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A novel bacteria-supported iron scraps (BSIS) system was developed for nitrate removal from low carbon-

to-nitrogen ratio (C/N) wastewater. The system consisted of low-cost iron scraps and the accumulated

denitrifying-related bacteria enriched from an Fe-wastewater environment when the system was

operating. After operating for 39 d, the nitrate removal rate of the system increased to 73.55% within

24 h. The extraction of bacteria from the system revealed that iron scraps and bacteria had a synergistic

effect on nitrate removal and bacteria only took effect when cooperating with iron. Microbial analysis

using high-throughput sequencing showed that Hydrogenophaga, which is closely related to

hydrogenotrophic denitrification, became the dominant genus in the system. The system provides

a promising approach to the treatment of nitrate in low C/N wastewater and it has the potential for

large-scale application due to the low cost, simple operation and relatively high removal rate.
1. Introduction

Nitrogen-containing compounds, resulting from the extensive
use of fertilizers, immoderate industrial manufacture and
household activities, are the main causes of eutrophication and
pose a threat to both human and aquatic organisms. Nitrate can
cause methemoglobinemia (blue-baby syndrome)1,2 and
increase the risk of non-hodgkin's lymphoma and gastric
cancer;3 it may also cause abortion in pregnant women, fetal
malformation, coronary artery disease, ovarian cancer, hyper-
thyroidism, etc.4 Nitrate is a common pollutant in low C/N
sewage such as polluted surface water, groundwater, effluent
from sewage treatment plant and high nitrogen industrial
wastewater.

Traditional nitrate removal methods include biological
denitrication,5–7 ion exchange,8,9 osmosis,10,11 electrodial-
ysis,12,13 etc. The chemical and physical methods of ion
exchange, osmosis and electrodialysis have their drawbacks
such as high cost and energy consumption, which limit the
larger scale application.4 By contrast, biological denitrication
is ideal for practical application due to the high efficiency and
relatively low cost, thus becoming the most widely used tech-
nology in nitrate treatment. However, traditional biological
process such as heterotrophic denitrication, using organics as
my of Sciences, 7 Donghu South Road,

-mail: fangt@ihb.ac.cn

Beijing 100049, China

tion (ESI) available. See DOI:

hemistry 2019
the source of carbon and energy, has difficulties in disposing
nitrate in low C/N water. It's reported that low C/N (COD/TN < 3)
leads to incomplete denitrication and a minimum C/N ratio of
3.5–4.5 is needed for denitrication while 6–11 can get satis-
fying removal of nitrate.14–16 Adding extra organic matters such
as ethanol, methanol, sucrose, acetate and formate1 to enhance
heterotrophic denitrication may result in secondary pollution
and waste of resources.

As a promising alternative of heterotrophic denitrication,
autotrophic denitrication, using inorganic compounds
including hydrogen gas, ferrous iron and reduced sulfur
compounds as electron donor, is increasingly being studied in
recent years.17–23 Autotrophic denitrication especially
hydrogen-based one (hydrogenotrophic denitrication) is
desirable because of its nontoxicity and low biomass.24 During
the hydrogenotrophic denitrication process, hydrogen is used
by hydrogenotrophic denitrifying bacteria as electron donor,
and inorganic carbon, such as carbon dioxide and bicarbonate,
is used as carbon source. No extra organics are needed for the
removal of nitrate. In addition, hydrogenotrophic denitrifying
bacteria grow slowly and produce less biomass. Thus, the
problem of bacterial clogging can be avoided. Nevertheless,
providing the indispensable hydrogen directly to the reaction
system25,26 has the risk of explosion during the storage and
transportation. Producing hydrogen in situ by electrolyzing
water oen needs additional power supplies, which increases
the operational cost.

To solve these problems, many researchers have turned the
spotlight on the in situ production of hydrogen by anaerobic
corrosion of metallic iron.17,25,27–29 Among various forms of
RSC Adv., 2019, 9, 3285–3293 | 3285
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metallic iron, nanoscale iron has received much attention
because nanoscale zero-valent iron has a fast removal efficiency
due to its large specic surface area.30–32 However, the relatively
expensive cost hinders the large-scale application. Moreover,
powder-like iron nanoparticles tend to block the hole when
applying to the reaction tank. By contrast, iron scraps are
costless to acquire because iron scraps produced in the factory
are oen considered as useless materials and the large size of
iron scraps reduces the problem of holes blocking. However,
few studies have focused on the iron scraps, and the application
potential of iron scraps with denitrifying bacteria was neglected
before. In our study, we used iron scraps as hydrogen supplier
instead of nanoscale iron. Iron particles have been widely used
in permeable reactive barrier to remove contaminants from
contaminated groundwater in the United States. Some of iron
barriers have operated successfully for more than 10 years,
which further suggests that iron can be used in practical
engineering.33,34

To enhance the hydrogenotrophic denitrication and inte-
grate the iron-bacteria system, inoculations of specic bacteria
were needed in previous studies. Bacteria from sub-supercial
soil,35 iron(III)-reducing Geobacter sulfurreducens strain,36 She-
wanella oneidensis MR-1,37 Alcaligenes eutrophus30 and Para-
coccus denitricans17 have been reported before to combine with
iron for the nitrate removal. The removal efficiency and prac-
ticability of these systems need to be improved. Therefore, in
the present study, we used target wastewater (low C/N waste-
water from sewage treatment plant) to enrich microbial
consortium in the reaction system directly instead of adding
specic bacteria in order to lower the operating cost.

The low cost by recycling waste iron scraps and high effi-
ciency combining the physicochemical and biological effects
increase the feasibility for further massive use. Thus, nitrate
removal from low C/N wastewater can be achieved without
external carbon sources and electric power. It has been sug-
gested that the add of carbon materials may form the galvanic
cell and speed up the nitrate removal,27 so we also attempt to
use cokes and iron scraps together.

The objectives of this research were to (1) assess the removal
performance of the system, (2) analyze the effects of iron scraps,
cokes and bacteria on the removal of nitrate, (3) characterize the
microbial community in the system.

2. Materials and methods
2.1. Experimental setup and operation

2.1.1. Setup and operation of the system. Iron scraps with
97% purity were bought from Changpu Chemical Reagent Co.,
Ltd (Yangzhou, China). Cokes were bought from Hongshu
Environmental Protection Materials Co., Ltd (Henan, China).
Wastewater used in the experiment was the effluent from Erlang
Temple sewage treatment plant (Wuhan, China). The particle
size of iron scraps and cokes was 0.2–1 cm and 1–3 cm,
respectively.

Four systems were designed to test the removal efficiency: (a)
750 g iron scraps (Fe system); (b) 750 g iron scraps and 250 g
cokes (FeC system); (c) 250 g cokes (C system); (d) control group
3286 | RSC Adv., 2019, 9, 3285–3293
(involved no iron scraps or cokes). All groups were performed in
the 5 L beakers and 3 L wastewater was added. All the beakers
were covered with sealed bags to make anoxic conditions. The
dissolved oxygen was kept from 0.16 mg L�1 to 2.27 mg L�1

during the whole operation. During the process, the tempera-
ture ranged from 9.6 �C to 16.3 �C. All the experiments were
performed in triplicate to reduce experimental errors.

The experimental operation was divided into three periods.
The liquid in the system was only replaced by new wastewater at
the beginning of every period. The rst period and third period
were set to test the removal performance of the system and
ended with the complete removal of nitrate from the wastewater
added at the beginning of the period, while the in-between
second period, lasting for 20 days, was set to enhance
biomass accumulation on the surface of reaction substrates. At
the end of three periods, the nitrate concentration of waste-
water was set at 10 mg L�1 NO3

�-N to further test the nitrate
removal performance. The pollution factors of original waste-
water added at the beginning of three periods are listed in Table
1 and 10 mg L�1 NO3

�-N wastewater used aer the end of three
periods was prepared by adding KNO3 into the original
wastewater.

2.1.2. Extraction of bacteria. Aer nishing the operation
of the system, ironmixtures were put into 50 mL centrifuge tube
and 40 mL phosphate buffered saline (PBS, Hyclone, USA) was
added. Through vigorous shaking, bacteria attached to the
surface of iron mixtures were transferred to PBS, which was
then poured into 200 mL stock solution (detailed below) with 2
days cultivation as seed culture. Blank sterile solution was
prepared containing the same volume PBS and stock solution,
and had the identical operation as seed culture except for the
addition of iron mixtures. Stock solution included 20 mg L�1

NO3
�-N, 0.3 g L�1 NaHCO3 and 1 mL L�1 microelement

concentrated solution to provide nitrate, inorganic carbon and
support microbial growth.27 Microelement concentrated solu-
tion was prepared as described by Xing et al. with a little
modication: NaH2PO4$2H2O: 5 g L�1, CaCl2$2H2O: 8.18 g L�1,
MgSO4$7H2O: 1.9 g L�1, CoCl2$6H2O: 1.61 g L�1, FeSO4$7H2O:
1.5 g L�1, H3BO3: 0.15 g L�1, KI: 0.18 g L�1, ZnSO4$7H2O: 0.12 g
L�1, MnCl2$4H2O: 0.12 g L�1, CuSO4$5H2O: 0.03 g L�1 and
Na2MoO4$2H2O: 0.06 g L�1.27

To identify the effects of iron scraps, cokes and extractive
bacteria on the removal of nitrate, we designed seven groups as
follows: (A) 50 g iron scraps + 5 mL blank sterile solution (Fe
only); (B) 50 g iron scraps + 5 mL seed culture (Fe bacteria); (C)
50 g iron scraps and 25 g cokes + 5 mL blank sterile solution
(FeC only); (D) 50 g iron scraps and 25 g cokes + 5 mL seed
culture (FeC bacteria); (E) 25 g cokes + 5 mL blank sterile
solution (C only); (F) 25 g cokes + 5 mL seed culture (C bacteria);
(G) 5 mL seed culture (bacteria only) (To avoid the possible
inuences of the addition of 5 mL seed culture, those sterile
groups (A, C, E) were added 5 mL blank sterile solution). All
groups were performed in the 250 mL Erlenmeyer asks and
200 mL fresh stock solution was added. All the asks were
replenished nitrogen gas for 5 min and sealed to keep anoxic
conditions. All the experiments were performed in triplicate to
reduce experimental errors.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09091b


Table 1 Characteristics of the original wastewater (NO3
�-N, NO2

�-N, NH4
+-N, CODCr, permanganate index: mg L�1; operation time: d)

Operation time NO3
�-N NO2

�-N NH4
+-N CODCr

Permanganate
index pH

First period 17 4.52 0.05 5.16 25.09 5.61 7.50
Second period 20 2.83 0.06 5.51 24.60 4.95 7.45
Third period 2 3.87 0.17 3.46 22.12 4.11 7.23
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2.2. Analytical methods

Water samples were acquired at selected time intervals and
ltered through 0.45 mm membrane lters for analysis. The
concentrations of NO3

�-N, NO2
�-N, NH4

+-N, CODCr and
permanganate index were determined according to the stan-
dard methods (State Environmental Protection Administration,
China). Dissolved Oxygen was measured by Dissolved Oxygen
Meter (DO200, YSI, USA) and pH was measured by pH Meter
(FE20, METTLER TOLEDO, Switzerland). All the chemicals used
were analytical reagents.
2.3. Microbial analysis

Aer nishing the operation of the system, the substrates of the
Fe system, FeC system and C system were respectively put into
50 mL centrifuge tubes and 40 mL phosphate buffered saline
(PBS, Hyclone, USA) was added. Through vigorous shaking,
bacteria attached to the surface of substrates were transferred to
PBS. The liquid was then separated and centrifuged at 6000 rpm
to collect the bacteria precipitates. These samples were analyzed
by high-throughput sequencing. Microbial DNA was extracted
from samples using the Fast DNA®SPIN Kit for Soil (MP, USA).
Primers 338F (50-ACTCCTACGGGAGGCAGCAG-30) and 806R (50-
GGACTACHVGGGTWTCTAAT-30) were used for amplication by
thermocycler PCR system (GeneAmp 9700, ABI, USA). Puried
amplicons were sequenced on an Illumina MiSeq platform
(Illumina, San Diego, USA) according to the standard protocols
by Majorbio Bio-Pharm Technology Co., Ltd (Shanghai, China).
The raw reads are accessible at the NCBI Sequence Read Archive
(SRA) database (Accession Number: SRP155990). Operational
taxonomic units (OTUs) were clustered with 97% similarity
cutoff by UPARSE (version 7.1 http://drive5.com/uparse/).
3. Results and discussion
3.1. Nitrate removal performance of the system

The characteristics of wastewater shown in Table 1 indicated
that the C/N of wastewater was below 3 and thus it belonged to
low C/N wastewater. The system continuously operated for
about 39 days, with detailed operation time of three periods
listed in Table 1 and nitrate removal performance shown in
Fig. 1. Fig. 1(a) presents the variations of nitrate concentration
and removal efficiency during the rst period. In the rst three
days, nitrate removal rate was extremely low and showed no
obvious trend of growth in FeC system. Aer that, the removal
efficiency suddenly improved, increasing to 32.11% on Day 5,
and the following 4 days had the similar growth trend with
53.18% on Day 7 and 70.18% on Day 9, which indicated that the
This journal is © The Royal Society of Chemistry 2019
relatively stable removal happened in FeC system. Then the
increase of removal efficiency slowed down probably due to the
low residual nitrate in the system. Besides, slower rate may
result from the corrosion products of iron, which led to the
reduction of reactive sites. The abiotic reaction rate has been
reported to link with the reactive surface area of iron.38 The
nitrate removal efficiency nally increased to approximately
80.65% on Day 12 and 92.19% on Day 17. Meanwhile, nitrate
variation in Fe system had the similar trend as that in FeC
system. In Initial three days, the nitrate removal rate gradually
ascended at low speed. The rapid growth happened between
Day 3 and Day 5 with 50.60% on Day 5. Then the growth of
removal efficiency gradually became slow, arriving 85.81%
removal efficiency on Day 9, 92.94% on Day 12 and 99.21% on
Day 17. In the rst period, it took almost 17 days to remove
nitrate completely from wastewater in Fe system. The graph
shows that the removal rate of Fe system was a little higher than
that of FeC system during the rst period, which meant coke
may even impede the reaction in the rst period probably
because it could reduce the active sites by covering on the
surface of iron. By contrast, C system and control group showed
no distinct effects on the removal of nitrate. Nitrate may uc-
tuate a little during the operation, which led to the negative
nitrate removal rate in C system during 0–5 d. The uctuation
probably resulted from the complicated components and
microbial activities of wastewater. For instance, nitrogen-
containing compounds including nitrate, ammonium and
nitrite can convert to each other with specic microorganisms
under certain conditions.23,51 However, no signicant difference
among nitrate concentrations in C system during 0–5 d was
observed in our study (ANOVA: P > 0.05). Therefore, we suppose
the uctuation of nitrate was negligible.

To enhance biomass accumulation on the surface of reaction
substrates, the supernates of all the systems were replaced by
new wastewater and 20 days standing was performed in the
second period. Following the second period, great removal
efficiency occurred in the third period. As shown in Fig. 1(b),
both FeC system and Fe system witnessed large growth of rate.
The average removal efficiency of nitrate in FeC system and Fe
system on Day 1 was 58.45% and 58.42%, respectively. On Day 2,
those achieved 91.55% and 89.56%, suggesting the successful
establishment of the system. The careful comparison between
the rst period and third period revealed that the removal
efficiency dramatically increased aer the microbial enrich-
ment in the second period. In the rst period, Fe system and
FeC system achieved about 80% removal efficiency taking 9 days
and 12 days, respectively. However, both Fe system and FeC
system took only 2 days to gain approximately 90% removal
RSC Adv., 2019, 9, 3285–3293 | 3287
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Fig. 1 Removal performance of four systems (FeC, Fe, C and control) during the experimental operation. (a) Variations of NO3
�-N concentration

and removal efficiency during the first period; (b) variations of NO3
�-N concentration and removal efficiency during the third period.
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View Article Online
efficiency in the third period. In addition, the results led to the
conclusion that iron scrap was the one that worked while coke
didn't contribute to the removal of nitrate, which was consistent
with the results in the rst period.

The change of pH during the process was shown in Fig. S1.†
In the rst period, pH in all the systems ranged from 7.13 to
8.72 with slight increase, which was within the prescribed limit
(6 to 9) of environmental quality standards of China for surface
water. In the third period, pH increased from 7.23 to 8.83 in FeC
system and to 8.54 in Fe system. It's evident that pH of Fe
system and FeC system had more rapid growth than that of C
system and control group because denitrication is a process in
which the alkalinity is increasing as shown in eqn (3). Besides,
iron corrosion also contributed to the increase of pH, which was
also observed in previous study.17

At the end of operation, nitrate concentration was elevated to
approximately 10 mg L�1 to examine the removal effects in
Fig. 2 Variations of NO3
�-N concentration and removal efficiency in

FeC system and Fe system when initial NO3
�-N concentration was set

at 10 mg L�1.

3288 | RSC Adv., 2019, 9, 3285–3293
higher nitrate concentration condition (Fig. 2). The results
showed that nitrate removal efficiency increased to approxi-
mately 70% aer 24 h (1 day) operation with 67.01% in FeC
system and 73.55% in Fe system precisely.
3.2. Inuences of microorganisms

Seven groups were designed to investigate the effects of iron
scraps, cokes and extractive bacteria on nitrate removal. Fe
bacteria (or FeC bacteria) group included the physicochemical
and biological effects while Fe only (or FeC only) group excluded
the inuences of microorganisms. Fig. 3 shows that Fe bacteria
(or FeC bacteria) group had higher reaction rate than Fe only (or
FeC only) group while C only, C bacteria and bacteria only
groups didn't have removal ability. In initial two days, Fe
bacteria (or FeC bacteria) and Fe only (or FeC only) shared the
similar efficiency. However, efficiency greatly increased in Fe
bacteria (or FeC bacteria) group between Day 2 and Day 4 from
Fig. 3 Effects of iron scraps (Fe), cokes (C) and extractive bacteria on
nitrate removal.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09091b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 2
/3

/2
02

5 
4:

40
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
14.83% to 69.04% and from 17.56% to 73.73%, respectively.
Then on the following Day 6 the efficiency achieved 91.65% and
99.82%, indicating the completion of removal. Meanwhile,
efficiency of Fe only (or FeC only) group revealed relatively slow
and stable increase. Aer 6 days operation, the removal effi-
ciency of these two groups only climbed to 49.13% and 40.54%,
respectively. In this experiment, we further conrmed that coke
didn't have the distinct capacity to degrade nitrate both alone
and with iron scraps or bacteria. In particular, as shown in
Fig. 3, the results indicated that bacteria only promoted removal
when reacting with iron scraps. Furthermore, it turned out that
the BSIS system could apply to the organic-free circumstance as
no organics were added in this experiment. In conclusion, iron
scraps and bacteria extracted from previous system had syner-
gistic effect: removal rate of bacteria-supported iron scraps was
greater than that of iron scraps and bacteria apart.
3.3. Microbial community analysis

Samples of FeC system, Fe system and C system were collected
at the end of the operation process and analyzed by high-
throughput sequencing for further determination of the
microbial community. Rarefaction curves were shown in
Fig. S2.† As shown in Fig. 4(a), phylum Proteobacteria had the
highest relative abundance in all the samples at phylum level
with 75.97% in Fe system, 95.55% in FeC system and 88.23% in
C system. It's reported that most of denitrifying bacteria belong
to classes of a-proteobacteria, b-proteobacteria, and g-proteo-
bacteria.27 As shown in Fig. 4(b), b-proteobacteria was the
dominant class in three samples. The relative abundance of b-
proteobacteria in Fe system (43.58%) and in FeC system
(86.38%) was higher than that in C system (30.67%). By
contrast, relative abundance of g-proteobacteria in C system
(26.35%) was higher than that in Fe system (3.51%) and FeC
system (0.73%).

The community barplot analysis at genus level (Fig. 5(a))
shows that, Hydrogenophaga, which was dominant genus both
in Fe system (26.87%) and FeC system (84.34%), had little
percentage in C system with only 1.48%. In the heat map shown
Fig. 4 Community abundance at (a) phylum and (b) class levels in differ

This journal is © The Royal Society of Chemistry 2019
in Fig. 5(b), Fe system and FeC system were clustered together,
which meant that the microbial communities of these two
systems were similar and C system was different from two other
systems. The sharp distinction of abundance of Hydro-
genophaga between high-efficiency systems (Fe system and FeC
system) and inefficient system (C system), and leading position
of Hydrogenophaga in high-efficiency systems suggested that
Hydrogenophaga closely linked with the nitrate removal. In
addition, the abundance of Gemmobacter and Rhodobacter was
also relatively high in Fe system and FeC system compared with
C system. Meanwhile, the abundance of Pseudomonas, Thio-
bacillus, Nitrosomonas, Caulobacter and Bradyrhizobium in Fe
system and FeC system was signicantly less than that in C
system.

The abundance at OUT level, heat map and representative
OUT (matched with the data in GenBank of National Center for
Biotechnology Information) were shown in Fig. 6. OTU407 took
the lead in Fe system (22.52%) while OTU348 established
dominance in FeC system (79.32%). By contrast, the leading
OTU348 in FeC system only had 0.62% share in Fe system.
Similarly, OTU407 which was dominant in Fe system only had
3.49% distribution in FeC system. Although OTU407 and
OTU348 both belong to the genus Hydrogenophaga, combined
with results at genus level, the difference showed that the add of
cokes into the iron scraps system may change the dominant
species and increase the amount of genus Hydrogenophaga by
acting as biolm carriers though the effects on removal effi-
ciency was tiny in our jar experiment. Heat map at OTU level
also shows that OTU468 and OTU426 had high abundance in
FeC system and Fe system compared with C system, while the
amount of OTU195, OTU177, OTU196, OTU191, OTU190,
OTU194 and OTU253 was opposite.

It's reported that genus Hydrogenophaga is closely related to
the nitrate removal in previous studies. Hydrogenophaga are
slightly curved rods and can be chemoorganotrophic or che-
molithoautotrophic. When lacking of organics,Hydrogenophaga
can gain energy from the oxidation of hydrogen.39 Previous
study revealed that Hydrogenophaga can conduct heterotrophic
ent systems (FeC, Fe and C).

RSC Adv., 2019, 9, 3285–3293 | 3289
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Fig. 5 Microbial analysis at genus level in different systems (FeC, Fe and C). (a) Community abundance; (b) heat map of the community
abundance (the most dominant 20 genera).
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denitrication using nitrate as terminal electron acceptor for
the substitute for oxygen, and nitrate removal can only be
achieved by heterotrophic denitrication.39 However, in other
studies, there are different answers to the removal mechanism
of Hydrogenophaga, which claimed that, in addition to the
heterotrophic denitrication, Hydrogenophaga can also
contribute to the hydrogenotrophic denitrication.40,41 Iron
scraps and an activated carbon-based micro-electrolysis carrier
were developed to remove nitrate in low C/N water in previous
study.41 Aer 77 days operation, it turned out that Hydro-
genophaga greatly increased and became dominant genus in the
system. Zhang et al. employed a hollow ber membrane biolm
reactor to promote nitrate removal and suggested that Hydro-
genophaga probably plays an important role in hydro-
genotrophic denitrication.42 Xing et al. veried that the
removal of nitrate with Hydrogenophaga went well with or
without organics and Hydrogenophaga plays an important role
in hydrogenotrophic denitrication process in tertiary waste-
water treatment.24 A glass bead biolm reactor and H2 were
employed to remove nitrate and the investigation of the system
showed that an unculturable Hydrogenophaga sp. was dominant
in reactor.26 These experiment showed the capacity of Hydro-
genophaga to remove nitrate without organics, indicating that
Hydrogenophaga can carry out both heterotrophic denitrica-
tion and hydrogenotrophic denitrication.

3.4. Reaction process elucidation

In the rst period, the slow removal speed suggested that iron
abiotic reaction played a major role in nitrate degradation and
denitrifying bacteria was still in the adaptive phase. However,
aer 20 days microbial enrichment in the second period, the
removal performance greatly improved in the third period,
which indicated that both abiotic reaction of iron and biological
denitrication contributed to the nitrate removal in this period.
3290 | RSC Adv., 2019, 9, 3285–3293
Zero-valent iron alone has been used to remove nitrate in
previous studies. The abiotic reaction is illustrated in eqn
(1).25,30,38,43 As shown in the equation, the main product is NH4

+-
N, which is also an undesirable pollutant in water treatment.
Meanwhile, it's reported that iron corrodes in anaerobic
conditions according to eqn (2).17,25,27,30,44–47 During the corro-
sion of iron in anaerobic environment, hydrogen is produced.
Till et al. veried that pure culture of Paracoccus denitricans can
use the hydrogen produced as electron donor to remove nitrate
through autotrophic denitrication and the product was
innocuous gaseous nitrogen,17 which suggested that iron and
microorganisms can perfectly cooperate with each other. The
hydrogen produced by iron corrosion may also act as the energy
source for Hydrogenophaga, accounting for the large amount of
Hydrogenophaga in the system. In conclusion, hydrogen plays
a key role in hydrogenotrophic denitrication as electron donor
and nitrate is used as terminal electron acceptor by Hydro-
genophaga as described in eqn (3).25,46,48

NO3
� + 4Fe0 + 10H+ / NH4

+ + 4Fe2+ + 3H2O (1)

Fe0 + 2H2O / H2 + Fe2+ + 2OH� (2)

5H2 + 2NO3
� / N2 + 4H2O + 2OH� (3)

To acquire more harmless products, proper improvements
need to be made to reduce the production of NH4

+-N by
adjusting reaction parameters such as hydraulic retention time,
pH, iron concentration, microorganisms concentration, etc. It's
reported that extending the reaction time can reduce the
production of ammonia;49,50 the increase of pH in the system
caused by the iron corrosion and denitrication can be detri-
mental to the growth of useful microorganisms and thus boost
the chemical reaction rather than autotrophic denitrication,
resulting in more ammonium yield;46 the iron and
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Microbial analysis at OTU level in different systems (FeC, Fe and C). (a) Community abundance; (b) heat map of the community abundance
(the most dominant 20 OTUs); (c) description and Genbank match of the most dominant 20 OTUs.
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microorganisms are two key factors in the system and their
concentrations can directly determine the proportion of bio-
logical denitrication and chemical reaction. The statistically
signicant association was found between nitrogen species of
by-product and iron concentration38 and it turned out that
initial biomass also inuences the nal products.30

Besides, the mechanism has not been completely veried.
The role of Hydrogenophaga and the respective proportion of
abiotic reaction and hydrogenotrophic denitrication in BSIS
system should be further identied by isolation and purica-
tion of bacteria.
This journal is © The Royal Society of Chemistry 2019
4. Conclusions

The BSIS system was developed for the removal of nitrate from
low C/N wastewater. At the end of operation, the nitrate removal
efficiency achieved 73.55% within 24 hours and genus Hydro-
genophaga was dominant in the system. Iron scraps and
extractive bacteria had synergistic effect on the removal of
nitrate. Iron scraps, as one of the waste materials in the facto-
ries, are cost-effective to nitrate remediation for low C/N
wastewater. Overall, BSIS system is suitable for large-scale
application, and can be used in groundwater remediation and
RSC Adv., 2019, 9, 3285–3293 | 3291
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advanced treatment of effluent from sewage treatment plant to
solve the nitrate pollution in low C/N wastewater.
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