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Abstract. Continuous stirred bioelectrochemical system (CSBES), consisting of
anaerobic digestion reaction zone (ADRZ) and bioelectrochemical reaction zone
(BERZ), was constructed to investigate the ammonia inhibitory effects on the
performance of electricity generation and wastewater treatment. Continuous
experiments were conducted with ammonia concentration ranging from 300 mg/L
to 1200 mg/L. As the ammonia concentration increasing from 300 mg/L to 900
mg/L, both of the maximum power densities and the COD removal increased.
When the ammonia concentration reached to 1200 mg/L, the maximum power
densities of the four cells decreased by 55.7%, 58.9%, 58.0% and 60.6% in
comparison with that under ammonia concentration of 900 mg/L. The COD
removal reduced to 71.2 + 1.4%, leading to COD concentration in the effluent
increased to 1758 + 93 mg/L. Electrochemical measurements revealed that the
deterioration of anode performance caused the reduction of power generation. The
conductivity control experiment showed that the toxic effects of high ammonia
concentration on exoelectrogens caused performance deterioration of the CSBES.
The threshold ammonia concentration that triggered the inhibition effect on
exoelectrogens in CSBES was 1200 mg/L, and the anaerobic consortium in ADRZ
could tolerant to higher ammonia concentration than the exoelectrogens in BERZ.
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electricity generation, wastewater treatment

1. Introduction

Bioelectrochemical system (BES) is an environmentally friendly device that can
effectively convert organics into electrical energy using electrochemically active
bacteria as catalyst [1]. BES is expected to be applied in wastewater treatment and
renewable energy recovery [2, 3], and has outstanding properties such as pollution free,
high energy invert efficiency and wide scope of application. Various types of
wastewater have been used as feed in BES, such as swine wastewater [4], human urine
[5], fermented wastewater [6], etc. However, some BESs do not perform well in
high-strength wastewater because of physical, chemical and biological restrictions,
which reduce the activity of exoelectrogenic bacteria and inhibit electron transfer to the
anode [7]. To meet the requirement of dealing with high-strength wastewater with
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refractory organics, BESs with different configurations have been constructed, among
which AD (anaerobic digestion)-BES integrated system is an effective configuration.
Many of the limitations of BES can be alleviated due to the complementary synergy
between AD and BES. This novel coupled system has been shown to improve tolerance
to high-strength organics, enhance pollutant removal and energy recovery from
wastewater [8].

Ammonia nitrogen is a common pollutant in wastewater and is important to
maintain the stability of anaerobic digestion. However, high ammonia can affect the
performance of AD processes because it directly inhibits microbial activity [9]. In
addition to being present in the liquid to be digested, ammonia also accumulates during
breakdown of the nitrogenous matter [10]. Recent studies have found that due to its
high permeability to cell membranes, free ammonia is considered to be the primary
reason for inhibition of methanogenic consortium in nitrification tanks [11], and its
equilibrium concentration depends on pH and temperature [12]. Mechanisms of
ammonia inhibition include destruction of enzyme activity, pH change inside the cell
and cell dehydration because of high osmotic pressure [11, 13, 14]. Many methods to
alleviate ammonia inhibition in AD have been reported recently, such as
bioaugmentation [15, 16], struvite precipitation [17], supplementation of certain trace
element [18, 19], adjustment of C:N ratio [20], supplementation of via nano-bubble
water [21] and supplementation of magnetite and polyurethane foam carrier [22].

Excessive amounts of ammonia in the wastewater also have negative effects on the
exoelectrogens in BES, and thus reduce its electrical performance and removal
efficiency of organic pollutants [7, 23-25]. Due to the influence of various operational
factors, the threshold ammonia concentration triggering the inhibitory effects in BESs
is not the same according to the previous studies [26]. It is reported that ammonia
concentration of 500 mg-NL™! can cause limitation on bioanode in a single-chambered
BES [7]. However, no cytotoxic effects of ammonia were observed at concentration up
to 4000 mg-NL™ in a two chamber BES [27]. To promote BES treating ammonia-rich
wastewater, a two-chamber BES consisting of nitrifying granular sludge was developed,
and achieved a high ammonia removal efficiency of 98.55% at ammonia concentration
of 200 mg-NL!' [28]. A heterotrophic nitrifying/denitrifying air-cathode BES was
operated with ammonia-polluted wastewater, which removed 99% of ammonia and 95%
of total nitrogen [29]. Although the ammonia inhibitor effects in AD and BES have
been respectively studied, there are relatively few research on ammonia inhibition in
AD-BES integrated system. However, it is crucial to study these effects on syntrophic
reaction when these two processes are integrated.

In this study, a continuous stirred bioelectrochemical system (CSBES) constructed
by combing AD and BES, was operated to study the ammonia inhibition on the
performance of electricity generation and wastewater treatment. Control experiments
on conductivity were conducted to evaluate the net inhibition effect of ammonia. The
effluent quality from different functional zones of CSBES were measured to determine
the inhibition intensity of ammonia on anaerobic consortium and exoelectrogens.

2. Materials and Methods
2.1.CSBES Configuration

The continuous stirred bioelectrochemical system (CSBES) was developed by combing
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anaerobic digestion and bioelectrochemical system (Figure 1a) [30]. It was composed
of an anaerobic digestion reaction zone (ADRZ) and a bioelectrochemical reaction
zone (BERZ) (Figures 1b and 1c). The cylindrical ADRZ was inoculated with
anaerobic activated sludge, and the mixed liquid suspended solids were continuously
mixed by a micro-motor. The rectangular BERZ was divided into four separate cells,
with each cell using carbon fiber brush as anode [31] and rolling-pressed activated
carbon as cathode [32]. A three-phase separator was installed between the ADRZ and
BERZ, which was also playing a role as solid-liquid-gas separator and gas collector.
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Figure 1. (a) The continuous stirred bioelectrochemical system (CSBES); (b) Bioelectrochemical reaction
zone (BERZ); (c) anaerobic digestion reaction zone (ADRZ).

2.2.Operation Procedures

The CSBES feeding with sucrose wastewater had been run for four months before this
research. In this experiment, artificial wastewater was employed as the influent, which
included: sucrose 5.3 g/L; phosphate buffer solution without NH4Cl 50mmol/L;
vitamin mixture 1mL/L and trace metal 1mL/L [33]. To investigate how ammonia
influences power production and wastewater treatment in CSBES, tests were conducted
in four phases by increasing ammonia content in the artificial wastewater gradually.
The ammonia concentration was increased from 300 mg/L to 1200 mg/L in a stepwise
manner by gradually increasing the contents of NH4Cl (1.14 g/L to 4.59 g/L) in the
artificial wastewater. The system was run for 15 days at every ammonia concentration
to achieve stable performance. The hydraulic retention time of the system was 12 h and
each cell was connected to an external resistor of 10 Q. In each phase, performance of
power generation and wastewater treatment was assessed.

To exclude the influence of conductivity, a control experiment was conducted to
determine the net impact of ammonia on the CSBES performance. As a conductivity
control, the conductivity of the synthetic wastewater was adjusted by KCI
(KCI-CSBES), and the KCI-CSBES was operated in the same condition as the
NH4CI-CSBES.
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2.3. Analytical Methods

The voltage outputs of the CSBES were taken at 30 min intervals throughout the
experiments via a data acquisition system (PISO-813). As the performance of the
CSBES stabilized, polarization curves were conducted to calculate the maximum
power density. The polarization curves were performed on a workstation in a potential
range from open-circuit voltage to zero. Cyclic voltammetry (CV) measurements were
performed in the potential range from minus 0.8 V to 0.2 V with carbon fiber brush
anode as the working electrode. Both of the polarization curves and CV were
performed at a scan rate of 1 mV/s. Power density (normalized by the cathode area)
was calculated as previously described [34]. Measurements of COD, ammonia, nitrite
and nitrate were conducted based on the Standard Methods (APHA 1998).

3. Results and Discussion
3.1. Effects of Ammonia Concentration on Electricity Generation of CSBES

Under the condition that the influent organic loading rate was maintained at 12 kg
COD/m?/d, different ammonia concentrations (300,600,900 and 1200 mg/L) were
obtained by gradually increasing the contents of NH4ClI (1.14 g/L, 2.29 g/L, 3.44 g/L
and 4.59 g/L) in the synthetic wastewater. Electricity generation performance of
CSBES was investigated under each condition. The system was run for at least 15 days
at each ammonia concentration to ensure stable performance.

The average current densities of these four cells increased from 3.54 A/m? + 0.01
A/m? to 4.43 A/m? + 0.03 A/m? after elevating the ammonia concentration from 300
mg/L to 900 mg/L (Figure 2.), presenting a gradual upward trend. The increase in
current density might be due to the increased conductivity of the feed, which increased
by 55.2% from 8.46 mS/cm to 13.13 mS/cm as the ammonia concentration increased
from 300 mg/L to 900 mg/L. The increase in conductivity can accelerate the transfer
rate of ions or protons in the solution to the cathodic three-phase interface reaction
zone, thus decreasing the ohmic internal resistance and increasing its current density
[35]. As the ammonia concentration increased to 1200 mg/L, the influent conductivity
increased to 15.49 mS/cm, resulting in a gradual decline trend of the average current
densities of the system. After about 27 days of operation, the mean current densities
eventually decreased from 4.19 A/m? + 0.07 A/m? to 0.48 A/m? = 0.21 A/m? (Figure 2).
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Figure 2. Current generation of CSBES at different ammonia concentrations.
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Polarization curves of CSBES (Figure 3) were plotted as gradually increasing
ammonia concentrations. The maximum power densities of these four cells increased as
the ammonia concentration increased from 300 mg/L to 900 mg/L due to the increase in
influent conductivity. When the ammonia concentration was 900 mg/L, the maximum
power densities of the four cells were 663 mW/m?, 701 mW/m?, 647 mW/m? and 689
mW/m?, which were enhanced by 13.5%, 26.3%, 17.2% and 20.5% respectively
compared with that under ammonia concentration of 300 mg/L. The maximum power
densities of the four cells drastically decreased when the ammonia concentration
increased to 1200 mg/L, which were decreased by 55.7%, 58.9%, 58.0% and 60.6%.
Polarization curves revealed that the open circuit voltages of the four cells were
significantly different when the ammonia nitrogen concentration was 900 mg/L and
1200 mg/L. The open circuit voltages of the four cells were 612, 601, 605 and 613 mV
(Figure 3c) at 900 mg/L, which decreased to 440,423,420 and 420 mV when ammonia
concentration increased to 1200 mg/L, and the maximum circuit current of the four
cells dropped to 2.4 A/m?, 2.3 A/m?, 2.0 A/m? and 2.4 A/m? (Figure 3d).
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Figure 3. Polarization curves and power densities of the CSBES at different ammonia concentrations. (a):
300 mg/L; (b): 600 mg/L; (c): 900 mg/L; (d): 1200 mg/L.

Electrode polarization curves were used to determine the main reasons affecting
the difference in electricity generation performance of the four cells. It showed that the
cathode potential had no significant change when the ammonia concentration increased
from 900 mg/L to 1200 mg/L, and the average open circuit potential of the four cathode
was 147 mV = 5 mV and 140 mV + 3 mV (Figure 4). However, the average open
circuit potential of the anode increased by 37.9% + 2.3% from -464 mV + 4 mV to -288
mV £ 12 mV as ammonia concentration increased from 900 mg/L to 1200 mg/L. From
the perspective of maximizing the energy output of the bioelectrochemical system, a
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more negative anode potential is better for power generation. Thus, it can be
determined that the decrease of anode performance caused the decrease of current
density and maximum power density at ammonia concentration of 1200 mg/L. The
high osmotic pressure caused by the high conductivity (15.49 mS/cm), or the toxic
effect of high ammonia concentration (1200 mg/L) on exoelectrogens, might be the
reasons for the decline of anode performance.
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Figure 4. Electrode potentials of the CSBES at different ammonia concentrations. (a): 300 mg/L; (b): 600
mg/L; (c): 900 mg/L; (d): 1200 mg/L.

3.2. Effect of Ammonia Concentration on Wastewater Treatment of CSBES

Effluent COD of the system was measured at each phase to investigate the influence of
ammonia concentration on wastewater treatment efficiency. As the ammonia
concentration increased from 300 mg/L to 900 mg/L, COD removal of the system
increased from 87.3% + 1.1% to 90.9% + 0.8%, and the COD concentration in the
effluent decreased from 776 mg/L + 47 mg/L to 553 mg/L = 56 mg/L (Figure 5). The
increase of current density might cause the increase in COD removal. The degradation
rate of organic matter by exoelectrogens was accelerated under high current density,
thus the COD removal was enhanced due to the improved performance of the
bioelectrochemical reaction zone (BERZ).

However, COD removal of the system decreased to 71.2% =+ 1.4% when ammonia
concentration reached to 1200 mg/L, resulting in an increase of the COD concentration
in the effluent to 1758 mg/L + 93 mg/L. The ammonia inhibition on the activity of
exoelectrogens in the BERZ, or the inhibition on anaerobic consortium in the anaerobic
digestion reaction zone (ADRZ), might be the reasons for the decline of the COD
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removal performance. In addition, the disrupted syntrophic effect between
bioelectrochemical reactions and anaerobic digestion, which was probably caused by
the ammonia inhibition on one of these two functional microbial consortium, might
also cause the decrease in the COD removal.

In the process of gradually increasing ammonia concentration of the influent, the
ammonia removal performance was also investigated. However, by monitoring the
concentrations of NH4"-N, NO5-N and NO,-N in the effluent, it was observed that
ammonium could not be removed in CSBES. In each stage of gradually increasing the
ammonia concentration, the effluent ammonia concentration was basically the same as
that in the influent, and the ammonia removal fluctuated in the range of 9.8 to 15.5%.
In addition, NOs™-N and NO,-N was rarely detected in the effluent. The possible reason
for the poor effect of CSBES on ammonia removal was that the nitrification in the
system was weak or there was no nitrification process, and ammonia removal in the
CSBES was possibly accomplished by sludge adsorption or microorganisms
assimilation.
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Figure 5. Effluent COD and COD removal in CSBES at different ammonia concentrations.
3.3. Mechanism of ammonia inhibition on the performance of CSBES

To further explore the ammonia inhibition mechanism on CSBES performance, effluent
quality of the ADRZ and BERZ was detected to determine the inhibition intensity of
ammonia on these two functional zones. COD removal of the ADRZ slightly reduced
from 62.2% + 2.1% to 55.8% + 3.7% as the ammonia concentration increasing from
900 mg/L to 1200 mg/L, resulting the COD concentration increased from 2287 mg/L +
97 mg/L to 2709 mg/L + 159 mg/L in the effluent (Figure 6). However, the effluent
COD concentration increased significantly from 552 mg/L + 55 mg/L to 1758 mg/L £+
93 mg/L as the ammonia concentration increasing from 900 to 1200 mg/L, resulting in
a decrease of the COD removal by 53.7%. Effluent quality monitoring results showed
the inhibitory effects of high ammonia on the BERZ was more intensive than that on
the ADRZ.

In order to prevent the system performance from deteriorating, ammonia
concentration in the influent was reduced from 1200 mg/L to 900 mg/L when the
output voltage of the four cells was dropped to about 30 mV, so as to improve the
operation status of the system and restore its performance to the levels at ammonia
concentration of 900 mg/L. During 30 days operation, the COD and volatile acid
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concentrations in the effluent continued to decrease and the current density of the four
cells gradually increased, and the mean current density finally reached to 4.31 A/m? &
0.05 A/m?, indicating that the system performance had basically recovered to the
original level.
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Figure 6. Effluent COD of ADRZ and BERZ at ammonia concentration of 900 mg/L and 1200 mg/L.

In order to determine whether the deterioration of performance was caused by high
conductivity or the toxic effect of high ammonia concentration, a conductivity control
experiment was conducted by replacing NH4Cl with KCl, and the influent conductivity
was the same as that at ammonia concentration of 1200 mg/L (15.49 mS/cm). The
maximum power densities of the four cells under the condition of KCI were 653
mW/m? + 10 mW/m?, 698 mW/m?> = 9 mW/m?, 622 mW/m? + 5 mW/m? and 653
mW/m?> + 13 mW/m?, which were nearly unchanged compared with that under
ammonia concentration of 900 mg/L, indicating that the maximum power densities of
the system were not inhibited in the process of increasing the influent conductivity
from 13.13 mS/cm to 15.49 mS/cm (Figure 7). However, the maximum power densities
of the four cells increased by 117.3% + 4.7%, 138.1% =+ 3.3%, 149.3% + 11.2% and
135.9% + 3.1% compared with that under ammonia concentration of 1200 mg/L,
further indicating that the increase of conductivity was not the reason for the reduction
of the maximum power densities of the system. The polarization curves indicated that
the discrepancy in anode potential caused the difference of the maximum power
densities of the system at the ammonia concentration of 1200 mg/L and KCIl.

The change trend of the maximum power densities of the four cells in the system
under the three conditions was consistent, indicating that the changes in the
conductivity and composition of the influent had the same effect on each cell. Taking
cell 1 as an example, CV was employed to evaluate the effects of three influent
conditions on the exoelectrogens activity. Under the ammonia concentration of 900
mg/L and KCI, the maximum anodic current was basically the same (34.5 mA and 33.7
mA) (Figure 8), which was consistent with the results of the anode polarization curve,
indicating that there was no difference in the activity of exoelectrogens under the two
conditions. The maximum current of the anode dropped significantly to 11.3 mA at
ammonia concentration of 1200 mg/L, indicating that the electrocatalytic activity was
weakened and the exoelectrogens were obviously inhibited by high ammonia
concentration.
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Results showed that the threshold ammonia concentration that triggered the
inhibition effect on exoelectrogens in CSBES was 1200 mg/L. In addition, the
anaerobic consortium in ADRZ could tolerate to high ammonia concentration better
than the exoelectrogens in BERZ. Two theories of ammonia inhibition are proposed (1)
unionized ammonia deteriorate the activity of cytosolic enzymes directly; (2)
hydrophobic ammonia molecular is quickly changed to ammonium because of
intracellular pH after it passively diffuses into the bacterial cells. The accumulation of
ammonium can lead to inhibition of cell activity by changing pH inside a cell. Previous
research was different regarding the threshold ammonia concentration that triggered the
inhibition effect on exoelectrogens. Nam found that the current output of a
single-chambered BES operating under batch mode was significantly reduced when the
concentration of TAN exceeded 500mg-N/L. Meanwhile, the maximum power density
of the system decreased from 4240 mW/m?* to 1700 mW/m?* when TAN concentration
increasing from 500 mg-N/L to 4000 mg-N/L [7]. In a continuous single-chamber BES,
the maximum power density was still not inhibited as TAN concentrations increased to
3500 mg-N/L [23]. It is reported that the threshold ammonia concentration that
triggered the inhibition effect on exoelectrogens is influenced by many reasons, such as
the operation method, pH of influent, substrate concentration and operating
temperature [26]. In addition, a proper period of microbial acclimation can make the
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activity of exoelectrogens more tolerant to high ammonia concentration.

4. Conclusion

A high ammonia concentration of 1200 mg/L for an AD-BES integrated system could
cause inhibitory effects on power generation, and consequently reduce the COD
removal efficiency. The toxic effect of high ammonia concentration on the
exoelectrogens was the main reason that caused the performance deterioration of the
system. The anaerobic consortium in ADRZ was more tolerant of high ammonia
concentration than the exoelectrogens in BERZ. The work could provide a reference
for the study of ammonia inhibitory effects in AD-BES integrated system.
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