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Sediment bioelectrochemical systems (SBESs) can be integrated into brackish aquaculture ponds
for in-situ bioremediation of the pond water and sediment. Such an in-situ system offers
advantages including reduced treatment cost, reusability and simple handling. In order to realize
such an application potential of the SBES, in this laboratory-scale study we investigated the effect
of several controllable and uncontrollable operational factors on the in-situ bioremediation
performance of a tank model of a brackish aquaculture pond, into which a SBES was integrated, in
comparison with a natural degradation control model. The performance was evaluated in terms of
electricity generation by the SBES, Chemical oxygen demand (COD) removal and nitrogen
removal of both the tank water and the tank sediment. Real-life conditions of the operational
parameters were also experimented to understand the most close-to-practice responses of the
system to their changes. Predictable effects of controllable parameters including external resistance
and electrode spacing, similar to those reported previously for the BESs, were shown by the results
but exceptions were observed. Accordingly, while increasing the electrode spacing reduced the
current densities but generally improved COD and nitrogen removal, increasing the external
resistance could result in decreased COD removal but also increased nitrogen removal and
decreased current densities. However, maximum electricity generation and COD removal
efficiency difference of the SBES (versus the control) could be reached with an external resistance
of 100 Ω, not with the lowest one of 10 Ω. The effects of uncontrollable parameters such as ambient
temperature, salinity and pH of the pond (tank) water were rather unpredictable. Temperatures
higher than 35oC seemed to have more accelaration effect on natural degradation than on
bioelectrochemical processes. Changing salinity seriously changed the electricity generation but
did not clearly affect the bioremediation performance of the SBES, although at 2.5% salinity the
SBES displayed a significantly more efficient removal of nitrogen in the water, compared to the
control. Variation of pH to practically extreme levels (5.5 and 8.8) led to increased electricity
generations but poorer performances of the SBES (vs. the control) in removing COD and nitrogen.
Altogether, the results suggest some distinct responses of the SBES under brackish conditions and
imply that COD removal and nitrogen removal in the system are not completely linked to
bioelectrochemical processes but electrochemically enriched bacteria can still perform non-
bioelectrochemical COD and nitrogen removals more efficiently than natural ones. The results
confirm the application potential of the SBES in brackish aquaculture bioremediation and help
propose efficient practices to warrant the success of such application in real-life scenarios.

Keywords: Sediment bioelectrochemical systems, brackish aquaculture, in situ bioremediation,

operational conditions
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Introduction

Aquaculture industry has become an important

economic sector in many countries, as the result of

increasing demands of human population for more and

diverse food. Therefore, the aquaculture farmers are under

huge pressures to increase their productivity. As the

consequence, intensive rearing practices with huge daily

feed loads into rearing ponds are more and more applied.

By doing this, the aquaculturists have to face a number of

problems relating to uneaten feed and excessive waste

produced by fish or shrimp, because the accumulation of

these materials can cause elevations in the levels of total

nitrogen and organic matter in the pond water and

sediment [1]. A pond environment with such elevated

nitrogen and organic matter levels is favorable for

microorganisms, including numerous pathogens, to grow.

Resulted diseases can seriously reduce productivity,

leading to heavy losses for aquaculturists. Furthermore,

pollution of the water bodies receiving discharged water

from such ponds is another serious threat [2]. It is therefore

essential and urgent to develop measures to reduce feed-

related water pollution in aquaculture ponds.

A number of technologies for the reduction of water

pollution in aquaculture ponds have been reported,

including the use of artificial aeration systems and/or

separate systems to treat and recycle the water, etc. [3].

Those technologies, although having high treatment

efficiencies, were not cost-competitive because of their

constructional and operational costs and energy expenses

[1]. A new technology based on the use of a sediment

bioelectrochemical system (SBES) (or benthic

bioelectrochemical system) has been lately shown to be a

promising solution for in situ reclamation of the water

quality of aquaculture ponds [1, 4]. Indeed, SBES or SMFC

(sediment microbial fuel cell) was invented long ago [5, 6].

Electrochemically active bacteria, the key players in such a

system, can oxidize organic matter in the sediment and the

water and harvest electrons before transferring them to the

anodic electrode [7]. With an external circuit connecting

anode and the air cathode floating on the water surface, the

system enables the oxidation of organic substances to be

driven by a high redox potential difference, rather than by

only anaerobic processes. Thus SBESs can offer in-situ

reclamation of the water quality of aquaculture ponds with

high efficiency and low cost, as the system can be reused

and its operation is simple.

With the aim of taking such unique advantages of SBESs,

Sajana and colleagues thoroughly investigated the

efficiency of a laboratory scale SBES in treating the water of

freshwater aquaculture ponds [1]. The system was shown

to perform very well in removing Chemical oxygen

demand (COD) and total nitrogen in the water of the

experimented ponds [1]. Bioelectrochemical oxidation of

organic substances and ammonium (nitrification) are

believed to enhance such bioremediation, in addition to

natural degradation. Their studies inspired us to investigate

the possibility of installing an SBES in brackish aquaculture

models and evaluate its bioremediation performance (our

previous study [3]). Such a study is necessary because there

are numerous aquaculture farms with brackish water all

over the world and processes (including bioelectrochemical

processes) under high salinity conditions might be

absolutely different. Indeed, our previous study pointed out

that unique bacteria, including Methylophilus rhizosphaerae,

Desulfatitalea tepidiphila and Thiothrix eikelboomii, might play

key roles in the SBES, rather than the popular electroactive

ones such as Geobacter spp., Shewanella oneidensis or

Pseudomonas spp. [3]. However, the system also performed

relatively well, like the one reported by Sajana and

colleagues, in terms of removing COD and nitrogen

contents of the pond water and sediment. Those initial

results suggest that the SBES technology has a potential

application for in-situ reclaimation of water quality of

brackish aquaculture systems.

Despite its promising treatment performance, a SBES,

like any BES in general, can have varying responses when

operated under different conditions [8, 9]. Operational

parameters affecting the performance of a BES include

uncontrollable factors such as pH of the electrolyte,

ambient temperature, salt concentration or conductitvity,

etc. and controllable factors such as external resistance,

electrode spacing or the distance between electrodes,

electrode material or configuration, etc. [4, 10-15].

Different parameters may affect the performance of a BES

at different degrees. In general, some optimal conditions

for SBES were proposed as follows: pH 7-8 [16], high

external resistance (e.g. 1000 ohm), temperature ranging

from 20-35oC [15]. As for the freshwater SBES presented

by Sajana and colleagues (2014), the following observations

were reported: (i) various pHs could result in differences

between COD removal and total nitrogen removal; (ii)

increasing the distance between electrodes could increase

the removals but not the power density; and decreasing the

external resistance could increase the removals as well as

the power generation [17]. Freshwater conditions and

brackish water conditions are absolutely different, as they

result in differences in salinity as well as conductivity
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levels of the envirionments, and ultimately in the bacterial

“key players”. Moreover, numerous aquaculture farms all

over the world are operated with brackish water.

Therefore, it is also necessary to understand how

operational parameters affect the performance of the SBES

working under brackish water conditions, which is the aim

of this study. The factors we investigated include both

controllable ones, such as external resistance and electrode

spacing, and uncontrollable ones, such as pH, temperature

and salinity of the electrolyte, which actually vary and may

very much affect brackish aquaculture ponds in practice.

With an applied approach, we focused more on practical

values (or “real life scenario” levels) of those parameters.

Their effects were evaluated solely through COD and total

nitrogen removal efficiencies, with reference to electricity

generation, of the SBES. Particularly, such performance

aspects of the SBES were always compared with those of

the control, to ensure that the data obtained reflect the

practically meaningful differences in the performances of

the SBES versus natural degradation under different real-

life operative conditions.

Materials and Methods 

Experimental Setup

Two rectangular parallelepiped glass tanks (each having the

dimensions of 30 cm × 20 cm × 25 cm) that were previously

constructed [3] (Fig. S1) were used as pond models in this study.

One tank having a sediment bioelectrochemical system (SBES)

installed was used as the test tank, while the other tank not having

it served as the control. The SBES installed in the test tank

consisted of a sediment anode and a cathode floating on the water

surface (see detailed description in our previous study [3]). The

sediment anode included a 2-cm-thick layer of graphite granules

(3-5 mm in diameter) (Xilong Chemical Co., China) and an

underlying graphite felt having the dimensions of 15 cm × 7 cm ×

0.9 cm (Osaka Gas Chemicals Co., Japan). The cathode was a

graphite felt of of the same size and type. Graphite rods glued to

the graphite felts of the anode and the cathode for collecting

current were connected with copper wires to an external resistor

of 10 Ω. The sediment of the test tank was already enriched with

an electricity-generating bacterial consortium and that of the

control already inoculated with a microbial source from

aquaculture ponds in the previous study [3]. 

In the default operation, pre-mixed artificial brackish water

(1.5% in salinity, prepared with Marinium Reef Sea salt

(Mariscience International Co. Ltd., Thailand) as in the previous

study [3] was used to fill each experimental tank to a level that is

10 cm distant from the tank bottom. Thus each tank had a final

water volume of 6 L and its water body was just a 133-fold

miniature (with each dimension 13-fold miniaturized) of a 2.6 m ×

3.9 m × 1.3 m water column of a typical aquaculture pond [3].

Each tank was fed with the shrimp feed GAMMA 6 (TOMBOY

Co., Vietnam) at a rate of 0.051 g d-1 per tank, equivalent to a COD

loading rate of 8 mg l-1 d-1, which mimicks the daily load of

uneaten feed (assumed to be ca. 50%) in an actual aquaculture

pond with 30-day-old shrimp, as previously calculated [3]. The

systems were operated at the default temperature of 30 ± 2oC

(typical average temperature of brackish aquaculture ponds in

Vietnam).

Experimental Procedures

As mentioned above, when not experimented, the systems were

operated under default conditions, which were: pH of the tank

water (electrolyte) at 7, temperature at 30oC, salinity of the tank

water at 1.5%, electrode spacing at 10 cm and external resistance

at 10 Ω. Depending on the specific experiments described below,

one of those conditions could be varied while the others remained

the same, unless otherwise stated.

Testing the effect of external resistance. With reference to a

polarization curve and a power curve established prior to the

experiment, the resistance levels to be focused on were

determined to include 10, 100, 188, 1,875, and 4,690 Ω, listed as in

the testing sequence. The SBES was operated with each external

resistance for 1 week and changes in its current density were

monitored. Samples from both the test tank and the control were

taken on the start date and the end date for COD, total nitrogen

and NH4

+-N analyses to evaluate the bioremediation performance

of the SBES (versus the control).

Testing the effect of distance between electrodes. According

to aquaculture experts, in practice, depending on seasons, the

water depth of a brackish aquaculture pond may vary up to 30%

around the average value (1.3 m). Therefore, in this study, we

tested the SBES with 3 levels of the distance between electrodes

(actually equal to the water depth), including 10 cm (d, the default

value), 7 cm (d-30%d), and 13 cm (d+30%d), listed as in the testing

sequence. The water depth was adjusted by withdrawing tank

water from each tank or by adding artificial brackish water

(prepared as described above) to the tank to achieve the desired

water level. The cathode position was accordingly adjusted so that

the cathode floated on the water surface as described above. For

each water depth, the test tank (containing the SBES) and the

control were operated for 3 days. Samples were taken and

analyzed as above. Other operational conditions were default and

the same for both tanks. 

Testing the effect of ambient temperature. Practically,

temperature in aquaculture regions may drop down to 14oC and

rarely exceeding 40oC. Therefore, we evaluated the performance

of the tanks when operated with several temperature levels within

that range: 14oC, 25oC, 30oC, 35oC, and 40oC. These levels were

tested in the following sequence: 30oC, 35oC, 40oC, back to 30oC,

then down to 25oC, 14oC, and finally back to 30oC. To adjust the

temperature, the tanks and all accompanying accesories were

placed into a temperature-controlling chamber. At each
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temperature, the tanks were operated for 3 days. Samples were

taken and analyzed as above. Other operational conditions were

default and the same for both tanks. 

Testing the effect of salinity. The salinity of brackish

aquaculture ponds may vary due to seasonal changes. Thus in this

study we tested the tanks with water having different salinities,

including 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%. These levels were

tested in the following sequence: 1.5%, 2.0%, 2.5%, back to 1.5%,

then down to 1.0%, 0.5%, and finally back to 1.5%. The salinity of

the water was adjusted by adjusting the concentration of

Marinium Reef Sea salt (Mariscience International Co. Ltd.,

Thailand) in the tank water with a salinity meter (model RHSN-10

ATC, Grand-index, China). Accordingly, the tanks were operated

for 3 days with the water having its salinity adjusted to each

salinity level to be tested. Samples were taken and analyzed as

above. Other operational conditions were default and the same for

both tanks.

Testing the effect of pH of the pond water. According to

aquaculture experts, practical pH in actual brackish aquaculture

ponds can decrease down to about 5.5 or increase up to 8.8.

Therefore, we tested our systems with three levels of pH of the

tank water: 7, 8.8, and 5.5, listed as in the testing sequence. pH

was adjusted by adding HCl or NaOH to the tank water.

Accordingly, the test tank (containing the SBES) and the control

were operated for 3 days with water having its pH adjusted to

each pH level to be tested. Samples were taken and analyzed as

above. During the experiment, the SBES was operated with a

100 Ω external resistance. Other operational conditions were

default and the same for both tanks. 

Sampling 

Sampling was carried out as described in the previous study

[3]: Each sediment sample (ca. 5 g) was the mixture of the mud

collected at 5 points (4 at the corners and 1 at the center) of the

sediment of each tank by spooning. The samples were stored at

-20oC for COD, total nitrogen and NH4

+-N analyses. Water

samples (ca. 20 ml each, in triplicate) (for COD, total nitrogen and

NH4

+-N analyses) were also collected at the middle level of the

water body of each tank (vertically ca. 5 cm from the bottom) at

the same moments. As a large sample amount was required for

each total nitrogen measurment, under each experimental

condition, we could only take one sample for that measurment, in

order not to seriously disturb the systems. Samples were taken at

the beginning and at the end of each experiment.

Measurement and Calculation 

The voltage between the anode and the cathode of the SBES

installed in the test tank was monitored with a real-time digital

multimeter (Keithley model 2700, Keithley Instruments Inc.,

USA). The measurements and calculations of electrical parameters

(current I(A), voltage U(V), power P(W) and resistance R(W))

follow Aelterman et al. (2006) [18] and Logan et al. (2006) [19].

Internal resistance was measured specifically by polarization

slope method [20]. The potential of the anode or the cathode was

measured against a Ag/AgCl reference electrode (BASI, IN, USA)

placed in the tank water at a distance of about 3 cm from the

electrode. A polarization curve and a power curve to evaluate the

electrochemical performance of the SBES, when operated under

default conditions, were determined by applying the standard

method [19]. Power density and current density were calculated

with the total anode surface area of 1.08 m2, as estimated in the

previous study (see our previous study [3] or Suppl.). 

Chemical analyses were conducted as described in the previous

study [3]: The COD of each sample was measured by the closed

reflux colorimetric method [21] after the sample was pre-treated

with HgSO4 [22]. Total nitrogen amount of each sample was

measured by the Kjeldahl method and NH4

+-nitrogen

concentration was measured by the Nessler method [21]. To

prevent the interference of chloride, 0.1N Na2S2O3 solution was

used (one drop for every 0.3 mg l-1 Cl-) (USEPA method 8038). 

Unless otherwise stated, all the values of the parameters

reported in this study were the results of at least 3 repetitions. 

Data Processing and Analysis

COD, total Kjeldahl nitrogen (TKN) or total ammonium

nitrogen (TAN) removal was calculated as the percentage of the

amount of the respective parameter removed at the end of each

experiment (vs. the amount at the beginning). If the removal was

≤ 10%, it is considered as not stastically meaningful, i.e. the

removal was not significant. Data for the control were upon

measurements done with the samples from the control (tank) at

the same experimental moments. The calculation for the control

was the same as for the test tank.

In this study, in order to have the most practical evaluation of

the effects of the operational parameters on the performance of

the SBES, we always compared the COD removal or the nitrogen

removal of the SBES with those of the control, to know how better

the SBES could actually improve those bioremediation aspects

versus natural degradation. Therefore, the term “(COD, TKN or

TAN) removal efficiency difference of the test tank (or the SBES-

containing tank, or the SBES) versus the control” presented in this

study was the percentage of the respective parameter that was

removed more by the test tank (containing the SBES) compared to

the control.

Data were analyzed by using basic statistical methods with

tools in Microsoft Excel: differences in data were evaluated by t-

Test analysis; errors among replicates were expressed in the form

of standard deviations.

Results

Polarization Curve and Power Curve of the SBES

Integrated in a Brackish Aquaculture Pond Model

In order to comprehensively evaluate the electricity

generation capacity of the SBES, its polarization curve and
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power curve were determined as described above, when all

operational conditions were default (pH 7, 30oC, 1.5%

salinity and 10 cm electrode spacing). Its polarization curve

(Fig. 1) showed that the maximum working voltage it could

create was about 150 mV, at an external resistance of about

1,876 Ω. Its power curve (Fig. 1) showed a maximum

attainable power density of about 0.08 mW m-2, at an

external resitance of about 100 Ω. It can also be deduced

from the curves that the maximum current density that the

system could achieve is around 2 mA m-2.

Effect of External Resistance

The SBES was tested with increasing external resistance

levels, including 100 Ω and 1,876 Ω that are the conditions

at which the system could produce the maximum power

and the maximum voltage, respectively. This is to

investigate how the system performs, under these

conditions, in terms of COD and nitrogen removals. 

In terms of electricity generation, generally when the

external resistance increased the current generated by the

SBES decreased but it exceptionally reached the highest

level at the external resistance of 100 Ω (not at 10 Ω)

(Fig. 2A). Specifically, at 100 Ω, the current generated by

the SBES was at a level of around 1.7 mA m-2, definitely

much higher than those at 188, 1,875, and 4,690 Ω, which

were around 0.83 mA m-2, 0.28 mA m-2 and 0.11 mA m-2,

respectively. At 10 Ω, the current density was around

1.65 mA m-2, slightly lower than that at 100 Ω, though this

difference is not significant (p > 0.05).

The COD removal results (Fig. 3A) showed that, like in

the previous study [3], generally the test tank could remove

COD of the pond water around 20% more efficiently than

the control, i.e. the SBES could enhance the water COD

removal by about that rate if compared with natural

degradation. Changing the external resistance did not seem

to affect the efficiency difference regarding water COD

removal between the two tanks. However, the observations

were not the same for the removal of sediment COD. In

consistent with the previous study [3], at the external

resistance of 10 Ω, the sediment COD removals by the test

tank and by the control were not significantly different

(Fig. 3D). However, when increasing the resistance, it was

surprising that the test tank removed sediment COD much

more efficiently than the control. The maximum removal

efficiency difference of 28 ± 6% was achieved at the

external resistance level of 100 Ω. The removal efficiency

difference seemed to decrease when the external resistance

increased above 100 Ω, and it was unexpectedly negligible

at 188 Ω (Fig. 3D). Thus, the changes in the COD removing

performance of the SBES in response to the changes in

external resistance seemed to be almost correlated to the

changes of its electricity generation, which showed the

maximum level at 100 Ω.

Regarding total nitrogen removal, it is striking that the

test tank removed TKN of the water 25-30% more

efficiently than the control when operated with the external

resistances of 100 Ω and 188 Ω, while it did not do better

with other resistance levels (Fig. 3B). On the other hand,

the test tank removed TKN of the sediment (20-25%) more

efficiently when operated with the external resistances of

188 Ω and 1,875 Ω, while it did not do better with other

resistance levels (Fig. 3E). With respect to total ammonium

nitrogen removal, when operated with the resistances

other than 10 Ω, the test tank showed significantly

improved NH4

+-N removals for both water and sediment,

compared to the control (Figs. 3C and 3D). Notably, at the

external resistance level of 188 Ω, the removal efficiency

difference could maximally reach 43.2 ± 2.4% for water

TAN and 39.7 ± 4.6% for sediment TAN (Figs. 3C and 3D).

In summary, it can be seen clearly from the results that

operating the SBES with the external resistance of 188 Ω

could significantly increase its nitrogen removal efficiency

difference versus natural degradation. Thus, unlike the

changes in the COD removing performance, the changes in

the nitrogen removing performance of the SBES in

response to the changes in external resistance was not fully

Fig. 1. Polarization curve and power curve of the SBES

integrated in the brackish aquaculture pond model (the test

tank).

The system was operated under default conditions (pH 7, 30oC, 1.5%

salinity and 10 cm electrode spacing), except that the external

resistance was varied. Three replications of the experiment showed

similar results and thus only one representative was presented here.
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correlated to the changes in its electricity generation.

Effect of the Distance between Electrodes

As mentioned, in practice the water depth of a brackish

aquaculture pond may vary up to 30% around the average

value. Therefore, the test tank and the control were tested

with 3 levels of water depth (actually equal to 3 levels of

the distance between the electrodes of the SBES), including

10 cm (d, the default value), 7 cm (d-30%d), and 13 cm

(d+30%d) and their performance evaluated.

The generation of electricity by the SBES did not change

when the electrode spacing was reduced by 30% (Fig. 2B).

However, when the electrode spacing increased by 30%,

the current density decreased to less than 1.4 mA m-2,

significantly lower than that with the default electrode

distance, which was around 1.78 mA m-2 (Fig. 2B). This

Fig. 2. Effect of external resistance (A), electrode spacing (B), ambient temperature (C), salinity of the pond water (D), and pH of

the pond water (E) on the generation of electrical current by the SBES integrated in the brackish aquaculture pond model (the test

tank). 

The system was operated under default conditions, except that the tested parameter was varied (as described in section 2.2). Shown here are

average values and standard deviations of three replications in each experiment.
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change in the electricity generation by the SBES in response

to electrode spacing change is quite opposite to the changes

of COD and nitrogen removals, as explained below.

Operated with the default electrode distance, the test

tank could remove COD of the water around 20% more

efficiently than the control (Fig. 4A). Reducing the distance

by 30% could slightly reduce the removal efficiency

difference, while increasing it by 30% could significantly

increase the removal efficiency difference up to ca. 30%

(Fig. 4A) (p < 0.05). In terms of removing COD of the

sediment, it is striking that the SBES, when operated with

the default electrode distance, could not perform better

than the control (natural degradation) but it did 15% better

when operated with d-30%d and 18% more efficiently with

d+30%d (Fig. 4D).

Regarding the removal of total nitrogen in the water,

while with the default electrode spacing the test tank only

performed about 10% more efficiently than the control, it

did 15% more efficiently when the electrode distance

increased by 30%, and slightly better with d-30%d (Fig. 4B).

With respect to nitrogen removal of the sediment,

increasing the electrode spacing did not seem to improve

the performance of the SBES versus the control (Fig. 4E).

However, the reduced electrode distance seemed to boost

up (by ~24%) the removal of total nitrogen in the sediment

by the SBES versus the control (natural degradation)

(Fig. 4E).

Unlike the observations with total nitrogen in the

sediment, the removal of total ammonium nitrogen in the

sediment by the SBES (with the default electrode distance)

was about 20% more efficient than that by the control. This

figure decreased (to ca. 15%) when the electrode distance

decreased by 30% and significantly increased to ca. 30%

when the electrode distance increased by 30% (Fig. 4F). For

the ammonium nitrogen of the water, the results was less

encouraging, showing little difference in the performance

between the SBES and the control, although the SBES

appeared to perform slightly more efficiently (by about 5%)

Fig. 3. Effect of changing external resistance on the removal efficiency difference of the test tank (containing the SBES) (vs. the

control) in terms of: COD of the pond water (A), TKN of the water (B), TAN of the water (C), COD of the sediment (D), TKN of the

sediment (E), and TAN of the sediment (F). 

The systems were operated under default conditions (pH 7, 30oC, 1.5% salinity and 10 cm electrode spacing), except that the external resistance

was varied. Shown here are average values and standard deviations of three replications in each experiment, except for those of TKN

measurements, which could not be repeated (as explained in section 2.3). *Indicates a case where both the removal efficiencies of the test tank and

the control were < 10% and thus the removal efficiency difference was statistically considered insignificant.
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with d+30%d. 

Altogether, although some data remain to require further

explanation, the results indicate a trend that increasing the

electrode spacing (by 30%) can improve the COD and

nitrogen removal efficiency differences of the SBES versus

natural degradation while reducing it can not.

Effect of Temperature

The experimental tanks were tested with a temperature

variation close to that in practice (real life): 14oC, 25oC,

30oC, 35oC, and 40oC. The density of electrical current

generated by the SBES reached the highest value of 2.15 ±

0.08 mA m-2 at 35oC, while it was ca. 1.94 mA m-2 at 30oC

(Fig. 2C). It showed significant signals of declination at

40oC and clearly decreased down to ca. 1.28 mA m-2 at 25oC

and to a very low level of ca. 0.44 mA m-2 at 14oC (Fig. 2C).

The changes in the electricity generation by the SBES in

response to temperature changes suggest that COD and

nitrogen might be removed more efficiently at high

temperatures. However, it is interesting that the

temperatures higher than 30oC (the default value) did not

result in more efficient COD and nitrogen removals of the

test tank versus the control (Fig. 5). The only exception is

the 18% higher water TKN removal efficiency of the SBES

(vs. the control) achieved at 35oC (Fig. 5B). On the other

hand, at 25oC, significant improvements of the SBES

performance (vs. the control) in removing COD and total

nitrogen of sediment could be observed, with the removal

efficiency differences reaching nearly 10% for COD and

24% for TKN (Figs. 5D and 5E). 25oC was also the only

temperature (other than the default 30oC) at which the

SBES did perform more efficiently than the control in

removing water COD (Fig. 5A). At the lower temperature

limit (14oC), the SBES even performed worse than the

control in removing COD and total nitrogen, though the

SBES-versus-control removal efficiency differences still

Fig. 4. Effect of changing the electrode spacing on the removal efficiency difference of the test tank (containing the SBES) (vs. the

control) in terms of: COD of the pond water (A), TKN of the water (B), TAN of the water (C), COD of the sediment (D), TKN of the

sediment (E), and TAN of the sediment (F).

The systems were operated under default conditions (pH 7, 30oC, 1.5% salinity and 10 Ω external resistance), except that the electrode spacing was

varied. d: the default distance between the two electrodes = 10 cm; d+30%: the distance with 30% increase compared to the default; d-30%: the

distance with 30% decrease compared to the default. Shown here are average values and standard deviations of three replications in each

experiment, except for those of TKN measurements, which could not be repeated (as explained in section 2.3). *Indicates a case where both the

removal efficiencies of the test tank and the control were < 10% and thus the removal efficiency difference was statistically considered

insignificant.
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remained at ca. 3% for water TAN and ca. 14% for sediment

TAN – still lower than those at 30oC (Figs. 5C and 5F).

Altogether, our results show that the SBES-containing

tank performed only slightly better than the control

(natural degradation) in removing COD and nitrogen

when the temperature was within the optimal range of 25-

30oC. Outside that range, the former seemed not more

efficient or even less efficient than the latter. 

Effect of the Salinity of the Pond Water

The experimental tanks were tested with varied levels of

the salinity of the pond water (as can be assumingly

resulted from seasonal changes), including: 0.5%, 1.0%,

1.5%, 2.0% and 2.5%. The results showed that the electrical

current generated by the SBES decreased when the salinity

changed to the levels other than 1.5% (the default mode

level) (Fig. 2D). Specifically, the curent was reduced by

about 20% when the salinity was changed by 0.5% (to 1.0%

or 2.0%) from the default mode level, and was even

reduced further when the salinity was changed more (to

0.5% or 2.5%) (Fig. 2D). 2.5% was the salinity that caused

the most reduction (of about 40%).

In contrast to its effect on the electricity generation of the

SBES, regarding the removal of COD in the water, the

effect of salinity on the removal efficiency difference of the

SBES (vs. the control) was not significant (Fig. 6A). The

removal efficiency difference ranged from about 20-30%,

with little differences between the cases of different salinity

levels, although the lowest difference seemed to be at 2.5%

salinity. However, regarding the removal of COD in the

sediment, it is unpredictable that the salinity levels of 1.0%

and 2.0% led to significantly improved removal efficiency

differences of the SBES (vs. the control) (p < 0.05): 20 ± 1%

and 22.7 ± 6.7%, respectively, versus only about 5.7% at

1.5% salinity (Fig. 6D).

With respect to nitrogen removal, it is noticeable that the

salinity levels other than 1.5% (the default) generally did

not improve the performance of the SBES versus the

Fig. 5. Effect of changing the ambient temperature on the removal efficiency difference of the test tank (containing the SBES) (vs.

the control) in terms of: COD of the pond water (A), TKN of the water (B), TAN of the water (C), COD of the sediment (D), TKN

of the sediment (E), and TAN of the sediment (F).

The systems were operated under default conditions (pH 7, 1.5% salinity, 10 cm electrode spacing and 10 Ω external resistance), except that the

ambient temperature was varied with a temperature-controlling chamber. Shown here are average values and standard deviations of three

replications in each experiment, except for those of TKN measurements, which could not be repeated (as explained in section 2.3). *Indicates a case

where both the removal efficiencies of the test tank and the control were < 10% and thus the removal efficiency difference was statistically

considered insignificant.
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control, except the level of 2.5% (Figs. 6B, 6C, 6E, and 6F).

With the salinity of 2.5%, the removal of nitrogen in the

water of the test tank (containing the SBES) was

particularly more efficient than the control, with the

removal efficiency differences reaching ca. 24% for

ammonium-nitrogen and even ca. 50% for TKN (Figs. 6B

and 6C). Under this condition, however, the removal

efficiency differences for ammonium and TKN in the

sediment were not significant (Figs. 6E and 6F). Another

noticeable result is the improved performance of the SBES

(vs. the control) in removing TKN at the salinity level of

1.0%, at which however no improvement could be

observed in ammonium-nitrogen removal. Specifically, at

1.0% salinity, the SBES could remove TKN of the water

~40% more efficiently than the control (Figs. 6B and 6E),

while it did not do better in removing ammonium-nitrogen

(Figs. 6C and 6F). 

Effect of pH of the Pond Water

Based on the results above, in order to evaluate more

correctly the performance of the tanks, we selected the

external resistance of 100 Ω for the test of the effect of pH,

because such external resistance enhanced both the COD

and nitrogen removal efficiency differences of the SBES

versus the control. pH of the tank water was changed to 5.5

or 8.8, which are the possible extreme values of pH in real

operative conditions. In response to these pH changes, the

changes of electricity generation by the SBES were

somewhat unexpected. Specifically, the currents increased

by about 1.5 fold at both the reduced pH of 5.5 and the

increased pH of 8.8 (Fig. 2E).

When being tested with those practically extreme pHs,

the COD and TKN removal efficiency differences between

the SBES and the control were reduced (Fig. 7). Specifically,

the removal efficiency difference for water COD decreased

to ca. 15% at pH 5.5, while at pH 7 it was around 20%

(Fig. 7A). Also at pH 5.5, in terms of removing sediment

COD, water TKN and sediment TKN, the SBES appeared to

perform less efficiently than the control (Figs. 7B, 7D, and

7E). At pH 8.8, the SBES performed even much less

Fig. 6. Effect of changing the salinity of the water on the removal efficiency difference of the test tank (containing the SBES) (vs.

the control) in terms of: COD of the pond water (A), TKN of the water (B), TAN of the water (C), COD of the sediment (D), TKN

of the sediment (E), and TAN of the sediment (F). 

The systems were operated under default conditions (pH 7, 30oC, 10 cm electrode spacing and 10 Ω external resistance), except that the salinity of

the water was varied from the default level of 1.5% to 0.5%, 1.0%, 2.0%, or 2.5%. Shown here are average values and standard deviations of three

replications in each experiment, except for those of TKN measurements, which could not be repeated (as explained in section 2.3). *Indicates a case

where both the removal efficiencies of the test tank and the control were < 10% and thus the removal efficiency difference was statistically

considered insignificant.
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efficiently in terms of removing COD and TKN of both the

water and the sediment (Figs. 7A, 7B, 7D, and 7E).

Regarding ammonium removal, the situation with

pH 8.8 was more or less similar, meaning a poorer

performance by the SBES (Figs. 7C and 7F). However, at

pH 5.5, the percentage of water TAN that the SBES could

remove more (vs. the control) was 21.4 ± 0.9%, somewhat

comparable to that at pH 7 (19.6 ± 0.3%) (Fig. 7C). The

striking result was with sediment TAN removal at pH 5.5,

at which the SBES performed even ca. 27% more efficiently

than the control, while it only did ca. 18% more efficiently

at pH 7 (Fig. 7F).

A comprehensive remark from all the results above is

that the SBES did not perform more efficiently than the

control (or natural degradation) at the pHs other than 7,

although a reduced pH of down to 5.5 could somehow

further improve the removal of ammonium by the SBES

versus the control. 

Discussion

Effect of Operational Conditions 

Operational parameters greatly influence the

performance of BESs in general and SBESs in particular [9,

10, 15]. In this study, they also affected different

performance aspects of the SBES installed in a brackish

pond model at different degrees. Although based on

previous studies it is supposed that the effects could be

predicted, our experimental results showed that for a

brackish system they were indeed generally unexpected

and require careful explanation. Specifically, the effects of

external resistance and electrode spacing were relatively

similar to those reported previously for other systems but

still with some exceptions, while the effects of temperature,

salinity and pH of the pond water were significantly

different and demonstrated distinct responses of the SBES

when operated under brackish conditions. The details are

discussed below.

Fig. 7. Effect of changing the pH of the water on the removal efficiency difference of the test tank (containing the SBES) (vs. the

control) in terms of: COD of the pond water (A), TKN of the water (B), TAN of the water (C), COD of the sediment (D), TKN of the

sediment (E), and TAN of the sediment (F). 

The systems were operated under default conditions (30oC, 1.5% salinity, 10 cm electrode spacing and 100 Ω external resistance), except that pH of

the water was varied from the default level of 7.0 to real-life extreme levels of 5.5 or 8.8. Shown here are average values and standard deviations of

three replications in each experiment, except for those of TKN measurements, which could not be repeated (as explained in section 2.3). *Indicates

a case where both the removal efficiencies of the test tank and the control were < 10% and thus the removal efficiency difference was statistically

considered insignificant.
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The external resistance affects the performance of a SBES

by controlling the flow of electrons from anode to cathode

[23]. At lower resistances, normally a BES generates higher

currents due to the higher electron transfer to the cathode

supporting a faster cathode reaction and a higher

exoelectrogenic activity [10, 15, 23]. In this study, the

tendency of the electricity generation change in response to

the variation of the external resistance is relatively similar,

except that the electrical current at 100 Ω was even

approximately equivalent to that at 10 Ω. This probably

correlates to the tendency of changes in the COD removal

efficiency difference of the SBES-containing tank versus

natural degradation, also showing a maximum value at

100 Ω. Indeed, 100 Ω was the external resistance at which

the SBES could attain the maximum power. This also

means that the energy conversion rate when the SBES was

operated with 100 Ω might be the highest, leading to the

most efficient COD removal. Other studies also suggested

better COD removals in correlation with higher electricity

generations when the external resistance was reduced [10,

15, 23]. Sajana et al. [23] found that the external resistance

of 0-52 Ω was optimal for achieving optimal COD

removal. In our study, the finding that the optimal

resistance (100 Ω) for COD removal was the level at which

the SBES produced the maximum power was noticeable

and indeed reasonable, as discussed above. It should also

be noted that at that resistance level, sediment COD was

removed by the SBES even more efficiently than water

COD, while at 10 Ω it was not significantly removed.

Actually, at 100 Ω the anode potential was significantly

shifted to around – 250 mV (vs. Ag/AgCl) (Fig. S2), a level

that probably triggered a more vigorous break-down of the

nearby sediment COD contents, compared to the mass-

transfer-limited water COD degradation [6], while that at

10 Ω (around – 210 mV vs. Ag/AgCl) might not be optimal

to stimulate a clear sediment COD degradation. Indeed, it

was reported that small changes of external resistance

levels within the range of <3,000 Ω could result in great

changes of the anode potential in a BES [24]. The anode

redox potential shift could be also an explanation for the

nitrogen removal results, which showed that 100 Ω was not

the best for nitrogen removal but higher external

resistances, 188 Ω in particular. The latter appeared to

better boost the nitrogen removal efficiency difference of

the SBES versus the control (natural degradation), probably

due to lowered anode potentials [24]. In fact, it was

lowered by around 30 mV after the external resistance

changed from 100 Ω to 188 Ω (Fig. S2). There has been clear

evidence that lowering the redox potential could

significantly enhance nitrification/denitrification [25] and

even the anammox process [26], which are generally

considered as the basic mechanisms for nitrogen removal.

One may notice that the nitrogen removal by the system

was not remarkably better with the higher external

resistances of 1,875 Ω and 4,690 Ω, although the resulted

anode potentials were equal to or even lower than that

with 188 Ω (Fig. S2). However, in these cases, the system on

the other hand underwent great shifts of the cathode

potential (Fig. S2), which might hold back nitrogen

removal although the reason for this is unclear. Thus, the

tendency of changes in the nitrogen removal efficiency

difference (between the SBES and the control) is not

consistent with those of changes in the electricity

generation and the COD removal efficiency difference. This

is different from what was observed by Sajana et al. [23]

with the freshwater SBES, showing the consistency

between the changes in COD removal and those in

nitrogen removal. Probably, in a brackish environment,

where the density of ions is much higher, nitrogen

removal, including ammonia removal, is even more

affected by the redox potential. 

Regarding the effect of electrode distance (or spacing), it

is interesting to note that in this study, the (30%) increased

electrode spacing could significantly improve the COD and

nitrogen removal performances of the SBES (vs. the

control) while it resulted in poorer electricity generation.

These tendencies were actually similar to what was

observed with the freshwater systems [15, 23]. Liu et al.

[14] reported a 67% increased electricity generation when

the electrode spacing of their MFC was reduced by 50%.

Hong et al. [15] clearly showed that reducing the electrode

spacing of a sediment MFC could result in proportionally

increased electricity generation. The reason is believed to

be the change in the internal resistance [14, 15]. Indeed, in

this study, the internal resistance of the system

significantly increased (by about 20%, p < 0.05) when the

default electrode spacing increased by 30%, although it

only decreased a little when the electrode spacing was

reduced by 30% (Fig. S3). It is also a question how close the

electrodes should be from each other, not only to minimize

the internal resistance but also to avoid short circuit and

oxygen diffusion [14, 15]. This question becomes even more

complicated because increasing the electrode spacing, on

the other hand, could lead to increased COD and nitrogen

removals, as also observed in the freshwater SBES reported

by Sajana et al. [23]. Larger reactor volumes resulted from

higher electrode spacings are believed to be the reason for

more COD and nitrogen removals [23, 27]. This also means



Operational Conditions of a Brackish Aquaculture SBES 1619

October 2019⎪Vol. 29⎪No. 10

that probably a portion of the COD content and the

nitrogen content in the SBES is removed by (aerobic and

anaerobic) processes other than bioelectrochemical ones

[28]. These explanations are highly applicable for a

brackish water SBES as in this study. Although the

electrode spacing tested in this study could not be at the

real-life scale (as it was not feasible to make a 1.3 m deep

water column with the same dimensional ratio in the

laboratory), it can be deduced that if the SBES is applied in

practice the effect of changing the electrode spacing should

be similar.

While changing the external resistance and the electrode

spacing could significantly affect the performance of the

SBES relative to natural degradation at various degrees,

changing the temperature had little effect, which is quite

surprising. Our results suggest that only within the

optimal temperature range of 25-30oC, the

bioelectrochemical processes are the most robust and

slightly outcompete natural degradation processes. At the

temperatures that were too low, the SBES could not

perform its bioremediation as well as natural degradation.

Indeed, poorer performances at lower temperatures were

also reported for other BESs [1, 14, 15, 23] and optimal

temperatures of 32oC [14], or 35oC [15], or 28-30oC [1],

which were close to those in this study, were suggested.

However, the poorer performance of the SBES in this study

(compared to the control) at high temperatures, e.g. 35oC or

40oC, was unpredictable. Probably, under brackish

conditions, such high temperatures can accelerate natural

degradation more than they can do to the electrochemical

processes in the SBES. This has not been reported before

because in other studies, the performances of investigated

systems were compared with those of themselves at

different temperatures, not with those of the control as in

this study. Thus, a thorough performance comparison

between the SBES and the control as conducted in this

study allows more profound understanding of the effect of

operational parameters, including temperature. The

narrow optimal temperature range (25-30oC) for the SBES

in this study also implies that the optimal temperature

range for electrochemically active bacteria under brackish

conditions is narrower than that for all bacteria in the pond

sediment. In our previous study, we found that the

bacterial communnity in the sediment of our brackish SBES

was distinct, i.e. it was dominated by some unique bacteria

such as Methylophilus rhizosphaerae, Thiothrix eikelboomii and

Desulfatitalea tepidiphila, which had not been previously

reported in other BESs [3]. Among those species,

Methylophilus rhizosphaerae and Thiothrix eikelboomii were

reported to grow optimally at temperatures ranging from

28-30oC [29, 30]. Probably, these species play more

important roles in the bioelectrochemical performance of

the SBES and thus decide its optimal temperature range. 

Like the effect of ambient temperature, the effect of

salinity on the performance of the SBES (in relation to the

control) is rather unpredictable. For brackish systems,

salinity should be considered as a very important

operation-affecting factor. However, little has been known

about its effect on the performance of SBESs. Sajana et al.

studied a freshwater system and thus did not investigated

the effect of salinity [1, 23]. Hong et al. [15] did not directly

investigate the effect of salinity on the power generation of

a SMFC but the effect of conductivity, which is closely

linked to salinity. According to that, increasing the

conductivity of the SBES water to 20,000 μS cm-1 and

50,000 μS cm-1 could lead to proportionally increased

current densities, due to lowered internal resistances.

However, it is not clear which levels of salinity can be

equivalent to those levels of conductivity. In this study, the

current density increased when the salinity increased up to

1.5% and decreased when the latter increased further.

Mohan et al. [31] also observed in a MFC system that the

current increased when the concentration of NaCl

increased up to 10 mM and decreased when the latter

increased further. These similar responses suggest that

salinity can only boost the electricity generation of a SBES

to a certain limit. Probably in Hong et al.’s study [15], if the

conductivity could have further increased, the current

density would have been reduced. Furthermore, it should

be mentioned that the effect of salinity is not exclusively

linked with conductivity but also related to other aspects

such as osmotic pressure and/or toxicity of ions to

microorganisms [32, 33]. Nevertheless, the reason for the

effect of salinity on electricity generation is actually not too

important as the electricity generation was not closely

linked to the performance of the SBES in removing COD

and nitrogen. It is difficult to explain why the SBES

removed the sediment COD more efficiently than the

control when the salinity was 1.5% ± 0.5% while it did not

do better to water COD. It is plausible that the

electrochemically active bacteria at the sediment work

better in that salinity range and thus they convert the

nearby sediment COD more efficiently but they can not act

better on water COD due to mass transfer limit [6]. Those

COD removal results, together with the electricity

generation results, suggest that the enriched bacteria at the

sediment electrode of the SBES are more adapted to the

enrichment salinity, which is 1.5%. This also implies that
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they can be vulnerably affected if the salinity is greatly

changed. Such a great change in salinity may inhibit the

electrochemical activity of the bacteria and also shift their

metabolism. Such a metabolic shift might be so much and

unique when the salinity increased to 2.5% that the bacteria

could ultimately utilize nitrogen (including ammonium) in

the water much more efficiently than those performing

natural degradation (in the control). The mechanism for

this is unclear but it was reported that salinity could affect

the NH4

+/NH3 fraction in seawater [34], thereby affecting

the bioavailability of ammonium-nitrogen to nitrifying

bacteria. Indeed, nitrification rate could increase when

salinity increased to a certain level such as 20 ppt [35]. In

this study, 2.5% is probably the optimal salinity level for

the bacteria enriched under electrochemical conditions to

access ammonium and carry out nitrification independent

from electricity generation. At that salinity, these bacteria

seem to perform (non-bioelectrochemical ammonium

oxidation) much better than the natural ones, as

demonstrated by the water nitrogen removing effciency

difference results (Figs. 6B and 6C). 

In addition to temperature and salinity, pH of the pond

water is another environmental factor that is not

controllable. The effect of the pH on the performance of the

SBES in this study was notably different from those in most

of previous relevant studies. In terms of electricity

generation, the SBES generated higher currents at both the

low pH of 5.5 and the high pH of 8.8 than at pH 7, while it

was reported by several studies that power generation is

generally proportional to the pH [10, 23]. Only Jang et al.

(2004) reported that acidifying the water of a membrane-

less MFC (actually similar to a SBES), thereby reducing the

pH, could increase the electrical current due to a better

cathode reaction [6]. Indeed, in our study the low pH of 5.5

also resulted in better ammonium removing performance

of our brackish SBES compared to that of the control

(natural degradation). Possibly, a low pH increases the

ionization of ammonium-nitrogen and makes it more

accessible for the anodic bacteria to oxidize [34]. Thus at

low pHs, ammonium removal can be considered to be

coupled with electricity generation. However, regarding

COD and total nitrogen removals, pH 7 generally appeared

to be more optimal for the SBES, as stated in section 3. This

is not consistent with previous observations showing that

higher COD removals by BESs could be achieved with

lower pHs [23, 36] and that higher pHs (e.g. 8.5) resulted in

higher total nitrogen removals by the SBES [1, 23]. The fact

that the extreme pHs (5.5 and 8.8) favored electricity

generation while pH 7 favored COD and total nitrogen

removals by the SBES again leads to a deduction that COD

and nitrogen removals are not fully linked to electricity

generation. This is similar to what was observed in the

experiments testing the effects of other parameters (as

discussed above) and therefore again supports the

hypothesis that a portion of the COD content and the

nitrogen content in the SBES is removed by processes other

than bioelectrochemical ones. In principle, neutral pHs of

around 7 is optimal for most bacteria [37] and this rule is

probably true for the non-electroactive bacteria that might

be partially responsile for COD and nitrogen removals but

does not seem applicable for the electrochemically active

bacteria in the brackish SBES. It is unclear why that is but it

is possible that under brackish conditions, the enriched

electroactive bacteria respond to pH changes differently

from those in freshwater, or pH changes might cause

different physiochemical processes. 

It should be noted that all the responses of the systems to

changes of the operational parameters discussed above are

reliable, as the experiments were replicated 3 times. In

addition, a similar test tank set up as a back-up system in

our study also had similar responses in all experiments

(data not shown). 

General Points to Consider 

The results altogether suggest that electricity generation

by the brackish water SBES is not fully linked to its COD

removal and nitrogen removal. However, the degrees of

unlinkedness are not the same for all the latters: electricity

generation seems to be linked more closely to COD

removal but less closely to nitrogen removal. Indeed, this is

reasonable as the oxidation of organic matter is the main

process to provide electrons to be transferred to the anode

[5, 6]. Indeed, in a freshwater SBES, it was also observed

that COD removal and nitrogen removal were not fully

linked to electricity generation [23]. Depending on the

condition, the link of electricity generation may be more

close to COD removal or to nitrogen removal [17, 23]. As

discussed earlier, this unlinkedness indicates that the

removals of COD and especially nitrogen in a pond even

containing a SBES are under certain conditions not solely

due to bioelectrochemical processes. Natural non-

bioelectrochemical processes may partially play some roles

in removing these components and contribute to the

overall removal performance of the system. However, the

nitrogen- or ammonium-removing efficiency differences

between the SBES-containing tank and the control under

some conditions not favoring electricity generation (such

2.5% salinity) suggest that the electrochemically enriched
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bacteria can still remove nitrogen better under those

conditions. Indeed, when electron transfer to the anodic

electrode is inhibited, competing processes such as

denitrification might have chance to occur at higher rates,

thereby enabling complete nitrogen removal. It is highly

possible that the electrochemically enriched bacteria in the

SBES, the dominant species of which can reduce nitrate [3],

can shift their electron acceptor from the electrode to

nitrate under such electrochemically unfavored conditions.

It should be emphasized that in this study we evaluated

the performances of the brackish water SBES, in terms of

electricity generation, COD removal and nitrogen removal,

always in comparison with those of the control. i.e. natural

degradation. Such an approach can ensure that the data

obtained are practically meaningful as they reflect the true

differences in the performances of the SBES versus natural

degradation under different operational conditions in

reality. This is dissimilar to the approaches of other

previous studies focusing on comparing the performance

of a system with those of itself just at varied levels of one

condition. Assuming that a SBES performs better under a

condition than itself under other conditions but if natural

degradation performs even much better under that

condition, then in fact it is not certain to tell whether the

performance of the SBES is practically better. This

consideration is particularly important when the research

aim is to evaluate the potential of applying the SBES for

bioremediation of brackish aquaculture ponds in reality.

Proposed Practices for More Efficient Bioremediation If

Applying the SBES in Brackish Water Aquaculture in

Reality

First of all, it is easy to realize that if the SBES is to be

applied in practice, ones can proactively manipulate the

controllable factors such as external resistance or electrode

spacing to maximize the bioremediation. Depending on the

bioremediation priority, ones can adjust the parameters

accordingly. For instance, if the priority is to remove COD,

it is probably more appropriate to operate the SBES with an

external resistance of around 100 Ω. However, if nitrogen

removal is more important, adjusting the external

resistance to higher levels, such as 188 Ω, may further

improve the nitrogen removal efficiency of the system.

Ones can also consider to increase the electrode spacing in

order to achieve more COD and nitrogen removals with

the SBES. It may be more difficult to achieve that under

real-life conditions, due to standard sizes of aquaculture

ponds [38]. Nevertheless, this factor can be taken into

account when designing a pond and the integrated SBES

prior to farming.

Regarding the uncontrollable factors including

temperature, salinity and pH, the results of this study

suggest some actions to be done in response to changes of

these parameters. As for temperature, in tropical areas

(such as the south of Vietnam), this factor can be within the

optimal range for SBES and less varied and thus little

should be done to prevent its negative effects. However, in

temperate or subtropical zones, the ambient temperature

can be fluctuating within a large amplitude and thus

proper measures should be applied to prevent its effects.

As mentioned above, high temperatures (35-40oC) may not

be a big issue as they may also accelerate natural removals

of COD and particularly nitrogen, but low temperatures

(less than 25oC) may slow down both bioelectrochemical

removals and natural removals. Thus proper warming

solutions should be considered for the ponds operated in

the areas where temperature can drop down. Indeed, solar

heating systems can be used as an economic solution for

this purpose [39]. However, this may not be sufficient

when the other uncontrollable factors, the salinity and the

pH of the water, also vary due to seasonal changes. For

example, in tropical regions, during the dry season, the

salinity and the pH of the pond water may significantly

increase while during the rainy season, they may decrease

due to more dilution. As mentioned above, neutral pHs are

better for COD and nitrogen removals by the SBES; thus

when the pH changes, it is essential to have

countermeasures to adjust it back. Also, countermeasures

to environmental changes should include those to keep the

water salinity around 1.5% if one wants an optimal COD

removal by the SBES. Indeed, in real-life aquaculture, it is

actually difficult to have such feasible countermeasures

because of the huge volume and superlarge areas of

farming. Probably, the more realistic response is to carry

out additional treatments of COD and nitrogen of the pond

water when the removals by the SBES are not efficient

enough under unfavorable conditions. The only

serendipity one can expect without additional actions is the

more efficient removal of nitrogen in the pond water when

the salinity increases to higher than 2.0%, especially when

nitrogen removal is a priority.

Last but not least, it should also be considered that real-

life applications or larger scale applications will face large-

scale challenges, such as significant reduced power, and

thus will require additional approaches to maintain an

efficient performance of a BES [40]. Furthermore, long-term
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operations of such SBES in practical aquaculture certainly

lead to declined performance due to biofilm growth on the

cathode [41, 42]. Indeed, with our laboratory-scale system,

we observed a relatively stable open circuit voltage of the

SBES, which was around 250 mV, but it slightly decreased

to around 230 mV after one year of operation, together with

an approximately 20% decrease in the power of the SBES.

This is possibly a result of a biofilm-like thin layer that

could be observed on the cathode surface. Therefore,

appropriate solutions, such as using magnets, to reduce

biofilm growth on the cathode should be also paid

attention to when applying the SBES at large scales [43].

In summary, in this study, the effects of several

controllable and uncontrollable operational parameters on

the performance of a sediment bioelectrochemical system

(SBES) integrated in a brackish aquaculture pond model

were thoroughly inspected with a practical view by

comparing them to those on the performance of a natural

degradation control model. While the effects of external

resistance and electrode spacing could be considered

similar to those reported previously for other systems, the

effect of temperature, salinity and pH of the pond water

were relatively unpredictable and demonstrated distinct

responses of the SBES when operated under brackish

conditions. Although those responses imply that the

removals of COD and nitrogen in the systems are not fully

linked to bioelectrochemical processes, the more efficient

performance of the SBES versus the control in general

confirms the application potential of the SBES in brackish

aquaculture bioremediation. Furthermore, the results of

this study provides a background to propose efficient

practices to warrant the success of such application in real-

life scenarios.
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