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Abstract

Performance of nine 0.5L microbial fuel cells (MFCs) with and without powdered activated carbon (PAC) and
cultivated at different sludge retention times (SRTs) with different feed concentrations were studied and compared for
their effects on wastewater treatment, biogas and power productions. The best MFC could remove the chemically
oxygen demand (COD) from the palm oil mill effluent (POME) up to 64.4%. This study also showed that biogas
could be better produced by the MFCs which were fed with relatively higher feed concentration compared to the
MFCs fed with relatively lower feed concentration. However, it was found that the power production for the MFCs
fed with relatively lower feed concentration had better power density production compared to the M FCs fed with the
relatively higher feed concentration. In addition, all the MFCs cultivated at longer SRTs with PAC could perform
better in terms of biogas production, COD removal rate and power production.
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1. Introduction

Microbial fuel cell (MFC) technology can harness the power energy by converting the chemical energy
in the organic compounds to electrical energy through microbial reactions under anaerobic conditions [1-
2]. Anaerobic digestion in MFC is also able to generate biogas whilst treating the wastewater. The energy
harvested and biogas produced from MFC can be used to offset the power input needed for treatment
plant [1]. However, the performance of MFC is limited by various factors such as sludge retention time
(SRT), hydraulic retention time (HRT), pH, temperature and feed concentration. MFC can be operated at
any temperature even though generally higher temperature could lead to increase electrical power
generation [3]. With regard to pH, neutral or slightly alkaline condition (pH range 7 — 8) is most favorable
environment for the growth of electrogenic bacteria and methanogenic bacteria which lead to higher
power and biogas production [4]. Higher HRT usually increase organic removal efficiency due to longer
time for microbes to grow. However, study showed that high HRT would decrease the power density
production [5].

SRT is considered as one of the most crucial parameters in determining the performance of MFC. The
behavior and growth of anaerobic bacteria can be improved by the increment of SRT. Long operating
SRT could provide a more conducive environment for the microorganisms to grow and degrades the
organic pollutant more efficiently [6]. On the other hand, short operating SRT can hold incomplete
biodegradation and washout of microbes from the system faster than they grow. Besides, feed
concentration is another challenging task that decides the performance of MFC. Despite the fact that high
concentration of feed could achieve high biogas yield due to its high organic content, it could also
decrease the power density due to the substrate inhibition effect [7-8].
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The addition of powdered activated carbon (PAC) is renowned for its ability to improve the biological
treatment efficiency [9]. Addition of PAC into activated sludge could lead to the transformation of
biological activated carbon (BAC) [10-11]. Simultaneous processes of adsorption and biodegradation by
BAC would promote the attachment of microorganisms and formation of biofilm, which eventually
improve the treatment efficiency [12]. However, there is still no much studies are carried out to
investigate the performance of MFC added with PAC.

2. Materials and Methods

2.1. Materials

Extra pure charcoal powdered activated carbon (PAC) supplied by GENE Chem company was used in
this study. The seed of the anaerobic activated sludge and palm oil mill effluent (POME) were taken from
a local palm oil mill which is owned by Tian Siang Group and located in Perak, Malaysia. The carbon
clothes used as anode and cathode in this study were obtained from Fuel Cell Earth company. The MFCs
used in this study is one of the MFC types namely single chamber air cathode fuel cell.

2.2. Operations of microbial fuel cells (MFCs)

Nine 0.5L MFCs as per Table 1 were set up. All MFCs were added with 1g/L of PAC except A-30
(Without PAC). A-series of MFCs (A-30, A-50, A-70 and A-<=) were fed with high concentration of
POME (34,127mg/L COD) while B-series MFCs (B-30, B-50, B-70 and B-<=) were fed with low
concentration POME (23,769mg/L COD). All the MFCs were cultivated at ambient temperature and their
pH is maintained at 7-8.

Table 1. Information on the MFCs involved in the study.

Name of MFC Working Type of MLSS SRT Feed concentration
volume (L) (days) (mgL™)
A-30 (without PAC) Anaerobic activated 30
sludge
A-30 30
A-50 50 34,127 +1,000
A-70 05 Anaerobic activated 70
A-0 ' sludge + PAC pseudo infinity
B-30 30
B-50 50 23,769 +1,000
B-70 70
B-o pseudo infinity

2.3. Analytical methods

Mixed liquor suspended solid (MLSS) and mixed liquor volatile suspended solid (MLVSS) were
analyzed by following the procedures from Standard Method, 21° Edition. Chemical Oxygen Demand
(COD) of feedstock wastewater and final effluent were measured based on the Closed Reflux
Colorimetric from Standard Method, 21st Edition. Electricity power density production was calculated by
measuring the voltage of each MFC and using the power density formula as follows:

voltage z

resistance ¥ volumes
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The pH value was determined using pH meter (Hanna HI 2550). The biogas production was collected
and measured using the downward water displacement method at atmospheric pressure [13].

3. Results and Discussion

After the nine MFCs i) with and without PAC addition, ii) with different SRTs, and iii) with different
feed concentrations had been cultivating for two months, their performance were assessed in terms of
organic removal rate, biogas and electricity production rates. The results are as per Table 2.

The organic pollutant removal efficiency, power and biogas production of different MFCs were found
to be affected by SRT, substrate concentration and the presence of additive .The pH of each MFC was
maintained in the range of 7.12 to 7.37 throughout the study. This indicated that the organic acids
produced were effectively metabolized and created a favorable environment for the methanogenic and
electrogenic bacteria to grow [4]. Hydraulic retention time (HRT) was fixed at 4 days whereas the F/M
ratio was setat the range of 0.5-1.0 to preventany influence onthe performance.

3.1. Treatment performance of MFCs with and without PAC

The performance of MFCs added with and without PAC was investigated and the results were shown
in Fig. 1 and Fig. 2. The MFC added with 1g/L of PAC showed better performance in terms of power
density and biogas productions as compared to MFC without PAC addition. In Fig. 1, the highest power
density obtained by the MFC added with PAC was 345.85mW/m3whereas only 19.85mW/m3of power
density obtained by MFC without the PAC addition. As per Table 2, the average voltage and power
density of MFC with PAC showed huge difference compared with MFC without PAC addition. From Fig.
2, the total volume of biogas collected after about 26 days from MFC with PAC could reach 940ml,
which is 22.4% higher than MFC without PAC addition. This indicated that PAC could enhance the
biological treatment ability by degrading the complex organic substances in POME into methane gas. In
terms of COD removal rate, the MFC with PAC could achieve 57.31% of organic pollutant removal rate,
which is 12.86% more than MFC without PAC.

It is proven that PAC could enhance the MFCs performance. This was because PAC is famous for its
strong adsorption characteristics and able to produce better effluent quality through adsorption of the fine
pollutants. The PAC added into activated sludge of MFCs would develop into biological activated carbon
(BAC), thus promoted the attachment of microorganisms and biofilm formation on the anode surface[10-
12]. The BAC would encourage the simultaneous process of adsorption and biodegradation of organic
pollutants, eventually improve the performance of MFCs. However, PAC has to be replenished after
being desludged in order to maintain the PAC dosage in each MFCs except for MFC without PAC and
MFCs with pseudo infinite SRT.

Based on Table 2, it shows that the total COD removal efficiencies of MFCs were increased along with
prolonged SRT. The highest COD removal efficiency was obtained by MFC (A-70) with the SRT of 70
days and 34.1g/L of POME feed concentration. The prolonged SRT could promote microbial growth
especially the anaerobic activated sludge with PAC and thus enhance the biodegradation of organic
pollutants. The growth rate of biomass could be also proven by the concentrations of MLSS and MLVSS
of MFCs. A-70 had the highest MLVSS as compared to others. The addition of PAC into the MFCs
showed significant difference in the biomass growth rate through the comparison of A-30 (Without PAC)
and A-30 in terms of MLSS and MLVSS. In the meantime, the microbial growth was also being affected
by the POME feed concentration. The reduction in feed concentration from 34.1g/L (high concentration)
to 23.7g/L (low concentration) had led to the reduction of MLSS and MLVSS. This may be due to
deficiency of organic substrate as carbon source for microbes. Hence, the removal efficiency of the
MFCs fed with lower feed concentration is lower as compared to the MFCs fed with higher feed
concentration.



JY Lee et al.: Investigation on the performance of innovative powdered activated...

Table 2. Treatment performance of M FCs at different operating conditions.

Parameter A-30 A-30 A-50 A-70 Aw B-30 B-50 B-70 B-w©

(Without

PAC)

Temperature, °C Ambient Ambient Ambient Ambient Ambient Ambient Ambient Ambient Ambient
PAC dosage, g/L 0 1
HRT, d 4
SRT.d 30 30 50 70 @© 30 50 70 »
Feed COD, g/L 34110 23.7£1.0

Supematant COD,  19.043.0 146515 136514 121211 148218 130217 125516 108211  158:17
oL

COD removal 4427+£872 5731x454 60.13£4.07 6440324 5675%518 4549745 4742:654 54752480 3363728
efficiency

MLSS, g/L 13.17£1.10 16.70£3.10 17.66+£226 1863122 1577+1.33 1103298 13.77=1.83 1577281 1407£2.13
MLVSS, g/L 11.70+£1.36 1423327 1505+£230 1587073 1327156 950=3.00 1190205 1343=240 1187+£2.13
F/M ratio 0.5-1.0

pH 712018 7.22+020 7.25=0.15 7.35%0.23 737023 7.18=0.12 731x015 730+0.20 7.26+0.18

Average biogas 30.07+£3.19 37.04+3.88 39.37+3.98 41.48+431 34.52+330 26.26%2.23 27.41£2.32 27.59£230 22.44+1.98
vield, mL/h

Figure 1.

Figure 2.
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3.2. Power generation of MFCs controlled at different SRTs and fed with different POME concentrations

The power generation over 600 hours for the nine MFCs was measured and calculated as per Fig. 3
and Fig. 4. Based on Fig. 4, the highest power density was achieved by B-70at 1534.58mW/m3fo llowed
closely by B-50 at 1404.5mW/m= Table 2 shows the same trend. The average power density obtained by
B-70 is the highest at 558.58mW/m3 It was found that higher power density could be achieved with
longer SRT. Prolonged SRT provided sufficient retention time for the enrichment and forming process of
anaerobic electrogenic bacteria on the anode surface. On the other hand, shorter SRT MFCs such as A-30,
A-50, B-30and B-50 showed lower average power density output due to higher daily desludging process.
SRT 30 days and SRT 50 days required daily sludge removal of 25mL and 15mL respectively whereas
SRT 70 days only being desludged for about 10mL daily. The shorter retention time limited the bacteria
growth and biodegradation which had resulted in lower power density production. MFCs operated at SRT
of pseudo infinite days showed the lowest average power density production among all MFCs. Pseudo
infinite SRT indicated that no daily sludge removal but only daily removal of supernatant. This may cause
aged anaerobic activated sludge and aged BAC to lose their ability to biodegrade and adsorption of
pollutants, eventually led to biofilm fouling of electrodes. The biofilm fouling layer would increase the
internal resistance and reduced the electron transfer, which resulted in low power production [14].

Besides that, the feed concentration could also affect the power density production. MFCs fed with
high concentration of POME were only able to produce highest power density of 666.125mW/m3as
shown in Fig. 3 while MFCs fed with low feed concentration could produce highest power density of
691.92mW/m3as per Fig. 4. However, the sudden increase of the high power density as per Fig. 3.4 was
due to sudden increase in quantity of POME feed. The low in power production for high substrate
concentration as per Fig. 3 was mainly due to internal resistance in MFCs. From Fig. 5 and Fig. 6, the
gradient of the linear curve is the internal resistance, Rint= AV/AI and Fig. 5 showed that high
concentration of feed would have higher internal resistance and hence generate lower power density [15].
MFCs fed with high substrate concentration also increased the time needed to reach constant open circuit
voltage (OCV). For instance A-70 required 456 hours to achieve the peak voltage while B-70 only needed
408 hours. The trends are as shown in Fig. 3 and Fig. 4. This is mainly attributed to the substrate
inhibition effect. High concentration of substrate is more likely to have this effect where some of the
substrates would inhibit the activity of microbes in biodegradation process. Inhibited microorganisms
would lose its capability to continuously consume the carbon sources available in the substrate solution
and as a result the constant OCV was achieved earlier at lower power output [7]. The power output of the
MFCs as per Fig. 3 is lower than that of the MFCs as per Fig. 4.
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3.3. Effects of SRTs and feed concentration on biogas production ofdifferent MFCs

The power generation over 624 hours for the nine MFCs was measured and calculated as per Fig. 7
and Fig. 8. High concentration of feed provides larger volume of organic matter, which is favorable for
biogas production [8]. By comparison between Fig. 7 and Fig. 8, MFCs fed with high concentration of
POME could obtain relatively higher biogas production. Total volume of biogas which could be collected
by A-70 (Fig. 7) is 1040mL over 624 hours whereas the MFCs fed with low concentration POME could
only obtain total volume of biogas at 703mL by B-70 (Fig. 8). The biogas production was improved up to
47.94% for the A-70 compared to B-70. In addition, SRT is also a crucial parameter in determining the
biogas production as the microbial growth is closely related to the biogas production. With the pH and
temperature were maintained at a favorable condition, the methanogenic bacteria growth could be
enhanced by prolonging the sludge retention time. Therefore, the biogas production was increased as the
SRT is prolonged as illustrated in Fig. 7 and Fig. 8. MFCs with the SRT of pseudo infinite showed the
lowest biogas production for both the MFCs fed with different feed concentrations. It is believed that the
less impressive performance of both the MFCs cultivated at pseudo infinite was due to the number of
aged methanogenic bacteria in them increased faster than the young methanogenic bacteria growth due to
absence of daily desludging process. As a result, BAC would slowly losing its adsorption capacity and its
mesopores filled with products of dead microbial cells, which then led to reduction in microbial activity
(Sirotkin et al., 2001; Ng et al, 2010; Ng et al, 2013) and resulted in lower biogas production.
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4. Conclusion

The treatment performance of MFCs with PAC addition cultivated at SRT of 70 days and fed with
relatively higher feed concentration was the best MFC among others in terms of biogas production and
COD removal efficiency. The addition of PAC, sludge retention time and feed concentration has been
found to be the primary factor affecting the treatment performance in terms of biogas production and
COD removal. Notable improvement in biogas production and COD removal under longer SRT and high
feed concentration could be due to better microbial growth. The treatment performance of MFCs with
PAC addition in terms of power density production is best for MFC cultivated at SRT 70 days but fed
with relatively lower feed concentration. Power density of the MFC could improve significantly with
longer SRT but with relatively low feed concentration. This could be due to the MFC had lower internal
resistance and most of the carbon sources available in the relatively low concentration POME solution
could be biodegraded more complete. This would help the MFC to produce higher voltage.
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