using in-situ continuous monitoring system and the
associated effect on emission factor estimation. Aerosol
Air Qual. Res. 17: 2608–2623.
Yang, Y., Huang, S., Zhang, Y. and Xu, F. (2013). Field
applications for NOx removal from flue gas in a
biotrickling filter by chelatococcus daeguensis TAD1.
Aerosol Air Qual. Res. 13: 1824–1831.
Yu, H.Q., Fang, H.H.P. and Tay, J.H. (2000). Effects of
Fe(2+) on sludge granulation in upflow anaerobic sludge
blanket reactors. Water Sci. Technol. 41: 123–126.
Received for review, May 14, 2017
Revised, May 27, 2018
Accepted, May 28, 2018

