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Abstract

BACKGROUND: Nitrate-contaminated water is a concerning environmental and health problem in agricultural areas. Due to its
low organic carbon content, such water cannot be purified using a conventional bioreactor with heterotrophic denitrification.
Low-cost bio-electrochemical reactors were established with the aim of enhancing denitrification performance by cooperation
of heterotrophic and hydrogenotrophic denitrification.

RESULTS: At the lowest C/N ratio of 1.0, the bioreactor reached only 67.4% for NOs-N removal and 47.5% for total N removal
(total N removal rate of ca 1.2 mg L™" h™"), whereas the Cu reactor (bio-electrochemical reactor using copper wire as cathode)
achieved the best efficiencies of 73.7% and 53.8% for NO,-N and total N removal (total N removal rate of ca 1.3 mg L™ h™"),and
followed by the SS reactor (bio-electrochemical reactor using stainless steel wire as cathode). On the other hand, the greatest
total organic carbon (TOC) removal efficiency was observed for the bioreactor and followed by the SS reactor and the Cu reac-
tor. The low TOC consumption of 1.2-1.4 mg-TOC (mg-N)~" in the Cu reactor and the SS reactor indicated the enhanced deni-
trification from coexisting hydrogenotrophic denitrification. In addition, the performance of hydrogenotrophic denitrification
was improved by increasing the applied current from 10 to 30 mA.

CONCLUSIONS: The abundance of autotrophic denitrifying bacteria (identified as hydrogenotrophs) was higher than that of
heterotrophic denitrifying bacteria in both the Cu reactor and the SS reactor. Archromobacter and Flavobacterium were the
most dominant genera in the biofilm of the Cu reactor cathode and in the suspended sludge, respectively. Hydrogenophaga
were detected in both biomass samples, but were absent from the biomass samples of the conventional bioreactor.
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INTRODUCTION

Nitrate contamination in groundwater is one of the most important
environmental issues in many countries such as Thailand, India,
China and Vietnam."™ This nitrate contamination results from an
extreme use of chemical fertilizer in agricultural areas, an excessive
application of nitrogen in agro-livestock farming and a daily
manure discharge.®® The consumption of nitrate-contaminated
water leads to health hazards such as blue baby syndrome in
infants and blue-gray discoloration of the skin in adults. The World
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Health Organization has recommended that nitrate (NO5-N) and
nitrite (NO-N) in drinking water should not exceed 11.3 and
1.0 mg L™, respectively. However, a high nitrate level of approxi-
mately 21.9 + 183 mg L™ was detected in rural groundwater in
Yantai, China’ and a wide nitrate range from 0.1 to 325.1 mg L™
was observed in groundwater of agro-livestock farming in Korea.”

Pump-and-treat technology becomes a key process to improve
the groundwater quality to meet drinking water standards.
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Hydrogenotrophic denitrification has been recommended for
groundwater treatment in recent years. This process can remove
nitrate efficiently under limited organic carbon such as groundwater
resource; hydrogen gas (H,) functions as electron donor while assim-
ilating inorganic carbon (i.e. CO,) provides an energy source for
microbial activity. In addition, the metabolism in this process gener-
ates less excess biomass than conventional heterotrophic denitrifica-
tion. In a typical hydrogenotrophic denitrification system, gaseous
hydrogen is generated through a high-pressure hydrogen tank®
and hydrogen generator.® Hydrogen gas is nontoxic but its low water
solubility, ranging only from 05 to 1.6 mg L™",'% is the main concem
for researchers and engineers in developing an efficient hydrogen-
driven denitrification system to improve groundwater quality.

In the literature, a biofilm system is one type of economic nitrogen
and organic carbon removal process’’'; nitrogen is efficiently
removed together with electricity production.'™'® Similarly, a bio-
electrochemical system or biofilm-electrode system, a combination
of biological and electrochemical technologies, has been developed
for small water treatment systems. Inert substances including plati-
num, graphite, gold and stainless steel are used as electrodes. Gaseous
hydrogen is generated through water hydrolysis reaction (Egn (1)) at
the cathode, whereas anode oxidation reaction takes place at graphite
(Egn (2)). Then the produced H; and CO, are consumed through
hydrogenotrophic denitrification. Various microbial genera from the
Proteobacteria phylum have been reported as hydrogenotrophs such
as Thauera, Hydrogenophaga and Rhodocyclaceae.” A high abundance
of Pseudomonas capable of autotrophic and heterotrophic denitrifica-
tion was detected in a bio-electrochemically assisted nitrate removal
system.'” The synergy between heterotrophic denitrification, widely
used in nitrate removal processes and requiring high organic content,
and hydrogenotrophic (autotrophic) denitrification is believed to be
the key to a high and stable nitrate removal performance for
limited-organic groundwater.

2H,0+2e"=H,+20H (M
C+2H,0-C0O, +4H* +e~ (2)

In the study reported here, a simple, functional and economical
bio-electrochemical reactor was established for treating nitrate-
contaminated water. The performances of two reactors using
low-cost copper wire and stainless steel wire as a cathode were
compared. Graphite plate was used as an anode for both reactors.
Nitrate-contaminated groundwater commonly contains low
organic carbon; therefore the reactors were started to operate at
a sufficient organic condition (C/N ratio of 2) and then the organic
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Figure 1. Schematic of bio-electrochemical reactor.

content was decreased to groundwater levels of C/N ratios of 1.5
and 1. Meanwhile, the applied current was increased stepwise
from 10 to 30 mA to contribute the enhancing hydrogenotrophic
denitrification. The microbial community was also clarified. The
results would be valuable for further development of small-scale
groundwater treatment in nitrate-contaminated areas.

METHODOLOGY

Experimental apparatus

Two bio-electrochemical reactors with a working volume of 1.4 L and
low-cost electrodes were established: one reactor used a copper wire
as cathode (named Cu reactor) and the other reactor used a stainless
steel wire as cathode (named SS reactor). The wires (30 cm x 0.1 cm
diameter submerged area) were spirally covered on a graphite plate
(7.5 cm x 8 cm x 1 cm submerged area) as anode. The water surface
was covered by small plastic beads to avoid oxygen transfer across the
air-water interface. A conventional bioreactor without electrodes and
applied current (named bioreactor) was set up as a control reactor
which allowed only heterotrophic denitrification to occur.

Microorganism preparation

Active sludge was collected from an activated sludge treatment
plant at Wang Tong Hospital (Phitsanulok province, Thailand).
The sludge was of a dark brown color and had good settleability.
The sludge was acclimatized in a feed-batch mode under anaero-
bic condition until achieving >90% nitrate removal. The nitrate-
contaminated water of 20 + 2 mg L™" was prepared by mixing
0.121 £ 0003gL™" NaNO;, 0227 +0005gL™" CH,COO-
Na-3H,0 and 0.018 + 0.001 g L™" KH,PO,. During acclimatization,
the in situ dissolved oxygen (DO) was low (<0.5 mg L.

Operation method

An amount of 100 mL of acclimatized sludge was added into each of
the Cu reactor, SS reactor and bioreactor. The reactors were operated
under continuous mode; the contaminated water influent was con-
tinuously fed to the reactors, while the effluent simultaneously over-
flowed from the reactors (hydraulic retention time was ca 8 h). In
phase 1, the IN ratio was decreased stepwise from 2.0 to 1.5 to
1.0 to investigate the effect of /N ratio on nitrate removal and activ-
ity of denitrifying bacteria. The effect of applied current on denitrifi-
cation performance and microbial activity was evaluated in phase
2 by increasing the applied current from 10 to 20 to 30 mA (the cur-
rent densities were approximately 0.08, 0.16 and 024 mA cm™2,
respectively). The in situ DO was measured and kept low
(<0.5 mg L™"). A schematic of the bio-electrochemical reactors and
the bioreactor is shown in Fig. 1. The experimental conditions and
chemicals used in contaminated water are summarized in Table 1.

Morphology and element characterization

The copper wire and stainless steel wire cathodes were analyzed
in terms of morphology and elemental composition at the end
of the experiment through scanning electron microscopy and
energy dispersive X-ray spectrometry (SEM-EDS; Le0o1455VP) at
an accelerating voltage of 20 kV.

Microbial characterization

The biomass including biofilm on cathode and suspended sludge
was collected at the end of the experiment. The population den-
sity of autotrophic denitrification bacteria and heterotrophic deni-
trification bacteria was determined using serial dilution plating
assay on selective agar media. Later, genomic DNA was extracted from
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Table 1. Experimental conditions
Phase Reactor Cathode Anode Applied current (mA) C/N ratio
1 Bio-electrochemical reactor (Cu reactor) Copper wire Graphite plate 100 + 0.1 20°
158
1.0°
Bio-electrochemical reactor (SS reactor) Stainless steel wire Graphite plate 10.0 + 0.1 2.0°
15°
10°
Control reactor (bioreactor) — — — 20°
15°
1.0°
2 Bio-electrochemical reactor (Cu reactor) Copper wire Graphite plate 100 + 0.1 1.0¢
200 + 0.1
3004 0.1
Bio-electrochemical reactor (SS reactor) Stainless steel wire Graphite plate 10.0 + 0.1 1.0
200 + 0.1
300+ 01
? Chemicals used (g L™"):0.121 + 0.003 NaNO;, 0.227 + 0.005 CH;COONa-3H,0 and 0.018 + 0.001 KH,PO,.
® Chemicals used (g L™"): 0.121 + 0.003 NaNO;, 0.170 + 0.004 CH,COONa-H,0 and 0.018 + 0.001 of KH,PO,.
¢ Chemicals used (g L™"): 0.121 + 0.003 NaNOQ,, 0.113 + 0.003 CH;COONa-3H,0 and 0.018 + 0.001 KH,PO,.

system. Amplification of V3 and V4 region of 165 ribosomal DNA gene

20
— : : (a) was performed by PCR using standard IUPAC nucleotide nomencla-
} | ; ture. The protocol targeting of this region was PCR forward primer: 5’
% sd A NO,-N : : TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG-
E e NO.-N ! : CAG and PCR reverse primer. 5 GTCTCGTGGGCTCGGAGATGTG
= ’ i : TATAAGAGACAGGACTACHVGGGTATCTAATCC.
o i ]
E O CNmio=20 | ONmto-13 4 C/Nratio= 1.0
E Cument=10mA | Cument=10mA ; Curreat = 10 mA Analysis method
E i Water samples were collected daily and analyzed for pH, DO,
&) 59 : ; " oWy %8 A, gh nitrate (NO3-N), nitrite (NO,-N), ammonium (NH4-N) and total
: oR= 20, Cai® e organic carbon (TOC). The pH and DO were determined using a
s . g pH meter (Eutech Instruments) and a DO meter (CyberScan DO
[ERE2232334323SFRLITILSEEE TN = i 110 model). In addition, ion interactions with chemicals were
0 > 10 15 D"’. 25 0 % 4 dependent on the prevailing environmental conditions such as
- " pH.'® The TOC was measured with a TOC analyzer (Analytikjena,
0000000,00000, 4000440000 (b) multi N/C 2100s). NH4-N, NO5>-N and NO5-N were determined in
; : ' accordance with the standard methods for the examination of
1 NoNremoval | 1 te,e e * water and wastewater.'® The denitrification performance was
o TR ' e ey Te? measured as NO;-N removal and total nitrogen (total N) removal
- e Total N removal ! 1 ® . .
T ; - e as in Eqns (3) and (4):
ol H H ® % *“e
2 : :
é : :
40 - ! : NO;—=N
= p——— ' : : — NOs;—N removal efficiency (%) = 1—@ %100
/N ratio = 2.0 | CNmfo=15 | CNmtio=1.0 [NO3-N],
Current = 10 mA ! Curent=10mA | Current = 10 mA inflient
M : : 3)
Total N removal efficiency (%)
[ S— - S — :
0 5 10 15 20 25 30 35 40 _ (1 [NO;_N] effluent + [No;] effluent 5 [NH:Jeﬁiuent) %100
Dn . = o
d [NOS —N] influent
Figure 2. (a) Effluent concentration and (b) removal efficiency of Cu reac- 4
tor under different C/N ratios. (4)

. _ [TOC]effluent
0.2 g of biomass using Nucleospin® DNA tool (Macherey-nagel, Ger- TOCremenal afficlency (h) = (1_[TOC]mMnt w
many). DNA quantification was carried out using nanodrop. Sequencing

was performed by Macrogen Inc. (South Korea) with an lllumina MiSeq
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Table 2. Summary of NOs-N, total N and TOC removal efficiency at various operating conditions

N0

N15

ON20

Total N
remaoval (%)

NO,-N
remaoval (%)

TOC
remaval (%)

cansumption
(mg-TOC/mg-N)

Total N
removal (%)

NO;-N

removal (%)

TOC

removal (%)

TOC consumption

Total N
removal (%)

NO,-N

removal (%)

TOC

TOC consumption
remaval (%)

Applied
current (mA)

(mg-TOCU/mg-N)

(mg-TOC/mg-N)

Reactor

538+ 115
597 +48
60.1 +45
526 + 161

737 +87
805+37

650+03
500+12

12
08
0.7

975+ 04 966+ 0.5

733+ 04

972+ 06

80.0+ 04 974 + 05

1.7

10
20
30
10

Cureactor

809+ 39

400+13

14 750+ 06 672 +

976+ 09 9%68+14

800+ 0.7

12

976+ 15

979 %1

85.0+ 0.1

1.7

SS reactor

125
764 + 3.1

580139

700+ 05

20

574438
475+ 107

500+ 0.5 767 + 32
674+ 107

B850+ 08

0.9

30

1.7 - -

807+ 37

18 925+ 06 998 + 0.3 998 + 0.3 1.7 930+ 03 93119

10

Bioreactor

RESULTS AND DISCUSSION

Comparison of denitrification performance under various
C/N ratios

The three reactors were operated to treat nitrate-contaminated
water containing different C/N ratios to investigate the effect of
the C/N ratio on nitrate removal and activity of denitrifying bacte-
ria. The Cu reactor and SS reactor were operated at a constant
10 mA to contribute to water hydrolysis and graphite oxidation
at the electrodes. The reactions mentioned above induced hydro-
genotrophic denitrification to remove the contaminating NOs-N.
From the results in Fig. 2 and Table 2, the Cu reactor achieved high
NOs-N and total N removal efficiencies of approximately 97% at
C/N ratios of 2.0 and 1.5. The low effluent NOs-N and NO,-N of
ca 0.5 and ca 0.1 mg L™ revealed that the contaminating NO3-N
was biologically removed through denitrification, possibly by het-
erotrophic and hydrogenotrophic processes. Similarly, a efficient
denitrification performance of 97-98% was observed for the SS
reactor (Fig. 3 and Table 2). At the lowest C/N ratio of 1.0, the best
denitrification performance was found for the Cu reactor, fol-
lowed by the SS reactor and the bioreactor, respectively (Figs 2-
4; results summarized in Table 2). Without the applied current in
the bioreactor, the contaminating NOs-N was removed
through only heterotrophic denitrification; the conventional
mechanism is presented in Eqn (6).2° Therefore, the bioreactor
results revealed that heterotrophic denitrification alone could
not efficiently remove NOs-N at a low organic content, espe-
cially at C¢/N ratios of 1.5 and 1.0. In comparison, the combina-
tion of heterotrophic and hydrogenotrophic denitrification
led to better NOs-N and total N removal efficiencies for both
Cu reactor and SS reactor. The results show that the activity of
hydrogenotrophic denitrification was able to be enhanced at
low organic content. The mechanism of hydrogenotrophic
denitrification is explained in Eqn (7).2' Furthermore, the total
N removal rate reached a maximum of ca 24 mg L™" h™" ata
C/N ratio of 2.0, and later reduced to ca 1.3 mgL™' h™" at a
C/N ratio of 1.0 in the Cu reactor and SS reactor (ca
1.2mg L™" h™" in the bioreactor).

NO3;~ +1.08CH;OH+H" —0.46N, +0,76C0; +2.44H,0 +0,065CsH; 03N

(6)
H; +0.35NO; ™ +0.35H # +0.05C0;—0.17N;+1.10H;0+0.01CsH;0,N
7)

From Fig. 2(a), at a C/N ratio of 1.0, similar NO3-N and NO,-N
concentrations, ranging from 4 to 5 mg L™, remained in the Cu
reactor effluent. However, a higher NO5-N of ca 6.3 mg L™ was
significantly observed in the SS reactor effluent than NO,-N of
ca 2.8 mg L™ (Fig. 3(a)). Therefore, the different electrode mate-
rials had significant impacts on electrochemical reactions, H, gen-
eration and consequently denitrification performance. In this
study, using copper wire and graphite plate as electrodes in the
bio-electrochemical reactor led to a higher hydrogenotrophic
denitrification performance than using stainless steel wire and
graphite plate as electrodes, However, the denitrification perfor-
mance of the Cu reactor and the SS reactor sharply dropped dur-
ing days 25-30, especially that of the SS reactor. We hypothesized
that the dissolved H, was insufficient to promote the effective
hydrogenotrophic denitrification. Therefore, increasing currents
were applied to the Cu reactor and SS reactor in the next
experiments.
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Figure 3. (a) Effluent concentration and (b) removal efficiency of SS reac-
tor under different C/N ratios.

Comparison of denitrification performance under various
applied currents

The Cu and SS reactors were continuously operated under
increasing applied currents to improve the denitrification perfor-
mance by enhancing hydrogenotrophic denitrification (Figs 5
and 6). In the Cu reactor, the NOs-N and total N removal was
slightly raised from 73.7% and 53.8% at 10 mA to ca 81% and ca
60% at higher currents of 20 and 30 mA. Partial denitrification still
occurred; the effluent ratio of NO,-N/NO;-N was approximately
1.1. Similar results were observed for the SS reactor; a maximal
removal of ca 76% for NO5-N and ca 58% for total N was reached
at both 20 and 30 mA, and the effluent ratio of NO,-N/NOs-N was
nearly 1.0. In terms of the total N removal rate, it was
14-15mg L™ h™" at an applied current of 30 mA for the Cu reactor
and SS reactor. In comparison, the total N removal rate was similar to
that of a moving bed biofilm reactor of 1.4 mg L™' h™",'® and lower
than a traditional biofilm reactor of 4.3 mg L' h™"."* In addition, no
NH4-N was observed during the experiments, indicating that no
NH.-N reduction occurred at the cathode. As reported previously,'*
excessive free ammonia (>10 mg L™") caused the inhibition of a bio-
film reactor for pilot-scale nitrogen removal.

In the two bio-electrochemical reactors, the microorganisms
(i.e. hydrogenotrophs) formed a biofilm on the cathode, generat-
ing H, from water hydrolysis reaction. Surface fracture and chem-
ical composition of the copper wire with biofilm were analyzed, as
presented in Fig. 7. According to the average of three points, its
elements consisted of C, 28; Mg, 27; P, 9; K, 0.5; Ca, 28 wt%. The
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Figure 4. (a) Effluent concentration and (b) removal efficiency of bioreac-
tor under different C/N ratios.

abundant C element implied active microorganisms. The small
amounts of P and K elements were from the chemicals used dur-
ing contaminated water preparation. In addition, Mg and Ca were
from water hardness. Since tap water containing approximately
100 mg L™ as CaCO; of hardness was used for synthesizing the
contaminated water, the hardness including Mg and Ca was
chemically precipitated on the copper wire. The CO, produced
from anode was dissolved in the water and generated 05>
according to Egns (8) and (9). The chemical precipitation from
water hardness is represented in Eqns (10)-(12).2 Therefore, the
water hardness is another concerning factor for a bio-
electrochemical reactor when used for actual contaminated
water.

CO,+H,0—-HCO;™ +H* (8)
HCO5™ +OH™—C032+H,0 9
Ca®* +C03>"—CaCOys (10)

Mg?* +C03%~»MgCO;y) (1)

Ca** (Mg**) +C0;*~—Ca(Mg)COs(s (12)

Although the bio-electrochemical reactors developed in this
study could not effectively remove the NOs-N and NO,-N, the
reactor performance can be enhanced by improving reactor
designs, electrode material and arrangement as well as regular
electrode replacement to avoid the negative effects from
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Figure 5. (a) Effluent concentration and (b) removal efficiency of Cu reac-
tor under different applied currents.

chemical deposits on the cathode. Moreover, the combination of
anammox and denitrification is another solution to enhance the
nitrogen removal efficiency.?

Organic carbon consumption for denitrification

In a comparison of various C/N ratios, the reactors achieved the
maximal TOC removal efficiency at a C/N ratio of 2.0 (Fig. 8(a)).
This was because heterotrophic denitrification occurred mostly
at a sufficient organic carbon condition. Meanwhile, the TOC
removal was decreased at the lower organic contents from inhib-
ited heterotrophic denitrification and together with enhanced
hydrogenotrophic denitrification. Among the three reactors, the
highest TOC removal efficiency was in the bioreactor, followed
by the SS reactor and the Cu reactor, respectively. It should be
noted that the low TOC removal efficiency in the Cu reactor
(i.e. 65% at a C/N ratio of 1.0) did not mean it had a poor perfor-
mance. On the other hand, the Cu reactor exhibited the best
cooperation of heterotrophic denitrification and hydrogeno-
trophic denitrification. In addition, the hydrogenotrophic denitri-
fication in the Cu reactor could be improved by increasing the
applied current, as indicated by the lowest TOC removal of 40%
at an applied current of 30 mA (Fig. 8(b)).

The TOC consumption was calculated and the results are pre-
sented in Table 2. The TOC consumption was approximately
1.7-1.8 in the bioreactor and 1.1-1.7 in the Cu reactor and SS reac-
tor. The low TOC consumption in the Cu reactor and SS reactor
resulted from cooperating hydrogenotrophs and heterotrophs
for denitrification. However, performance was inhibited at the
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Figure 6. (a) Effluent concentration and (b) removal efficiency of S5 reac-
tor under different applied currents.

lowest C/N ratio used in this study, because chemical deposit
(i.e. CaCO3, MgCO; and Ca(Mg)CO;) accumulated on the cathode
surface and prevented H, release into solution. When the applied
current was increased in the Cu reactor and SS reactor, the TOC
consumption value was gradually decreased to 0.7-0.9 due to
the enhancement of hydrogenotrophic denitrification. It should
be noted that nitrate removal from contaminated water contain-
ing low organic content is priority rather than organic carbon
removal.

Enumeration of denitrifying bacteria

Denitrifying bacteria are common observed in a limited oxygen
environment and reported as extreme-conditions-tolerating bac-
teria.?*** The number of denitrifying bacteria including autotro-
phic (i.e. hydrogenotrophic) and heterotrophic denitrifying
bacteria were measured after phase 2 of various applied currents.
Autotrophic denitrifying bacteria and heterotrophic denitrifying
bacteria in biofilm from the Cu reactor cathode and SS reactor
cathode and in suspended sludge appeared during reactor oper-
ation. Table 3 presents the CFU values, with autotrophic denitrify-
ing bacteria in the biofilm being calculated as 6.7 x 10° CFU mL™’
in the Cu reactor and 7.7 x 10° CFU mL™" in the SS reactor. Auto-
trophic denitrifying bacteria were more abundant than heterotro-
phic denitrifying bacteria in both reactors, implying that
hydrogenotrophs dominated denitrification process in the bio-
film. In comparison, the amount of autotrophic denitrifying bacte-
ria in the biofilm was larger than that in the suspended sludge.
The explanation was that the H, generated at the cathode was
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Figure 7. SEM-EDS images of copper wire.

significantly consumed by autotrophic denitrifying bacteria at the
biofilm. The small volume of H, was released into the solution and
later consumed by autotrophic denitrifying bacteria in the sus-
pended sludge. In addition, the chemical deposit at the cathode
possibly reduced gaseous H, transfer. The greater numbers of
autotrophs and heterotrophs in the Cu reactor could explain
why this reactor had a better denitrification performance than
the SS reactor under low C/N ratio.

The microbial community at the biofilm and in the suspended
sludge of the Cu reactor was identified at phylum and genus
levels using 165 rDNA gene amplicon sequencing (Fig. 9). Proteo-
bacteria was the dominant phylum in the biofilm, accounting for
over 90% of the population; the rest was classified as Actinobac-
teria. The bacterial community in the suspended sludge mainly
consisted of Proteobacteria and Bacteriodetes, each accounting
for about 40% of the population. The rest of this community
was Actinobacteria and Verrucomicrobia. In comparison, the
active sludge from the conventional bioreactor had the most
diverse bacterial community. Similar to the suspended sludge,
this community was dominated by Proteobacteria and Bacterio-
detes, together with an observable level of Actinobacteria. Unlike
the suspended sludge, Verrucomicrobia was absent but Ignavi-
bacteriae, Chloroflexi and Firmiticutes were present. Over 20%
sequence reads of this community cannot be assigned to any
known bacterial phylum. Numerous bacterial phyla have been
identified as heterotrophs and play a dominant role in nitrogen
removal under aerobic and anaerobic conditions, such as Proteo-
bacteria, Firmicutes, Bacteroidetes, Chloroflexi, Acidobacteria,
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Figure 8. (a) Average TOC removal efficiency (influent TOC; C/N 2.5 = 40
+2mgl™, /N 15=30+15mgL™" and (/N 1.0 =20+1mgL™").
(b) TOC removal efficiency as a function of applied current.

Actinobacteria and Gemmatimonadetes.”® Significantly, hetero-
trophic denitrifying bacteria are tolerant and commonly found
in various environments including soil, river, sediment and active
sludge in treatment plants®” which was a seed sludge source in
this study.

Therelative abundance of the bacterial community at the genus
level for the Cu reactor is shown in Fig. 9(b). Hydrogenophaga,
Thermomonas, Gammobacter and Nocardia were found in both
biofilm and suspended sludge. Relative abundance of Hydrogeno-
phaga was higher in the biofilm (6.7%) than in the suspended
sludge (3.5%). This observation is in agreement with previous
reports that Hygrogenophaga is always found in denitrification
systems and carries out hydrogenotrophic denitrification.®?%2°
On the contrary, Thermomonas was less abundant in the biofilm
(1.9%) than in the suspended sludge (11.9%). This genus is related
to heterotrophic denitrification and tends to become more abun-
dant when more organic carbon is available.?® Genus Nocadia is
defined as hydrogen-oxidizing bacteria, having the ability to uti-
lize gaseous hydrogen as electron donor with oxygen as electron
acceptor and to fix carbon dioxide.*°

Archromobacter was absent from both suspended sludge and
active sludge but accounted for nearly half (44.7%) of the biofilm
bacterial community. Previous work identified functional genes
such as nitrite reductase (nirS), nitric oxide reductase (gnorB)
and nitrous oxide reductase (nosZ) in Archomobacter, implying
its oxygen-tolerant denitrification potential.>' Flavobacterium
made up 33% and 17.4% of the bacterial community in the sus-
pended sludge and active sludge, respectively. This genus
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Table 3. Most probable number count for autotrophic and heterotrophic denitrifying bacteria

Autotrophic denitrifying bacteria

Heterotrophic denitrifying bacteria

Average number

Average number

Sample Dilution of colony (CFU) CFUmL™ Dilution of colony (CFU) CFUmL™
Cu reactor: biofilm 10~ 66 6.7x10° 107 52 5.2 x 10°
Cu reactor: suspended sludge 1073 138 14 % 10° 107 88 8.8 x 10°
SS reactor: biofilm 1072 77 7.7 x 10° 107 67 6.7 x 10°
SS reactor: suspended sludge 1072 157 1.6 % 10° 1072 21 21%10°
- CONCLUSIONS
Unknown (a) The bio-electrochemical reactors (i.e. Cu reactor and SS reactor)
ER could improve the NOs-N and total N removal efficiency com-
pared with the conventional bioreactor for limited-organic-
Chloroflexi z carbon water. Hydrogenotrophic denitrification was an important
mechanism in the Cu reactor and SS reactor at a low (/N ratio. This
. ;: led to high removal efficiencies of NOs-N and total N being

Verrucomicrobia

Bacteroidetes

Actinobacteria

Proteobacteria

Biofilm

Suspended sludge  Active sludge

" Unknown [
Brevundimenas
Thauera
Lewinella
Trinickia
Thermehalobacter
Phenylobacterum
Melkiorbacter
Defluvimonas
Steroidobacter
Temimonas
Collimonas
Chryseobacterium 90
Ignavibacterum
Caldilinea
Comamenas
Pedobacter
Sulfuncurvum B 10
Pseudoxanthomenas A
Pseudomonas Q
Brevifollis
Flavobacterium
Thermomenas
Amingcbacter
Gemmobacter
Sphingesinicella
Rhizobium
Hydrogenophaga
Nocardia
Achromobacter

8

Biofilm Suspended Sludge  Active Sludge

X

Figure 9. Abundance of bacterial community at (a) phylum and (b) genus
levels; biofilm of Cu reactor, suspended sludge of Cu reactor and active
sludge of bioreactor.

contributes to sludge granulation and nitrite production in a par-
tial denitrification system.*? The hydrogenotrophic and heterotro-
phic denitrification bacteria coexisted in either biofilm or
suspended sludge of the Cu reactor. It is likely that the synergistic
interaction between hydrogenotrophs and heterotrophs in the
bio-electrochemical reactor caused the enhancement of denitrifi-
cation performance. Further studies of actual contaminated water
and wastewater treatment as well as microbial analysis
(i.e. coexisting anammox bacteria'®*?) are necessary to under-
stand the reactor mechanisms and limitations.

observed, whereas the TOC removal efficiency was decreased:
73.7% for NO5-N, 53.8% for total N and 65.0% for TOC in the Cu
reactor operating at a C/N ratio of 1.0 and an applied current of
10 mA. Meanwhile, hydrogenotrophic denitrification was
enhanced on increasing the applied current: 80.9% for NO;-N,
60.1% for total N and 40.0% for TOC in the Cu reactor operating
at a C/N ratio of 1.0 and an applied current of 30 mA. However,
water hardness affected chemical deposition at the cathode,
reducing gaseous H, generation for hydrogenotrophic denitrifica-
tion. Comparing the electrode materials, the Cu reactor using cop-
per wire as cathode provided better denitrification performance
and greater bacterial number than the SS reactor using stainless
steel wire as cathode. For microbial analysis, autotrophic denitrify-
ing bacteria (i.e. hydrogenotrophs) were more abundant in the
biofilm covering on the cathode than in the suspended sludge.
Further studies are needed to improve the denitrification perfor-
mance of the Cu reactor and SS reactor as well as application to
actual water and wastewater containing high nitrogen levels,
such as contaminated groundwater and agro-livestock wastewa-
ter in rural areas of Vietnam.
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