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ABSTRACT

To investigate the performance of cooperating heterotrophic denitrification (HD) with
anaerobic ammonium oxidation (ANAMMOX) in removing nitrate and aniline simulta-
neously from organic limitation combined contamination groundwater, batch cultures, and
flow column experiments were constructed. The two experimental results showed that it was
feasible to remove nitrogen and carbon simultaneously by indigenous HD and ANAMMOX
bacteria existing ubiquitously in groundwater aquifer medium, and the cooperation effect
was significant. Batch cultures results demonstrated that high nitrate, aniline, and COD
removal efficiency (over 79.0, 96.6, and 69.6%) were achieved at selected C/N of 0.3, 0.46,
and 091 conditions, and the maximum activities of HD and ANAMMOX reached to
25.22mg/(d), 5.54mg/(d]), and 7.06 mg/(d-]) after 150 days inoculation. As such, nitrate,
aniline, and COD removal efficiency were equal to 99.8, 99.9, and 89.5% in continuous flow
column with nitrate 1,000 mg L~! and aniline 50 mg L~!. The variations of NO;-N, NH;-N,
pH, and EC could indicate HD and ANAMMOX coupling characteristics accurately. More-
over, carbon source utilization efficiency was dramatically improved by the synergetic effect
of HD and ANAMMOX, as ANAMMOX could use CO, and other inorganic carbon pro-
duced by HD process, which confirmed its great potential and feasibility to develop energy-
saving and high efficiency in situ technology in the remediation of complex polluted ground-
water.
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1. Introduction

Throughout the world, groundwater resource is
used extensively as a source of drinking water [1,2].
In China, about 70% of the populations rely on
groundwater for their drinking water and therefore
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groundwater plays a leading role in assuring drinking
water safety [3]. However, groundwater is faced with
an unprecedented risk of combined pollution due to
the increased release of various organic and inorganic
substances from industrial, agricultural, and domestic
activities [4-7]. In particular, in some areas where cit-
ies and industries are concentrated, complex pollution
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has become a very prominent problem of groundwa-
ter contamination [8-11]. The Weihe River is the
mother river of far-flung Guanzhong region in
Shaanxi Province west-central China, which covers an
area of 135,000 km” and plays a very important role in
the development of industry and agriculture of Sha-
anxi. Recent survey on the groundwater along the
river, it was not only the average nitrate (NO;-N)
concentration exceeded the national standard of
20mgL " and even to 146.77mgL ™" in some regions
[12,13], but also aromatic amine compounds aniline
was detected in some monitoring points [14]. Because
both nitrate and aniline are carcinogenic, teratogenic
and mutagenic contaminants, and when the two con-
taminants are coexist, the damage to health and safety
of coastal residents taking groundwater as their drink-
ing water will be strengthen. Therefore, cost-effective
and appropriate remediation technologies must be
explored and implemented to treat nitrate and aniline
compound polluted groundwater.

Various physical, chemical, and biological methods
either ex-situ or in situ for remediation of contami-
nated groundwater environments have been proposed
[15,16]. Compared with other processes, in situ biore-
mediation mostly relies on indigenous microbial
metabolism with the advantaged superiority of no
groundwater transfer, benign products and low
energy consumption. Thus, using aquifer indigenous
microbial self-purification and enhancing natural
attenuation of underground aquifer to remove nitrate
and aniline is generally considered the most promis-
ing cleanup option to ensure groundwater quality
safety. But the content of dissolved oxygen (DO) in
groundwater circumstance is only 1-7mg L'[17], so
that the underground aquifers contaminated by organ-
ics are usually in anaerobic or anoxic state due to aer-
obic degradation of organics by indigenous micro-
organisms. Accordingly, in situ anaerobic or anoxic
biological degradation has already become a major
concern method to remove nitrate and aniline from
complex contaminated groundwater.

In the anaerobic/anoxic conditions, nitrate removal
in groundwater mainly depended on denitrification.
Denitrification generally proceeds through some com-
bination of the following intermediate forms:

NO; — NO, — NO + N,0 — Nx(g) (1)

The complete denitrification process can be

expressed as reaction (2):

2NO; + 10e” + 12H" — N, + 6H,0,

2
AG® = —333k] /mol @
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Denitrification can be divided into heterotrophic
denitrification (HD) and autotrophic denitrification
(AD) according to carbon source utilization way. HD
requires organics to provide electron donor and
energy source, while AD needs the participation of
inorganic carbon. Site investigation and laboratory
experiments by several researchers confirmed that
refractory organics aniline could be sole carbon, nitro-
gen, and energy sources of heterotrophic denitrifiers
[18-23]. The reaction of aniline biodegradation when
nitrate nitrogen (NO3;-N) as an electron acceptor with-
out taking into account the growth of bacterial cells is
as follows:

C¢HsNH, + 6NO; + 2H,0
= 6HCO; + 2N, + NH; + OH™ + N,0O (3)

Thus, it is theoretical possible and experimental
feasible for simultaneous removal of nitrate and ani-
line from groundwater via in situ HD.

Yet, further research indicated that nitrate
enhanced aniline degradation, and aniline removal
efficiency was closely related to the availability of
electron acceptor nitrate [14,24,25]. As a result, nitrate
was often required overdose in order to obtain a high
aniline removing rate. In other words, aniline was
completely removed from mixed polluted groundwa-
ter by HD, but nitrate was still residual, it is difficult
to treat the high nitrate and organic carbon limited
groundwater only through HD [26,27]; moreover, the
nitrite (NO;-N) and ammonium (NH;-N) accumula-
tion in HD process is a problem not to be ignored;
furthermore, the CO, and HCOj; produced during
HD were wasted in all of the studies mentioned above
[28]. And these problems not only limit the effect of
simultaneous removal nitrogen and carbon from com-
pound polluted groundwater, but also increase the
difficulty and cost of subsequent treatment.

Anaerobic ammonium oxidation (ANAMMOX) is
conversion of ammonium and nitrite/nitrate to dini-
trogen gas (N) [29]. The reactions are as follows:

5NH; +3NO; — 4N, + 9H,0 + 2H*, W
AG® = —297k] /M(ANAMMOX)

5
AG® = —357k]/M(ANAMMOX) ©)
ANAMMOX is autotrophic biological reaction and
hence no organics are needed. It can occur naturally
in the presence of inorganic carbon source (CO,,
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HCO;, and CO%‘, etc.) under anaerobic or anoxic con-
ditions (Eh=+350 to +100mV), where nitrogen is used
as an electron acceptor in place of oxygen [30].
ANAMMOX has the advantage of low microbes and
activated sludge output, and minor secondary pollu-
tion. Therefore, if the autotrophic ANAMMOX can be
used to remove the excess nitrate of low-dissolved
organic carbon groundwater, it not only can save
energy consumption, but also can alleviate nitrite and
ammonium accumulation in the HD process. Fortu-
nately, it is notable that, there produces NH; -N in the
process of aniline degradation, while denitrification
produces NO; -N, and there is a cumulative process
[19]. In addition, denitrification degradation process
produces inorganic carbon HCO;, CO,, and so on.
These substances will provide substrates and carbon
source for ANAMMOX to stimulate and ensure its
occurrence.

In fact, the ANAMMOX micro-organisms in
groundwater environmental media are prevalence,
especially in heavily nitrogen polluted sites [31,32]. A
few filamentous and short rod bacteria were presence
in groundwater environment reported by several
researchers [33-35]; and in anaerobic membrane bio-
reactor, ANAMMOX bacteria with other microbial
populations like aerobic ammonia-oxidizing bacteria,
nitrite oxidizing bacteria, and denitrifiers were har-
monious coexistence; reactor experiments also
showed that when NH;-N, NO,-N, and NO;-N
were complicated, denitrification and ANAMMOX
were coexist in the same reactor [36-38], Sabumon
[39] confirmed ANAMMOX microbes and heterotro-
phic denitrifiers coexisted in cow dung biomass, and
there was synergetic effect to remove organics and
carbon simultaneously. These researches revealed that
it was feasible to co-culture denitrification and
ANAMMOKX bacteria [31-39]. That is to say in anoxic
ecosystems, when organic matter is available
microbes may prefer reactions (1), (2), and (3), and
when organic carbon is limiting, reaction (4) or (5)
may be preferable [39-41].

Based on the analysis of previous studies, there are
strong indications that heterotrophic denitrifiers coexist
with ANAMMOX microbes in groundwater environ-
ment. It is theoretical and experimental feasible to
remove nitrate and refractory organics aniline simulta-
neously combining HD and ANAMMOX in groundwa-
ter, and there may have a synergistic effect between the
two biological reactions, which may greatly increase
simultaneous removal efficiency and improve carbon
source utilization efficiency to save costs. Thus, it is
meaningful to develop high efficiency and low cost
in situ bioremediation technology of groundwater.
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Utilization of such coupling systems, however, requires
a thorough understanding of characteristics of HD and
ANAMMOX cooperation which currently does not
exist. The objective of the present work was, therefore,
simulation natural conditions of groundwater using
batch and continuous bioreactors, to study the feasibil-
ity and performance of simultaneous removing nitrate
and aniline by cooperating HD with ANAMMOX.

2. Materials and methods
2.1. Materials

Aquifer sediments were collected from the Weihe
riverbed about 500m downstream from Xianyang
Bridge (3424°31.32”" N, 108°54°42.58"" E) on the Weihe
River, which is close to the populous city of Xi'an
located in ShaanXi province of China. The groundwa-
ter used for testing in this study was taken from a
30m well at Wangjiazhuang Village (34°19°41.01"" N,
108°44°31.60” E) located in 600m downstream of
Weihe Bridge also in ShaanXi Xi'an. The characteris-
tics of groundwater were as follows: DO 2.0mgL ™’
aniline 1249mgL~'; nitrate (NO;-N) 45.0mgL’;
nitrite (NO,-N) 0.04mgL~'; ammonium (NH;-N)
0.05mgL~"; ClI” 100.0mgL~'; chemical oxygen
demand (CODy,) 47.0mgL™'; pH 758 Ca*
3.82mgL~"; Mg** 2.25mgL~"; temperature 23.5°C.

Anaerobic techniques were used in samples collec-
tion. Both groundwater and sediments were collected
anaerobically from sampling points in sealed glass bot-
tles with no headspace and transported back to the labo-
ratory on ice for prompt processing. The sediments and
groundwater samples were processed for baseline phys-
ical and chemical characterizations. Sediments were nat-
urally air-dried and then sieved through an 80-mesh
screen for using to keep the same medium in the study.

Synthetic groundwater was prepared for using in
batch tests and column study by analytical grade
chemicals and collected groundwater. Under room
temperature (about 25°C), the analytical pure aniline
(CcHsNH) and potassium nitrate (KNOjz;) were dis-
solved in groundwater to make simulating complex
wastewater for testing, and the concentration was
adjusted based on design of the experiments.

A series of chemicals (CcHsNH, KNOs, etc.) were
purchased from Xi'an chemical reagents company,
Xi’an city, Shaanxi province, P.R. China. All of them
are analytical grade.

2.2. Experimental process

This work was carried out as an initial step
towards development of simultaneous removing
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carbon and nitrogen for in situ biological treatment of
polluted groundwater plume containing nitrate and
recalcitrant compounds. So the HD and ANAMMOX
process in nitrate and aniline degradation were char-
acterized by static batch tests and dynamic flow
column experiments, respectively.

2.2.1. Batch experiment

Static batch experiments were carried out by sacrifi-
cial batch cultures. The batches were setup by follow-
ing methods described by Harrison et al. [42], each
batch (250-mL amber glass bottle) contained sediments
(5g) and groundwater (150mL). Nitrate and aniline
were amended in corresponding treatments with the
initial concentrations as aniline 30, 50, 100 mg L~ ! when
nitrate 1,000 mg L~! and nitrate 500, 1,000, 1,500 mg Lt
when aniline 50mgL~"'. After vigorous mixing for
10 min under room temperature (~25°C), these bottles
were purged with nitrogen gas (N) for 30 min to main-
tain anoxic conditions (oxidation-reduction potential
was lower than 200 mv), and sealed with Teflon-coated
stoppers immediately. The batches were setup 90
repeats as one batch under each concentration condi-
tion, and were incubated in an incubator with
temperature at 24+1°C. Three samples were taken
every time (no-reused) and analyzed regularly for ani-
line, NO;-N, COD, NO;-N, and NH;-N concentra-
tions as well as electrical conductivity (EC) and pH
values. To minimize error, only the mean values were
considered.

2.2.2. Dynamic column experiment

Soil column constituted by aquifers medium is one
effective way to simulate the actual hydro-geologic
conditions of the groundwater basin [26]. The
dynamic experimental reactor with its instrumentation
and control system is schematized in Fig. 1. The
experimental apparatus consists of water supply unit
(A: groundwater, By: nitrate, B,: aniline, Bs: mixture
water) and a cylindrical organic glass biological reac-
tor region. Soil columns (R;) are 15cm inner diameter
and 40cm height, and sand columns (R, and Rj) are
10cm diameter and 50 cm height. R; were filled with
aquifer sediments; R, and R; were filled with sand
soils with an effective diameter of 0.5mm and unifor-
mity coefficient of 1.23; bottom of R;, R,, and R; was
filled with 2-3cm quartz sand for anti-clogging. The
sieves, which consist of stainless steel, were placed at
the inlet and the exit of the reactor to prevent wash-
out of soil fragments.

The flow rate was adjusted using peristaltic pump,
and the column was operated in upflow mode to keep
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Fig. 1. Schematic view of the experimental apparatus.

the aquifer media saturated and avoid the appearance
of preferential flow. The inoculation lasted 20 days in
batch mode by circulation of water with daily replen-
ishment of nitrate. Samples were collected daily from
sampling points S; (inlet), S; and S; (outlet), and the
collection samples were routinely assayed for aniline,
NO;-N, NO;-N, NH;-N, and COD concentrations as
well as EC and pH values. The experimental study
was carried out at temperature 24 +1°C.

2.3. Analytical methods

Water quality indexes were determined according
to the Water and Wastewater Monitoring Analysis
Methods published by State Environmental Protection
Administration of China (State Environmental Protec-
tion Administration, 2002) [43]. Aniline concentration
in aqueous solution was monitored by high-perfor-
mance liquid chromatography (HPLC, Agilent 1100
Series, Agilent, USA) by comparison with the reten-
tion times of standard compounds. Aliquots of 10 ul
were injected into the HPLC to determine the concen-
tration of aniline, running with a mobile phase of
0.05mol/L ammonium acetate-acetic acid buffer solu-
tion/methanol (65/35 v/v). The separation was per-
formed on a Zorbax ODS column (250 mm x 4.6 mm
(i.d.)) at a flow rate of 0.8 mL/min and column tem-
perature of 30°C. A UV detector was used with the
wavelength set at 285 nm.

NO;-N and NO, -N were determined by ion chro-
matography (IC) (792Basic IC, Metrohm, Switzerland)
with a separating column (A Supp 5(6.1006.530),
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250mm x 4.0mm) and EC detector, with NaHCO;
(1.0mmol/1)/Na,CO3; (3.2mmol/1)/methanol (3%)
eluent and a total flow rate of 0.6mL/min. The
samples (20pl) were injected manually through an
injection port. The concentration of NH;-N released
during aniline degradation was determined according
to the Nessler's reagent spectrophotometric method
(GB7479-87, China). COD was measured using a Hach
COD analyzer (Loveland, Co., USA) following method
described by Jirka and Carter [44].

EC values were measured by Conductivity Meter
DDB-303A type and pH was recorded by pHS-3C
analyzer (Shanghai Precision Scientific Instrument Co.,
Ltd, China). All samples were immediately analyzed
to avoid further reaction.

3. Results and discussion
3.1. Batch tests
3.1.1. Nitrate and aniline removal

HD and ANAMMOX bacteria are ubiquitous in
nature [31,37], and HD occurs naturally when certain
bacteria use nitrate as terminal electron acceptor in
their respiratory process in the absence of oxygen [15].
Thus, five group tests to examine the potential and
efficiency of removing nitrate and aniline simulta-
neous from groundwater through batch cultures
according to aforementioned concentrations were
conducted, and the results are given in Fig. 2.

From Fig. 2, we can see that both nitrate and ani-
line concentration decreased with increasing incuba-
tion time and the final removal rate of nitrate, aniline,
and COD exceeded 79.03, 96.6, and 69.7%, respec-
tively, was achieved after operation of 150days. But
the removal rate evidently changed in different incu-
bation stage as the simulation system was at different
microbial metabolism periods. The whole removing
process can be divided into three phases, in addition
to the group with nitrate and aniline concentration
1,500 and 50mgL~"', the other groups were no lag
period, it is mainly because the collected sediment are
undisturbed aquifer medium polluted by nitrate and
some refractory organics, indigenous micro-organisms
had been domestication and adapted to such special
organic carbon limited circumstance [14,30], and these
microbes playing an overwhelming role in the degra-
dation could utilize aniline as carbon and energy,
however, some acclimatization period was needed for
the nitrate concentration high to 1,500 mgL~".

During the first period of 30days, nitrate, aniline,
and COD were rapid decline, suggesting that HD
began to occur, and relatively high removal rate was
achieved in this stage mainly relying on HD.
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Subsequently, from days 30 to 105, nitrate, aniline,
and COD concentration continued to decrease
although the removal rate declined slightly. Nitrate
decreased over than 215.09mgL "', which was signifi-
cantly higher than the stoichiometric consumption of
160mgL~" only HD existing according to Eq. (3), but
in this stage, the ORP values were below zero (data
were not shown), so nitrate assimilated was unlikely
to occur [15,37], therefore, we infer that autotrophic
ANAMMOX may occur as explanation in reaction
Egs. (4) and (5). Biodegradation process of batch
transited into the coexistent phase of HD and ANAM-
MOX, and degradation rate declined as a result of
autotrophic efficiency lowers than heterotrophic
generally. Then, in the last 30days from 120 to 150,
the performances of the system maintained at a stable
stage that nitrate concentration continued to reduce
and aniline was almost completely removed.
However, as the interspecific competition for COD of
HD and ANAMMOX bacteria reached a new balance,
biodegradation turned into autotrophic ANAMMOX
phase when bacteria could could use NH;-N to
remove the remainder nitrate efficiently and stably,
and the reactions (4) and (5) provided a possible
explanation for the observation [35,39].

It was apparent that single-stage autotrophic nitro-
gen removal was achieved by the close cooperation
between HD and ANAMMOX bacteria. However,
both HD and ANAMMOX effect including the
start-up time and duration time were conspicuously
influenced by initial concentrations of nitrate and
aniline. Under experimental conditions, HD was
mainly affected by the initial aniline concentration,
and the duration time increased with aniline increased
(Fig. 2(b)). When aniline concentration increased from
30mgL ™" to 100mgL~"', the duration time of HD
prolonged from about 25days to 90days, and the
start-up time of ANAMMOX lagged correspondingly
(Fig. 2(b)). Accordingly, the autotrophic ANAMMOX
reaction time increased with the nitrate concentration
increase (Fig. 2(a)). When nitrate concentration
increased from 500mg L to 1,500 mgLfl, the auto-
trophic ANAMMOX duration time increased from
about 60days to more than 60days removing to the
same level (Fig. 2(a)). This showed that the combined
degradation features of HD and ANAMMOX were
closely related to the initial concentrations of target
pollutants, which were confirmed by other researchers
[41,45]. Heterotrophs are micro-organisms that require
organic substrates as carbon and energy source for
growth and development. In contrast, ANAMMOX
bacteria are autotrophic micro-organisms that can use
inorganic carbon substances to proliferation [37,39].
Hence, when the substrate concentration changed, HD
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Fig. 2. NO;-N, aniline and COD removal in batch tests (a) aniline concentration 50 mg L~! and (b) nitrate concentration

1,000mgL "

and ANAMMOX biological activities altered corre-
spondingly result in the removal rate to nitrate and
aniline change.

However, the results of COD demonstrated that the
combination to remove organics was stable and the
COD removal efficient was less affected by C/N
(Fig. 2). COD was consumed gradually by various
indigenous micro-organisms in the batch tests, and the
final removal was over 77.7% at the selected C/N con-
centrations. It is worthwhile to note that the variation
of COD was similar to the change of aniline, illustrating

that there was a relationship between aniline degrada-
tion and COD consumption. This phenomenon is
attributable to the medium used in this study contain-
ing little dissolved organic carbon, and thus a great part
of COD was caused by aniline. Moreover, about
100days later, the COD concentration decreased
slightly despite degradation was on the ANAMMOX
stage, this is because although ANAMMOX can occur
without organic carbon, the growth or action of micro-
organisms may consume some organic carbon, which
also can explain the occurrence of ANAMMOX.
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Generally, it was not only nitrate and refractory
organics could be effectively removed simultaneously
by cooperating HD with ANAMMOX in the simulated
groundwater reactor, but also the synergistic charac-
teristics of removal process was obvious. In the first
stage, HD hold a dominant position, and nitrate and
aniline degradation mainly depended on HD, but in
later stage, nitrate residue removal mainly through
ANAMMOX. These strongly implied that ANAM-
MOX had a potential advantage in dealing with high
nitrogen and organic carbon limited groundwater.

3.1.2. Ammonia and nitrite

Biological nitrogen removing is a complex micro-
bial metabolic process including a series of successive
reactions as shown in Egs. (1)-(3). In the process, a
number of nitrogen intermediates were formed, for
example, NO,-N and NHj-N are important interme-
diates produced by HD in aniline and nitrate degrada-
tion; in addition, NHZ—N is also the important
substrate of ANAMMOX. The research findings pre-
sented by Matsumoto et al. [46] and Grigatti et al. [47]
suggested that NO;-N and NHj-N concentration
change had a close relation to biological degradation
characteristics and removing efficiency of nitrogen
and organics. Li et al. [48] also found that NO,-N
and NH;-N could be indicators of nitrification and
denitrification in a sequencing batch reactor. There-
fore, NO;-N and NH;-N concentrations were mea-
sured to evaluate the cooperating removal
characteristics and the results are presented in Fig. 3.

Apparently, NO;-N and NH;-N concentrations
change can be approximately divided into three
phases. Both of them rapidly increased in the first
stage and followed by increasing slowly to the maxi-
mum, and then slightly declined with incubation time
prolonged. This phenomenon is mainly attributed to
that in first stage HD was the main way to remove
nitrate and aniline, so NO,-N and NHj-N concentra-
tions increased rapidly as to serious accumulation.
Biological activity of ANAMMOX bacteria was excited
with the substrate of NO,-N and NH;-N concentra-
tions increase, and thus ANAMMOX began to occur.
Meanwhile, the degradation process got into HD and
ANAMMOX coexistence phase, and the accumulation
of NO;-N and NH; -N was weakened.

However, from Fig. 3 and it was obvious that con-
version time of each stage and the maximum of NO; -N
and NH;-N as well as the reached time were closely
related to the initial nitrate and aniline concentration.
With initial nitrate and aniline concentrations increase,
both the time of NO;-N and NH;-N concentration
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reached the maximum and the coexist time of HD with
ANAMMOKX increased. Moreover, the time for NO, -N
and NH;-N reduced to the same level owing to
ANAMMOX also increased. When nitrate concentra-
tions increased from 500 to 1,500 mg L~!, the maximum
of NO, -N increased from 4.87mgL ™" (on days 35) to
43.68mgL~" (on days 89) while time reached to the
maximum increased from 35 to 89 days. Comparably,
NH; -N accumulation and existing time were mainly
affected by the initial aniline concentration, when the
aniline concentration increased from 30 to 100mgL ",
the maximum of NH;-N increased from 548 mgL '
(on days 47) to 15.25mgL ™" (on days 99), and time of
reached to the maximum increased from 47 to 99 days.

So, NH; -N and NO; -N could indicate the impor-
tant features of HD and ANAMMOX cooperation pro-
cess to remove nitrogen and organic carbon
simultaneously, and the indication was closely related
to nitrate and aniline initial concentrations. For exam-
ple, when nitrate and aniline concentration were
(1,000, 30mgL™"), (1,000, 50mgL~"), and (1,000,
100 mg LY (theoretical C/N were 0.27, 0.46 and 0.91),
ANAMMOX began to show its effect at 30, 50, and
90days approximately (Fig. 3(b)), and the duration
time also increased from 60 to 120days (Fig. 3(a)).
NH;-N and NO,-N concentration change not only
confirmed the occurrence of autotrophic ANAMMOX,
but also could determine the stage of cooperating bio-
degradation HD with ANAMMOX. Hence, it is possi-
ble to be efficient and convenient chemical indicators
for the combination of HD and ANAMMOX.

3.1.3. pH and EC

HD and ANAMMOX consist of a series of enzy-
matic reactions involving formation various nitroge-
nous and no-nitrogenous intermediates [37]. So water
quality parameters, such as pH and EC, will be chan-
ged with the intermediates produced in HD and
ANAMMOX; otherwise, enzyme activity is easily
influenced by water quality parameters. That is to say
that biological growth and environmental parameters
are interactive influenced process, and the removing
efficiency will be influenced indirectly. Therefore,
water quality parameters EC and pH in the simulation
batch tests were monitored and shown in Fig. 4.

As can be seen from Fig. 4, pH and EC values
change also were divided into three phases. In first
30days, EC and pH values decreased, then gradually
increased to each maximum value and decreased to
the minimum again at tested C/N concentrations
(Fig. 4). The change time of each phase was about 35,
45, and 95days, which were consistent with the
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change time of HD and ANAMMOX discussed above.
Thereby, pH and EC can also indicate HD and

ANAMMOX process.
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water to produce hydrogen ion (the proton, H") to
cause pH values declined directly (Eq. (7)). Further-
more, the generated bicarbonate (HCOj;) consumed
hydroxide (OH™) in water solution making pH
declined indirectly (Egs. (8)—(10)). The similar conclu-
sion that CO, produced in biodegradation dissolved
in water reduced of pH values was found by research-
ers like Dong et al. [49] and Wan et al. [50].

Ce¢H1204 + 6H,O — 6CO, + 12H,0 + energy (6)
CO, + H,0 — HCO; + H* (7)
HCO; + H™ — H,CO; (8)
H,CO; + OH™ — HCO; + H,O 9)

HCO; + OH™ — CO3™ + H,0 (10)

Next, from days 30 to 105, pH values increased as
HD occurred, which induced the environment alkalin-
ity increase. From formula (2), there are 17g OH™
generated theoretically for every 14 gN reduced to N,
by HD without considering biological growth. This
results were consistent with finding that HD brought
system pH values rising [51,52] and it also well illus-
trated that the degradation was at HD stage. And
then, from 105 to 150 days, pH declined slightly owing
to some H" released from organics and intermediates
of ANAMMOX and eventually stabilized at about 7.7.
The final pH was in the optimum range of autotrophic
ANAMMOX bacteria growth 7.8-8.6 reported by Lee
et al. [53], and when pH exceeded this range, TN
removal efficiency would be greatly reduced. On the
basis of evidence, we deduced that autotrophic
ANAMMOX had occurred and consumed acidity pro-
duced by HD to weaken alkalinity rise, so that the
system had a good pH buffering capacity in the syner-
gistic of HD and ANAMMOX.

Similar to pH values, EC values of samples were
measured too. EC is a measurement that correlates
with water properties affected directly by charged
ions dissolved in water. Therefore, EC can estimate
the total amount of charged ions dissolved in water
although it still does not provide any information
about the ion composition in the water.

As culture time went on, EC values decreased
slowly on the initial time, followed by rapid increased
and then decreased until gradually stabilized, whereas
in different NO;-N and aniline initial concentrations
the change time and values were different distinctly.
The reasons for this trend were that the kind and con-
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centration of conductive substances changed with the
activities of indigenous micro-organisms (synthesis,
decomposition, efc.). In the beginning, indigenous bac-
teria were stimulated to proliferation through respira-
tion or fermentation to produce energy, in this process,
large amounts of nutrients were consumed, and free
charged ions decreased, result in EC dropped. How-
ever, in this process, CO, was generated by microbial
respiration and NH; -N was produced by HD. Because
CO; could rapidly dissolve in water to form carbonic
acid (HxCO3), bicarbonate ions (HCO;3), and carbonate
ions (CO3"), which increased conductive ions concen-
tration, and therefore EC increased on days 20-45. In
addition, EC declined with NO;-N concentration
increased, and the final EC values were smaller than
the initial. This may relative to N, generated by
ANAMMOX eventually overflowed outside the simu-
lated system, which is a further illustration of ANAM-
MOX existence in the last stage of batch tests.

From the analysis of pH and EC, we can summa-
rize that EC and pH values increased in HD stage and
decreased in ANAMMOX stage, and the overall
changes could indicate the degradation process, which
is feasible to be utilized as fuzzy control parameters
to remove organics and nitrate. Consequently, chemi-
cal parameters as accurate and effective indicators for
removal process were proved. Furthermore, the
ANAMMOX process in batch tests showed a high
ANAMMOX activity and shock resistance for high-
strength ammonium wastewater, which provided
good foundation for the following experiments.

3.2. Dynamic soil column experiment

The basic principle of in situ bioremediation con-
taminated groundwater is using metabolism of indige-
nous micro-organisms to break down pollutants to
innocuous CO,, H,O, or other substances necessary for
life. Studies presented by Smith et al. [54] shown that
the key to obtain good degradation efficiency was
enriching special indigenous micro-organisms having
efficient purification capabilities. Normally, under nat-
ural conditions, special indigenous micro-organisms
were isolated from nature and cultivated by adding
targeted contaminants. Accordingly, on the basis of
static batch cultures results, a group of nitrate and ani-
line with concentration of 1,000 and 50 mgL~" (theoret-
ical C/N ratio 0.46) was selected in flow column
experiment and added once the column flow and
reduction circumstance had been stable after domesti-
cation about 20days. The performance and effect to
remove nitrogen and organics in the continuous soil
column along the hydraulic direction are shown in
Fig. 5.
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3.2.1. Nitrate and aniline removal

Fig. 5(a) presents the change in aniline, nitrate,
and COD concentration in continuous column experi-
ment. From Fig. 5(a), high removal efficiency of ani-
line, nitrate, and COD was obtained in all phases
although a slight increase with operating time increas-
ing, and there was no lag phase of degradation. The
strategy of the experiment was that no organics were
added in acclimation stage and micro-organisms had
consumed most of the organic matters in sediments.
When aniline was added and NOj;-N concentration
increased from 300mgL ™" to 1,000mgL~", sufficient
electron donor (aniline) and acceptor (NO;-N) as well
as nutrition were available for the “starvation” period
bacteria, so pollutants were strongly depredated by
HD microbe; additionally, some NO;-N was used as
nitrogen source of microbial metabolism, so the
removal efficiency of nitrate, aniline and COD
increased rapidly and reached to 98.83, 93.67, and
73.02% on days 25, respectively. Next 25-45days,
NO;-N, aniline, and COD removal efficiency
increased slowly, and increase rate decreased. After
45days, the removing was stable and removal effi-
ciency high to 99.8, 99.9, and 85.5% on 60 days, respec-
tively. This reason is that, after “starvation” period,
denitrifying bacteria participating in metabolism must
undergo adaptive period to the new substrates gener-
ated in former degradation to improve activities [55].
The following 15 days, with the consumption of nutri-
tional and intermediate products, denitrification cir-
cumstance and biological activities were stable.
Consequently, the removal rate changed slowly from
25 to 45days and gradually stabled in days 45-60.

In addition, as Fig. 5(a) presents, it was significant
that although NO;-N and aniline of 10.81mgL ™" and
0.18mg L' were monitored in effluent (S3) on days 25
and COD was still higher than 65mgL~", the removal
rate increased sharply; on 40days, aniline concentra-
tion was near to detection limit in S, while NO;-N
concentration was over than 200mgL ™" and COD was
lower than 100mgL~" after 45days. From these phe-
nomenon, we can infer that there was almost HD
effect in the whole soil column before 25days, and
from days 25 to 45 were period of HD and ANAM-
MOX coexistence, but ANAMMOX played a leading
role on days 45 to 60 in column 1I.

3.2.2. NO;-N and NH}-N

From Fig. 5(b), there were a few NO,-N and
NH; -N in influent (S;), and concentrations increased
first (S;) and then decreased (S3) along the water flow
direction. The main cause for this phenomenon is that,
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there had been abundant indigenous micro-organisms
for 30days culture in column I, and microbial metab-
olism utilized nutrient of sediment to produce a few
NO;-N and NH; -N which were detected in S;, with
aniline and nitrate added, microbial activities changed
result in the concentration of NO,-N and NH;-N
increased first and then decreased.

There were dramatic accumulation of NO, -N and
NH;-N in S,, especially 25days ago, for an average
reached to 10.56 and 8.92 mgLfl, but with time
increasing accumulation decreased. This can be inter-
preted as HD microbes rapidly proliferated with
organic matter added, and consumed aniline to pro-
duce NO,-N and NHZ—N; but meanwhile, HD prod-
ucts were not enough to excite ANAMMOX bacteria
activities to the maximum, and ANAMMOX was still
weak leading to NO,-N and NH;-N accumulation.
With the HD process going on, ANAMMOX microbial
activities were stimulated, and we inferred that under
the substrate induction, after about 40days enhance-
ment, there were a large amount of ANAMMOX bac-
teria that could utilize the products of HD, such as
CO,, CO3, as carbon source for autotrophic ANAM-
MOX, therefore, NO,-N and NH;-N accumulation
were weakened.

Moreover, from 20 to 50days, NO,-N and NH;j -
N concentrations in S, decreased simultaneously
(NO,-N decreased from 16.17mgL "' to 3.27mgL "',
and NH;-N decreased from 10.16mgL™"' to
3.30mg LY, and the reduction ratio was close to the
theoretical values of ANAMMOX calculated from
equation (5), and at this stage NO;5-N in effluent (S3)
was almost completely removed, implying that
ANAMMOX reaction began to occur and played
essential functions, especially in column II. After
50days, not only NO,-N and NH;-N concentrations
in S, and S; dropped to low level (similar to influ-
ent), but also NO;-N and aniline were almost com-
pletely removed, suggesting that HD and
ANAMMOX had good synergistic effect to simulta-
neous removal of nitrogen and carbon.

3.2.3. pH and EC

Meanwhile, pH and EC characteristics are shown
in Fig. 5(c). The pH was decreased from over 8.0 in S;
(influent) to lower than 7.5 in S, and then increased to
7.7 in Sz (effluent), and the change was significant
before 45 days. The variation characteristics could well
explain the biological metabolism process, as reactions
(2)—(4) illustrated that HD generated alkalinity while
ANAMMOX consumed alkalinity. And more
important, the final pH value (days 45 to 60) was
stabilized at around 7.5 within the optimal pH scope
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of biological anaerobic denitrification, which demon-
strated that the combination had very good bulffer role
on the synergistic effect of HD with ANAMMOX.

However, the changes of EC were more complex
compared with NO; -N, NH; -N, and pH (Fig. 5). Nev-
ertheless, the overall features were S; (influent) EC val-
ues smaller than S, and S; (effluent), and S; EC
increased in all experiments; S, EC reached the maxi-
mum in HD period (on 25days), and the change trend
were S;<5,<S; during ANAMMOX period (about
days 45-60). This is largely attributable to indigenous
micro-organisms consumed limited DO of water in
reactor [, and free O, was transformed into O*~ mak-
ing the inlet water conductive ions increased, so S; EC
increased in despite of lower than S, before 20days.
From days 20 to 45, S, EC increased which indicated
the occurrence of HD, since NO;-N and aniline were
transformed into NO;-N and NH;-N, and microbial
metabolism activities (synthesis, decomposition, etc.)
changed in HD degradation process, so that conduc-
tive substances quantity increased. However, after
45days, all EC values from S; to S; were lowered; it
was not only relative to nutrient consumption in soil
column I, II, and III, but also to N, overflow generated
by synergistic effect of HD and ANAMMOX. More-
over, the results also indirectly indicated that indige-
nous microbes were active in soil column and
synchronization removing NO;-N and aniline was a
complicated biological degradation process.

Overall, the constructed experimental system could
rapidly establish denitrifying environments, which
was suitable for making full use of collaboration of
HD and ANAMMOX. The results confirmed that
removing nitrate and organics simultaneous by the
cooperation HD with ANAMMOX of indigenous
micro-organisms ubiquitous in underground aquifer
was feasible; and synergistic effect of HD and ANAM-
MOX such as good pH buffer capacity was remark-
able; furthermore, pH and EC could be used as
indicators of HD and ANAMMOX process.

4. Conclusions

In this study, both batch tests and flow column
results showed that HD and ANAMMOX were coexis-
tent in groundwater conditions, it is feasible, therefore,
to remove nitrate and refractory organics aniline
simultaneous coupling HD with ANAMMOX, and
moreover, high and stable removing efficiency was
achieved. In batch tests, the average removal rate of
nitrate, aniline, and COD at selected C/N ratios (about
0.30, 0.46, and 0.91) were 89.1, 98.4, and 77.7%, respec-
tively; and in soil column experiment, the final
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removal rate reached to 99.8, 99.9, and 89.5% after an
operation of 60days. The combination HD and
ANAMMOX demonstrated good synergistic effect that
no NO;-N and NH;-N accumulation and having a
pH buffer effect in removing nitrate and aniline simul-
taneously, and the cooperation among these bacteria
was considered to be responsible for simultaneous
nitrogen and COD removing. The results also showed
that chemical parameters could be effective indicators
of the cooperating process. When NO; -N and NH; -N
increased simultaneously, indicated HD occurrence,
while decreased indicated ANAMMOX; when pH val-
ues decline as well as EC values increase, HD occurred
and took effect, while reverse were ANAMMOX.
Overall, the combination process will offer a great
future potential for saving of energy and resource for
efficient nitrogen and carbon removing from ground-
water in situ application. Given the low-cost of our sys-
tem, it is feasible to use synergistic effect of HD with
ANAMMOX of indigenous microbes existence in
underground aquifer to remove nitrogen and carbon
from complex pollution groundwater, and although
the findings are obtained directly from the experimen-
tal data, their further practical application in field is
valuable to be explored in future study.

Acknowledgments

We would like to thank the support given by eval-
uation and investigation of groundwater pollution in
the main cities of Northwest China (No.
1212011220982) from China Geological Survey, NPU
Foundation for Fundamental Research (NPU-FFR-
JCR20130145) and Graduate Starting Seed Fund of
NPU (Z2013157; Z2013158).

References

[1] D.E. John, J.B. Rose, Review of factors affecting microbial sur-
vival in groundwater, Environ. Sci. Technol. 39 (2005)
7345-7356.

[2] Bhatnagar.,, M. Sillanpdd, A review of emerging adsorbents
for nitrate removal from water, Chem. Eng. J. 168 (2011)
493-504.

[3] M. Samake, Z.H. Tang, W. Hlaing, LN. Mbue, K. Kasereka,
W.O. Balogun, Groundwater vulnerability assessment in shal-
low aquifer in Linfen Basin, Shanxi Province, China using
DRASTIC model, J. Sustainable Dev. 4 (2011) 53-71.

[4] X.T. Ju, C.L. Kou, FS. Zhang, P. Christie, Nitrogen balance
and groundwater nitrate contamination: comparison among
three intensive cropping systems on the North China Plain,
Environ. Pollut. 143 (2006) 117-125.

[5] KR. Burow, B.T. Nolan, M.G. Rupert, N.M. Dubrovsky,
Nitrate in groundwater of the United States, 1991-2003, Envi-
ron. Sci. Technol. 44 (2010) 4988-4997.

[6] JH. Qu, M.H. Fan, The current state of water quality and
technology development for water pollution control in China,
Crit. Rev. Environ. Sci. Technol. 40 (2010) 519-560.



S. Hu et al. | Desalination and Water Treatment 52 (2014) 7937-7950

[7] ] X. Huang, J.Y. Xu, X.Q. Liu, J. Liu, L.M. Wang, Spatial dis-
tribution pattern analysis of groundwater nitrate nitrogen
pollution in Shandong intensive farming regions of China
using neural network method, Math. Comput. Model. 54
(2011) 995-1004.

[8] M.D. Einarson, D.M. Mackay, Predicting impacts of ground-
water contamination, Environ. Sci. Technol. 35 (2011) 66-73.

[9] L.S. Bell, J.F. Devlin, RW. Gillham, P.J. Binning, A sequential
zero valent iron and aerobic biodegradation treatment system
for nitrobenzene, J. Contam. Hydrol. 66 (2003) 201-217.

[10] WM. Zhang, J.L. Chen, B.C. Pan, Q. Chen, M.Y. He,
Q.X. Zhang, Modeling cooperative adsorption of aromatic
compounds in aqueous solutions to nonpolar adsorbent, Sep.
Purif. Technol. 49 (2006) 130-135.

[11] B.N. Chisala, N.G. Tait, D.N. Lerner, Evaluating the risks of
methyl tertiary butyl ether (MTBE) pollution of urban
groundwater, J. Contam. Hydrol. 91 (2007) 128-145.

[12] L. Duan, W.K. Wang, X.T. Yang, G.H. Jiang, Temporal and
spatial variation of three “nitrogen” on shallow groundwater
in Guanzhong Basin and its control measures, J. Arid Land
Res. Environ. 25 (2011) 133-137.

[13] D.C. Luo, X.W. Lu, C.H. Ren, X.X. Li, Nitrate nitrogen pollu-
tion of drinking groundwater and its health risk assessment
for rural residents in Lantian County, China, J. Ecol. Rural
Environ. 27 (2011) 95-99.

[14] Y.G. Wu, L. Hui, X. Li, Y.Z. Zhang, W.C. Zhang, Degradation
of aniline in weihe riverbed sediments under denitrification
conditions, J. Environ. Sci. Heal. A 42 (2007) 413-419.

[15] M.O. Rivett, S.R. Buss, P. Morgan, ] W.N. Smith, C.D. Bem-
ment, Nitrate attenuation in groundwater: A review of bio-
geochemical controlling processes, Water Res. 42 (2008)
4215-4232.

[16] S.V. Mohan, T. Kisa, T. Ohkuma, R.A. Kanaly, Y. Shimizu,
Bioremediation technologies for treatment of PAH-contami-
nated soil and strategies to enhance process efficiency, Rev.
Environ. Sci. Biotechnol. 5 (2006) 347-374.

[17] W.E. Chen, T.K. Liu, Dissolved oxygen and nitrate of ground-
water in Choshui Fan-Delta, western Taiwan, Environ. Geol.
44 (2003) 731-737.

[18] K. Tani, M. Masuhara, N. Welikala, N. Yamaguchi, M. Nasu,
Change in bacterial community during biodegradation of
Aniline, ]. Appl. Microbiol. 84 (1998) 859-864.

[19] G. Emtiazi, M. Satarii, F. Mazaherion, The utilization of
aniline, chlorinated aniline, and aniline blue as the only
source of nitrogen by fungi in water, Water Res. 35 (2001)
1219-1224.

[20] H. Yan, XJ. Yang, J. Chen, C.B. Xiao, H. Chen, Synergistic
removal of aniline by carbon nanotubes and the enzymes of
Delftia sp. XYJ6, J. Environ. Sci.-China 23 (2011) 1165-1170.

[21] C.B. Xiao, J. Ning, H. Yan, X.D. Sun, J.Y. Hu, Biodegradation
of aniline by a newly isolated Delftia sp. XYJ6, Chin. ]J. Chem.
Eng. 17 (2009) 500-505.

[22] G.A. Vazquez-Rodriguez, R.I. Beltran-Hernandez, C.A.
Lucho-Constantino, J.L. Blasco, A method for measuring the
anoxic biodegradability under denitrifying conditions, Che-
mosphere 71 (2008) 1363-1368.

[23] K.F. Chen, Y.C. Chang, S.C. Huang, Biodegradation potential
of MTBE and BTEX under aerobic, nitrate reducing, and
methanogenic conditions at a gasoline-contaminated site,
Desalin. Water Treat. 48 (2012) 278-284.

[24] SM. Burland, E.A. Edwards, Anaerobic benzene biodegrada-
tion linked to nitrate reduction, Appl. Environ. Microbiol. 65
(1999) 529-533.

[25] BM. van der Zaan, F.T. Saia, AJM. Stams, C.M. Plugge,
W.M. de Vos, H. Smidt, A, AM. Langenhoff, J. Gerritse,
Anaerobic benzene degradation under denitrifying condi-
tions: Peptococcaceae as dominant benzene degraders and
evidence for a syntrophic process, Environ. Microbiol. 14
(2012) 1171-1181.

7949

[26] SK. Maeng, SK. Sharma, C.D.T. Abel, A. Magic-Knezev,
G.L. Amy, Role of biodegradation in the removal of phar-
maceutically active compounds with different bulk organic
matter characteristics through managed aquifer recharge:
Batch and column studies, Water Res. 45 (2011) 4722-4736.

[27] S. Warneke, L.A. Schipper, D.A. Bruesewitz, I. McDonald,
S. Cameron, Rates, controls and potential adverse effects of
nitrate removal in a denitrification bed, Ecol. Eng. 37 (2011)
511-522.

[28] Y. Zhao, B. Zhang, C. Feng, F. Huang, P. Zhang, Z. Zhang,
Y. Yang, N. Sugiura, Behavior of autotrophic denitrification
and heterotrophic denitrification in an intensified biofilm-
electrode reactor for nitrate-contaminated drinking water
treatment, Bioresour. Technol. 159 (2012) 159-165.

[29] B. Kartal, W.J. Maalcke, N.M. de Almeida, I. Cirpus,
J. Gloerich, W. Geerts, H.J. Op den Camp, H.R. Harhangi, E.
M. Janssen-Megens, K.J. Francoijs, H.G. Stunnenberg, J.T. Kel-
tjens, M.S. Jetten, M. Strous, Molecular mechanism of anaero-
bic ammonium oxidation, Nature 479 (2011) 127-130.

[30] B.E. Rittmann, P.L. McCarthy, Environmental Biotechnol-
ogy: Principles and Applications, McGraw-Hill Publication,
Boston, MA, 2001.

[31] T.A. Moore, Y.P. Xing, B. Lazenby, M.D.J. Lynch, S. Schiff,
W.D. Robertson, R. Timlin, S. Lanza, M.C. Ryan, R. Aravena,
D. Fortin, I.D. Clark, J.D. Neufeld, Prevalence of anaerobic
ammonium-oxidizing bacteria in contaminated groundwater,
Environ. Sci. Technol. 45 (2011) 7217-7225.

[32] K. Bernat, D. Kulikowska, M. Zielifiska, A. Cydzik-Kwiat-
kowska, I. Wojnowska-Baryla, The treatment of anaerobic
digester supernatant by combined partial ammonium oxida-
tion and denitrification, Desalin. Water Treat. 37 (2012)
223-229.

[33] T. Wang, H. Zhang, F. Yang, S. Liu, Z. Fu, H. Chen, Start up
of the ANAMMOX process from the conventional activated
sludge in a membrane bioreactor, Bioresour. Technol. 100
(2009) 2501-2506.

[34] B. Arrojo, A. Mosquera-Corral, J.L. Campos, R. Mendez,
Effects of mechanical stress on Anammox granules in a
sequencing batch reactor (SBR), ]J. Biotechnol. 123 (2006)
453-463.

[35] S. Suneethi, K. Joseph, ANAMMOX process start up and sta-
bilization with an anaerobic seed in anaerobic membrane bio-
reactor (AnMBR), Bioresource Technol. 102 (2011) 8860-8867.

[36] S. Chen, D.Z. Sun, J.S. Chung, Simultaneous methanogenesis
and denitrification of aniline wastewater by using anaerobic-
aerobic biofilm system with recirculation, J. Hazard. Mater.
169 (2009) 575-580.

[37] M. Kumar, J.G. Lin, Co-existence of anammox and denitrifica-
tion for simultaneous nitrogen and carbon removal-strategies
and issues, J. Hazard. Mater. 178 (2010) 1-9.

[38] M. Andalib, G. Nakhla, E. McIntee, J. Zhu, Simultaneous
denitrification and methanogenesis (SDM): Review of two
decades of research, Desalination 279 (2011) 1-14.

[39] P.C. Sabumon, Anaerobic ammonia removal in presence of
organic matter: A novel route, J. Hazard. Mater. 149 (2007) 49-59.

[40] C. Fux, M. Boehler, P. Huber, I. Brunner, H. Siegrist, Biologi-
cal treatment of ammonium-rich wastewater by partial nitri-
tation and subsequent anaerobic ammonium oxidation
(anammox) in a pilot plant, ]. Biotechnol. 99 (2002) 295-306.

[41] T. Sumino, K. Isaka, H. Ikuta, Y. Saiki, T. Yokota, Nitrogen
removal from wastewater using simultaneous nitrate reduc-
tion and anaerobic ammonium oxidation in single reactor, J.
Biosci. Bioeng. 102 (2006) 346-351.

[42] 1. Harrison, G.M. Williams, C.A. Carlick, Enantioselective bio-
degradation of mecoprop in aerobic and anaerobic micro-
cosms, Chemosphere 53 (2003) 539-549.

[43] State Environmental Protection Administration, Water and
Wastewater Monitoring Analysis Methods, 4th ed., China
Environmental Science Press, Beijing, 2002.



7950

[44] A. Jirka, M. Carter, Micro semi-automated analysis of surface
and wastewaters for chemical oxygen demand, Anal. Chem.
47 (1975) 1397-1402.

[45] N. Chamchoi, S. Nitisoravut, J.E. Schmidt, Inactivation of
ANAMMOX communities under concurrent operation of
anaerobic ammonium oxidation (ANAMMOX) and denitrifi-
cation, Bioresour. Technol. 99 (2008) 3331-3336.

[46] S. Matsumoto, A. Terada, S. Tsuneda, Modeling of membrane-
aerated biofilm: Effects of C/N ratio, biofilm thickness and
surface loading of oxygen on feasibility of simultaneous nitri-
fication and denitrification, Biochem. Eng. J. 37 (2007) 98-107.

[47] M. Grigatti, M.D. Pérez, W.J. Blok, C. Ciavatta, A. Veeken, A
standardized method for the determination of the intrinsic
carbon and nitrogen mineralization capacity of natural organic
matter sources, Soil Biol. Biochem. 39 (2007) 1493-1503.

[48] W. Li, Q.L. Zhao, H. Liu, Sulfide removal by simultaneous
autotrophic and heterotrophic desulfurization-denitrification
process, J. Hazard. Mater. 162 (2009) 848-853.

[49] ]J. Dong, Y.S. Zhao, W.H. Zhang, M. Hong, Laboratory study
on sequenced permeable reactive barrier remediation for
landfill leachate-contaminated groundwater, J. Hazard. Mater.
161 (2009) 224-230.

S. Hu et al. | Desalination and Water Treatment 52 (2014) 7937-7950

[50] D. Wan, H. Liu, J. Qu, PJ. Lei, S.H. Xiao, Y.N. Hou, Using
the combined bioelectrochemical and sulfur autotrophic deni-
trification system for groundwater denitrification, Bioresour.
Technol. 100 (2009) 142-148.

[51] N. Weissenbacher, K. Lenz, S.N. Mahnik, B. Wett,
M. Fuerhacker, Determination of activated sludge biological
activity using model corrected CO, off-gas data, Water Res.
41 (2007) 1587-1595.

[52] Y.N. Tang, C. Zhou, M. Ziv-El, B.E. Rittmann, A pH-control
model for heterotrophic and hydrogen-based autotrophic
denitrification, Water Res. 41 (2011) 232-240.

[53] J. Lee, A.J. Graettinger, J. Moylan, H.W. Reeves, Directed site
exploration for permeable reactive barrier design, J. Hazard.
Mater. 162 (2009) 222-229.

[54] R.L. Smith, D.N. Miller, M.H. Brooks, M.A. Widdowson,
M.W. Killingstad, In situ stimulation of groundwater denitrifi-
cation with formate to remediate nitrate contamination, Envi-
ron. Sci. Technol. 35 (2001) 196-203.

[55] S. Ghafari, M. Hasan, M.K. Aroua, Bio-electrochemical
removal of nitrate from water and wastewater: A review,
Bioresour. Technol. 99 (2008) 3965-3974.





