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Biodegradation of carbon tetrachloride from
groundwater in an upflow solid-phase biofilm

Benhua Liu, ©* Hao Zhan,? Xuchun Lu,? Yiran Liu,® Linxian Huang®

and Zhengrun Wei®

In the present study, an upflow solid-phase denitrification biofilm reactor (US-DBR) was applied for

simultaneous carbon tetrachloride (CT) and nitrate removal from groundwater by using poly(butylene
succinate) (PBS) as carbon source and biocarrier. After 80 days continuous operation, the nitrate and CT
removal efficiencies in the biofilm reactor were high of 98% and 94.3%, respectively. After PBS-biofilm

formation, protein (PN) content in loosely bound extracellular polymeric substances (LB-EPS) and tightly
bound EPS (TB-EPS) significantly increased 2.6 and 4.0 times higher in the presence of CT than those of
absence of CT, while PS increased 1.9 and 2.0 times higher. According to excitation-emission matrix
(EEM), CT exposure contributed to the increased fluorescent intensities of the aromatic PN-like and
tryptophan PN-like substances. Along with the height of US-DBR, the denitrification activity was inhibited

by the CT exposure, and most of CT was significant transformed accompanied by nitrate removal. Two

components of soluble microbial products (SMP) were identified, including humic-like substances for

component 1 and PN-like substances for component 2, respectively. It was found from high-throughput
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taxonomic assignments to CT exposure. Thiobacillus,
Hydrogenophaga were the main genus in the presence of CT at the proportion of 6.77%, 5.47%, 3.59%

DOI: 10.1039/c9ra08794j

rsc.li/rsc-advances and 3.17%, respectively.

1. Introduction

With the development of global economy, a wide range of
organic compounds are applied in chemical and industrial
production processes. As an important chlorinated organic
solvent, carbon tetrachloride (CT) has been widespread applied
as a pesticide, refrigerant, and aerosol propellant in chemical
industries." In the past decade, the improper disposal and
emission of CT has led to significant contamination in soil and
groundwater sites worldwide.> However, CT is difficult to be
eliminated in groundwater through self-purification, which is of
great concern as a significant environmental problem for
healthy drinking water.® The CT concentration in the Environ-
mental Protection Agency's (EPA) drinking water standard is
only 5 pg L.

In the recent years, many physicochemical methods have
been developed for CT treatment from groundwater, such as
sorption, air stripping, advanced oxidation and zero-valent iron
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16S rRNA gene sequencing analysis that significant differences were observed at genus level by

Thauera, Candidatus_Competibacter and

reduction etc.*® In comparation to physicochemical methods,
CT bioremediation under anoxic or anaerobic conditions is one
of high-efficiency and cost-effective methods for completely
transforming CT into harmless end products.” CT has been
anaerobic biotransformed under sulfate-reducing, methano-
genic, nitrate-reducing, iron-reducing, fermenting, and mixed
electron acceptor conditions.’ M. F. Azizian' et al. reported
that the simultaneous anaerobic transformation of tetra-
chloroethene (PCE) and CT in a continuous flow column that
was bioaugmented with the Evanite culture (EV). Additionally,
CT biodegradation under denitrification conditions is of
particular interest because of the simultaneous occurrence of
both CT and nitrate in groundwater."

However, groundwater has limited carbon source for bio-
logical denitrification to achieve simultaneous CT and nitrate
removal. Hence, liquid carbon sources, such as ethanol,
glucose, acetate, and methanol etc., is commonly applied to
denitrification for treating various nitrate containing wastewa-
ters, bringing in the problems of complex operation, high-cost,
and secondary pollution of effluent quality.”* As a novel type of
heterotrophic biological denitrification process, solid-phase
denitrification has been alternatively drawn researchers' atten-
tion for nitrate removal by using biodegradable polymers as
biofilm carrier and carbon source.*** Shen et al.*® reported the

This journal is © The Royal Society of Chemistry 2020
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biological denitrification using cross-linked starch/PCL blends
as solid carbon source and biofilm carrier, finding that more
than 90% NO; -N was removed with the denitrification rate at
26.86 mg NO; -N/(L h). Moreover, solid-phase denitrification
biofilm has more stability and toxicity degradation capacity
than that of sludge system. A number of studies has been
focused on CT biodegradation under nitrate reduction envi-
ronment. The occurrence of reductive transformations of CT in
groundwater is related to both the electron donor (acetate) and
electron acceptor (nitrate).”” Therefore, it is expected that the
simultaneous degradation of nitrate and CT in a solid-phase
denitrification reactor under an
However, little information could be found regarding to this
point.

Herein, the feasibility of simultaneous CT and nitrate treat-
ment in an upflow solid-phase denitrification biofilm reactor
(US-DBR) was investigated in the present study. To evaluate the
biofilm formation performance, the variations of loosely bound
extracellular polymeric substances (LB-EPS) and tightly bound
EPS (TB-EPS) were qualitatively and quantitatively analyzed in
the absence and presence of CT by using chemical and spec-
troscopic approaches. The production of soluble microbial
products (SMP) was evaluated under the steady stage of reactor
via excitation emission matrix (EEM) fluorescence spectroscopy
combined with parallel factor analysis (PARAFAC). The micro-
bial community in the absence and presence of CT in an US-
DBR were investigated by using 16S rDNA amplicon
sequencing. The obtained result could provide a novel approach
for simultaneous organic matter and nitrate treatment from
groundwater via biofilm system.

anoxic environment.

2. Methods and materials

2.1. Upflow solid-phase denitrification biofilm reactor

An upflow solid-phase denitrification biofilm reactor (US-DBR)
was used in the present study. The working volume of the
reactor was 3.46 L with the inner diameter and height of 7 and
90 cm, respectively. The US-DBR was filled with 80 cm PBS
granules as solid carbon source and biofilm carrier for simul-
taneous biological denitrification and CT degradation. The
diameter and height of each PBS carrier were 3 and 5 mm,
respectively. Influent groundwater was introduced from
a prepared water tank (60 L) into the bottom of the US-DBR
through a peristaltic pump. After each groundwater distribu-
tion, 10 minutes of nitrogen aeration was carried out to remove
the dissolved oxygen (DO) in the water tank, and the reactor was
kept in a state of anoxic condition during whole operation. The
reactor had a total of 9 sampling ports in every 10 cm height.
The hydraulic retention time (HRT) of the reactor was at 8 h
through controlling the influent water flow rate. The operation
of the whole reactor was controlled at room temperature (25-28
°C).

2.2. Groundwater quality and seed sludge

Seed sludge was obtained from an anoxic tank in a municipal
wastewater treatment plant (WWTP) with treatment capacity of
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50 000 m® d~'. The initial mixed liquor suspended solids
(MLSS) concentration in US-DBR was set at 3.0 ¢ L™ ". The main
compositions of the simulated groundwater for the influent of
US-DBR were as follows (mg L™"): NO; -N, 25 mg L', CT, 5 and
50 ug L. The influent pH value was adjusted to 7.5 by addition
of NaHCO3.

2.3. EPS and SMP extraction and analysis

Extracellular polymeric substance (EPS) and soluble microbial
product (SMP) are two kinds of microbial products that have
a significant correlation with microbial activity of biologically
based systems. Both types of EPS, LB-EPS and TB-EPS from PBS
biofilm, were extracted by using a two-step heat extraction
method as described elsewhere.’®* The SMP samples were
collected from each sampling port of the reactor by centrifu-
gation at 4000 rpm and filtrated at 0.45 um membrane filter."
3D-EEM was obtained by subsequent scanning excitation from
200 to 400 nm at 10 nm increments, and the emission wave-
length from 280 to 550 nm with a slit-width of 10 nm. PARAFAC
decomposed N-way arrays into N loading matrices was applied
for the further analysis of SMP fluorescence data, as similarly
reported by Yu et al.*

2.4. Analytical methods

NO, -N and NO; -N concentrations were determined by using
their standard methods.”* The polysaccharide (PS) and protein
(PN) content were determined by using anthrone-sulfuric acid
and modified Lowry methods with glucose and bovine serum
albumin (BSA) as the standard, respectively. 3D-EEM spectra
were characterized by using a Luminescence spectrometer (LS-
55, PerkinElmer Co., USA).

3. Results and discussion

3.1. Long-term performance of CT and nitrate removal from
US-DBR

According to the influent CT concentrations, three experimental
conditions (0, 5, 50 ug L™ " CT) were tested in the present study
to evaluate the simultaneous removal of nitrate and CT. Fig. 1A
shows the long-term performance of CT and nitrogen removal
in the US-DBR during the whole operation. In the absence of CT
(Stage I, days 1 to 29), the US-DBR expressed excellent nitrate
removal efficiency in the start-up days. Generally, solid-phase
heterotrophic denitrification process can be realized quickly
after inoculation of sludge, consistent with the literature re-
ported by Han et al®** The influent and effluent nitrate
concentrations were average at 28.3 and 0.48 mg L™, respec-
tively, resulting in the removal efficiency of nitrate was high of
98.3%. In the same time, the effluent nitrite concentration was
always at low level (below 2 mg L™'). After increasing the
influent CT concentration at 5 pg L™ " (Stage II, days 30 to 50),
a temporary fluctuation of effluent nitrate at 3.48 mg L™" was
observed at the beginning of Stage II and quickly recovered to
normal value (0.68 mg L~ " with 2 days). The result suggested the
CT addition had a certain influence on the activity of deni-
trifying bacteria in short exposure. After successive 80 days'
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Fig. 1 Long-term performance of CT and nitrogen removal in the US-DBR during the whole operation: (A) influent and effluent nitrogen

compounds; (B) CT removal efficiencies.

operation, seed sludge was successfully attached onto the PBS
surface and formed biofilm for more stable treatment effect.
Although the CT loading was stabilized at approximately 50 ug
L' (Stage III, days 51-80), the system remained in a good
denitrification performance with nitrate removal efficiency
higher than 98%, suggesting that the activity of denitrifying
bacteria was not affected by high concentration CT.

In order to gradually adapt to influent CT, the US-DBR
system was firstly performed under a low CT influent (Stage
I1, average at 4.5 pg L"), and the effluent CT was not detected
and CT removal efficiency reached almost 100% (Fig. 1B). At
Stage III, the PBS biofilm had been gradually applied to the toxic
environment of CT, and demonstrated good organic matter
removal performance under anoxic condition. After the adap-
tation stage, the influent and effluent CT concentrations were
average at 45.7 and 2.6 ug L™, respectively, suggesting the CT
was well removed under anoxic denitrification environment by
using solid carbon source as electronic donor. Takeuchi et al.*®
also investigated the anaerobic transformation of chlor-
ophenols in methanogenic sludge, suggesting that the chlorine
atom at the ortho-position was the most easily dechlorinated.
Several authors have also reported removals of other complex
chlorinated phenols under aerobic system.** For example, Wang
et al*® found aerobic granules could be successfully cultivated
in an SBR for 2,4-DCP biodegradation using a strategy involving
the addition of glucose as a co-substrate, resulting in 2,4-DCP
removal efficiency was high of 94%.

3.2. Changes in EPS for PBS-biofilm formation

As a complex high-molecular-weight mixture of polymers, the
presence of EPS plays an essential role for the formation and
stability of biofilm. Generally, EPS exhibits a dynamic double-
layer-like structure, which was composed of LB-EPS and TB-
EPS.”® It is necessary to investigate the composition and struc-
ture of EPS to understand the formation and operation char-
acteristics of biofilm. Fig. 2 shows the LB-EPS and TB-EPS
contents extracted from the biofilm in the whole operation of
the US-DBR in the absence and presence of CT. It was found
that PN and PS contents in TB-EPS in both biofilm samples were

7502 | RSC Adv, 2020, 10, 7500-7508

much higher than those of LB-EPS, suggesting that TB-EPS were
the main fraction of the extracellular organic matter for
microbial biofilm aggregation. After microorganism grown onto
PBS surface, the amount of EPS (sum of LB-EPS and TB-EPS)
increased from 16.1 to 46.4 mg ¢, implying EPS production
played a positive relation to the formation of biofilm, as simi-
larly reported by Czaczyk et al.>” Additionally, PN content in LB-
EPS and TB-EPS increased 2.6 and 4.0 times higher in the
presence of CT than those of absence of CT, while PS increased
1.9 and 2.0 times higher, suggesting that the biofilm secreted
more PN for self-protection against toxic CT substances. The
result implied that PN was more sensitive to the CT exposure
than that of PS, especially in TB-EPS. Similar observation of
increased EPS production after toxicity exposure has been well
reported in the previous literatures. Zheng et al.*® explored the
EPS property of sludge for treating 4-chlorophenol synthetic
wastewater in an SBR, suggesting that the compositions of PN,
PS and DNA increased with the injection of 4-CP during one SBR
circle. Miao et al.* reported the response of biofilm EPS to CuO
nanoparticle exposure, implying that more LB-EPS was
produced in wastewater biofilm exposed to CuO NPs with
a higher content of PN compared to PS.
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Fig.2 LB-EPS and TB-EPS contents extracted from the PBS biofilm in
the whole operation of the US-DBR in the absence and presence of
CT.
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Fig. 3 shows the EEM spectra of LB-EPS and TB-EPS from
biofilm in the absence and presence of CT. It was found from
Fig. 3 that two main peaks (A and B) were identified in LB-EPS
and TB-EPS at excitation/emission wavelengths (Ex/Em) of
290/347-351 and 220/347-360 nm, regardless of the absence
and presence of CT. The fluorescent peaks were assigned to
aromatic protein-like and tryptophan protein-like substances,
respectively.*® The fluorescent intensities of Peak A and Peak B
in TB-EPS were much higher than those of LB-EPS, suggesting
that protein was rich in TB-EPS. It was also found that Peak A
and Peak B expressed higher fluorescent intensities in PBS
biofilm in the presence of CT than those of in the absence of CT,
suggesting that CT contributed to the EPS secretion in the
toxicity exposure process. The fluorescent data were consistent
with the observation of chemical analysis. Wang et al.** also
evaluated that the responses of biofilm from moving bed bio-
film reactor to antibiotics exposure, suggesting that EPS could
serve as reservoirs for tested antibiotics, especially proteins
dominated the EPS-antibiotic interactions.

3.3. Variations of CT and nitrate compounds removal in one
typical cycle

Fig. 4 shows the variations of nitrogen compounds in the absence
(A), presence of CT (B), and CT concentrations (C) along with the
height of US-DBR. It is clearly observed that nitrate reduction
varied with the height of the sampling points in the PBS biofilm
reactor. In the absence of CT at day 15 (Fig. 4A), the NO; -N
concentration was significantly reduced from 28.0 to 11.5 mg L™"
by using solid carbon source in the first 10 cm. A temporary nitrite
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peak was observed at 10 cm height with the concentration of
8.9 mg L', and quickly reduced to 0.57 mg L™" in the 50 cm
weight. Most of nitrogen compounds were removed in the 50 cm
height of the US-DBR, suggesting that the denitrification activity
was high in the bottom of system. The result proved that PBS was
ideal carbon source and biofilm carrier for denitrification. Zhu
et al.** also evaluated the biological denitrification performance
using PBS as carbon source and biofilm carrier for recirculating
aquaculture system effluent treatment, finding that nitrite
concentration was maintained below 1 mg L™,

In comparison with absence of CT, the NO; -N concentra-
tion only decreased from 28.8 to 10.8 mg L™ in the first 20 cm
of reactor in the presence of CT (Fig. 4B), resulting in the NO; -
N removal rate was reduced approximately 28.5% than that of
control experiment. Besides, the influent NO; -N concentra-
tion was reduced to 0.78 mg L' at 70 cm of the reactor,
implying that the denitrification activity was inhibited by the CT
exposure. Although the nitrate removal efficiency was not
significantly decreased, the effluent NO, -N concentration of
the reactor was remained at 1.35 mg L™, suggesting that the
reactor still had good denitrification capacity. A similar trend of
toxicity on autotrophic and heterotrophic denitrification also
was observed in various bioreactors. Chen et al.** evaluated the
toxic effects of vanadium(v) on a combined autotrophic deni-
trification system using sulfur and hydrogen as electron donors,
finding that the nitrate removal efficiency decreased from
94.3% to 52.1% with the initial V(v) concentration increased
from 30 to 100 mg L™ ". Kiskira et al.** investigated the effect of
Cu, Ni and Zn on Fe(u)-driven autotrophic denitrification,
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Fig. 3 EEM spectra of LB-EPS and TB-EPS from biofilm in the absence and presence of CT: (A) LB-EPS and (B) TB-EPS in the absence of CT; (C)

LB-EPS and (D) TB-EPS in the presence of CT.
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Fig. 4 Variations of nitrogen compounds in the absence (A), presence of CT (B), and CT concentrations (C) along with the height of US-DBR.

suggesting that Cu was averagely the most inhibitory metal for
all the microbial cultures.

Fig. 4C shows the CT concentration and removal efficiency as
function of height in the reactor. The influent and effluent CT
concentration was found at 42.5 and 2.23 pug L' with the CT
total removal efficiency high of 94.8%. Correspondingly, it was
found that the CT removal efficiency was consisted of 85.1 and
9.6% in the first 10 cm and 20-90 cm, respectively. Based on the
above result, it can be concluded that most of CT was significant
transformed accompanied by the lowered nitrate concentration
under influent nitrate of 50 mg L' (Fig. 4B). A variety of
dechlorination processes may be also involved during the
degradation of CT by using unadapted sludge. Eekert et al.*®
investigated the degradation and CT in an unadapted meth-
anogenic granular sludge reactor, finding that dechlorination of
CT was carried out without prior adaptation and leaded to
nonhazardous products.

3.4. SMP production from US-DBR system at stable stage

As a myriad of soluble organic matter, SMP are produced by
mixed bacterial populations as results of microbial metabolism,
which are of significant importance for bioreactor effluent
quality and treatment efficiency in wastewater treatment
system.*® Fig. 5 shows the changes in EEM of SMP in US-DBR for
simultaneous CT and nitrate removal during stable operation at
different height conditions. According to Fig. 5A, two obvious
peaks, including Peak A and B, were observed at Ex/Em

7504 | RSC Adv, 2020, 10, 7500-7508

wavelengths of 280/350 and 340/440 nm, which were assigned to
tryptophan protein-like substances and humic-like substances,
respectively. Generally, the metabolism of microorganisms in
solid-phase denitrification system included three processes: CT
removal, biopolymer degradation and biological denitrification.
The fluorescent intensities of Peak A and B were much higher in
the first 30 cm of US-DBR than those of other height, suggesting
the higher microbial activity in the degradation of influent CT
and nitrate concentrations. There was a dramatic decrease of
the SMP intensities in the effluent, which may be caused by
a reduced microbial activity with the degradation of nitrate at
HRT of 8 h, leading to a lower SMP release from biofilm.

To deconvolute complex 3D-EEMs into independent fluo-
rescent components, PARAFAC method was used for quantita-
tive comparison of 3D-EEM samples for better understand the
microbial metabolism in CT and nitrate treatment process.*”
Fig. 6 shows the two components as well as fluorescence
intensity scores of SMP identified by PARAFAC based on EEM
spectra. According to core consistency, two components of SMP
identified by PARAFAC were suitable in the presence of CT. A
peak located at Ex/Em of 330/434.5 was found in component 1
(Fig. 6A), representing to the presence of humic-like substances,
whereas component 2 associated with PN-like substances at Ex/
Em of 280/345.5 (Fig. 6B). Similar two components was also
identified in the activated sludge process, which are usually the
major effluent from biological treatment process.*® According to
Fig. 6C, the fluorescence intensity scores of components 1 and 2

This journal is © The Royal Society of Chemistry 2020
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expressed similar tendencies in the US-DBR, and much higher
fluorescence intensity scores were observed at 30 cm height of
the system, meaning that the stronger microbial activity in this

This journal is © The Royal Society of Chemistry 2020

area. Humic-like substances and PN-like substances were also
regarded as non-biodegradable and biodegradable substances
in wastewater treatment process.*
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3.5. Bacterial community composition and shift

3.5.1 Bacterial community of biofilm in the absence and
presence of CT. The responses of microbial community of PBS
biofilm to CT exposure was introduced by using high-throughput
16S rRNA gene sequencing analysis. In total, the effective
sequences in the absence and presence of CT were classified as
1307 and 1242 operational taxonomic units (OTU), respectively.
The Good's coverages of the US-DBR in the absence and presence
of CT were 0.998 and 0.999, suggesting that the microbial diversity
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was covered by the obtained sequence libraries. The number of
OTUs for biofilm in the presence of CT was less than that of control
biofilm, suggesting that the CT exposure led to a decrease in
bacterial richness. Wang et al® observed the similar result of
microorganisms from moving bed biofilm reactor to antibiotics
exposure, implying that the biofilm in the absence of EPS was
more vulnerable to antibiotics. The bacterial diversity in terms of
Simpson and Shannon was higher in the absence of CT than the
presence of CT, suggesting that the addition of CT resulted in
a more prominent decrease in bacterial diversity.
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Fig. 7 Taxonomic compositions of microbial community in the absence and presence of CT at phylum (A), genus (B) level, and their function
prediction (C). (R1 and R2 for the absence of presence of CT, respectively).

7506 | RSC Adv, 2020, 10, 7500-7508

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08794j

Open Access Article. Published on 19 February 2020. Downloaded on 12/4/2025 4:23:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig. 7 shows the taxonomic compositions of microbial
community in the absence and presence of CT at phylum (A),
and genus (B) level and their function prediction (C). It was
found that significant differences were observed at two levels by
taxonomic assignments to CT exposure. Fig. 7A shows that
Proteobacteria, Bacteroidetes, and Firmicutes were the
predominant phylum in the biofilm in the absence of CT, with
respective relative abundances of 44.4%, 21.3% and 12.6%,
respectively, and changed to 63.4%, 10.6% and 1.6% in the
presence of CT. Proteobacteria and Bacteroidetes are typical for
the activated sludge process in wastewater treatment process,
responsible for biological nitrogen removal.** At genus level
(Fig. 7B), the prominent genus in the PBS biofilm samples in the
absence of CT were Desulfoprunum, Chlorobium, Hyphomi-
crobium at the proportion of 15.1%, 6.57% and 5.19%, whereas
in the presence of CT were Thiobacillus, Thauera, Candida-
tus_Competibacter, Hydrogenophaga at the proportion of 6.77%,
5.47%, 3.59% and 3.17%, respectively. The abundancy of
Desulfoprunum significantly declined from 15.1% to 1.35% in
response to CT exposure, which was possibly attributed to
presence of CT exposure. Yu et al.*® found that Thiobacillus
could utilize poised electrodes directly as sole electron donors
for autotrophic denitrification in bioelectrochemical systems. It
is well accepted that Thauera as the predominant genus has the
ability to heterotrophically reduce nitrate or nitrite in the
denitrification reactor.**

4. Conclusions

In summary, CT and nitrate were simultaneously removed from
groundwater in an US-DBR by using PBS as carbon source and
biocarrier. After biofilm stable operation, nitrate and CT
removal efficiencies were high of 98% and 94.3%, respectively.
The main compositions of LB-EPS and TB-EPS, including PS
and PN contents, significantly increased to the CT exposure and
biofilm formation. Microbial analysis suggested that Thio-
bacillus, Thauera, Candidatus_Competibacter, Hydrogenophaga
were dominant genus in the denitrification reactor. The ob-
tained result could provide novel information for the simulta-
neous CT and nitrate removal from groundwater under anoxic
environment.
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