
Heliyon 7 (2021) e07338
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
Effect of substrate ratios on the simultaneous carbon, nitrogen, sulfur and
phosphorous conversions in microbial fuel cells

Madiha Tariq a, Jin Wang b,*, Adeel Jalal Malik c, Mohammed Salim Akhter d,
Qaisar Mahmood a,e,**

a Department of Environmental Sciences, COMSATS University Islamabad, Abbottabad Campus, Pakistan
b Department of Landscape and Architecture, School of Design, Shanghai Jiao Tong University, Shanghai 200240, China
c Department of Development Studies, COMSATS University Islamabad, Abbottabad Campus, Pakistan
d Department of Chemistry, College of Science, University of Bahrain, Bahrain
e School of Biotechnology and Food Engineering, Huanghuai University, Zhumadian 463000, China
H I G H L I G H T S
� The effect of substrate ratios on the voltage production in MFC was investigated.
� Substrate ratios studied at three pH values (6~8).
� The best performance was noted for acetic acid as a substrate.
� The performance of MFC had linear relation with rising pH.
� Nitrogen showed higher removal as compared to phosphorous and sulfur removal.
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A B S T R A C T

The columbic efficiency, removal efficiency and voltage production of seven different combinations of carbon
(acetic acid, albumin and sucrose) with nutrients (C:N, C:P, C:S, C:N:S, C:P:S, C:N:P and C: N:S:P) were investi-
gated at three different ratios (20:1, 15:1 and 10:1). The effects of various pH values were also explored for these
combinations of carbon, and sulfur compounds (pH 6–8). The highest columbic efficiency (75.8%), COD removal
efficiency (86%) and voltage (667 mV) were recorded when the acetic acid was used in the MFC and the lowest
columbic efficiency (12.8%), removal efficiency (37.6%) and voltage (145 mV) were observed in case of albumin.
A marked increase in columbic efficiency, removal efficiency and voltage production were seen with the rise in
the pH value from 6 to 8. The lowest columbic efficiency, removal efficiency and voltage production were seen at
pH 6 and highest at pH 8. At each investigated pH, the highest removal efficiency, columbic efficiency, and
voltage were found at substrate ratio of 20:1 while lower at 10:1. At all pH values, the carbon to nutrient ratios
seemed to have followed a similar trend i.e., the COD removal efficiency, columbic efficiency and voltage gen-
eration was found in the order C:N > C:N:S > C:N:S:P > C:N:P > C:S > C:P:S > C:P. In all cases, nitrogen showed a
higher removal as compared to phosphorous and sulfur.
1. Introduction several ways to treat wastewater (chemical, physical, and biological
Industrial wastewater contains large amounts of organic matter,
inorganic nutrients (like nitrogen, phosphorus, and sulfur) along with a
wide array of other harmful pollutants that could adversely affect the
environment. Hence, it is very important to treat such pollutant laden
wastewater before releasing it into the natural water bodies. There are
ang), drqaisar@cuiatd.edu.pk (Q

30 May 2021; Accepted 14 June
is an open access article under t
processes), but sustainable wastewater treatment is the need of the day.
Sustainable wastewater treatment not only aims at water reuse but also
energy recovery and nutrient management (Goswami et al., 2019).
Simultaneous removal of carbon, nitrogen and sulfur is possible using
conventional wastewater treatment systems (Abeysiriwardana-Ar-
achchige et al., 2020; Diaz-Elsayed et al., 2019; Castellanos et al., 2021).
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Figure 1. Illustration of various components of microbial fuel cell used in the
study (H ¼ positively charged hydrogen atoms, PEM ¼ Proton exchange
membrane, e ¼ electrons flowing in the circuit).
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Although conventional wastewater treatment systems can remove/re-
cover nutrients, it cannot produce electricity. Studies have shown that
MFCs can use NO3

- as a cathodic electron acceptor, allowing the simul-
taneous C removal at the anode and N at the cathode (Ge et al., 2020;
Vijay et al., 2020; Deng et al., 2018; Kelly and He, 2014). Biological
sulfur removal can also be accomplished in a MFC (Li et al., 2021; Cai
et al., 2017; Luo et al., 2020). Phosphorous was demonstrated to be
recovered in a MFC (Huang et al., 2017; Geng et al., 2018; Liu et al.,
2018). Simultaneous anaerobic sulfide and nitrate removal was coupled
with electricity generation as suggested by Cai et al. (2013).

Removal of individual or a combination of two nutrients have been
studied, however, no prior study has focused on the simultaneous
removal of carbon, nitrogen, phosphorous and Sulfur in a MFC using an
abiotic cathode. In the current experiment, nitrogen, phosphorous and
sulfur were individually used as well as in combinations (N, P, S, N:P, N:S,
P: N and N:P:S) as electron acceptors in the cathodic chamber. Oxygen is
the most commonly used electron acceptor in the cathodic compartment
of aerobic MFCs; however, high aeration costs make it a less feasible
option (Strik et al., 2011). Oxygen from air can be directly used by an
aerobic cathode but they require catalysts which are usually expensive
(TerHeijne et al., 2008). Hence, various nutrients can be a good alter-
native to oxygen as final electron acceptors.

Although above studies have focused on the removal of single nutrient
or a combination of two nutrients, but none of the studies have been done
on the simultaneous removal of carbon, nitrogen, sulfur, and phosphorous
removal inMFC. Nutrient removal has been studied in the anodic chamber
containing microbial communities in most of the previous studies; how-
ever, a simultaneous removal of nutrients has not been studied in the
cathodic chamber of MFC containing abiotic cathode. In the current
experiment nitrogen, phosphorous and sulfur were treated not only indi-
vidually but in theirmutual combinations (N, P, S, N:P, N:S, P: N andN:P:S)
also as electron acceptors in the abiotic cathodic chamber. The purpose of
this study was to find the most suitable ratio of carbon and nitrogen,
phosphorus, and sulfur at a suitable pH where a maximum carbon and
nutrient removal could be realized along electricity production.

2. Materials and methods

2.1. MFC construction

Three dual chamber of MFCs made of perplex glass were constructed as
shown in Figure 1. Both anode and cathode of each MFC had a working
volume of 500 mL each. Cation exchange membrane (CEM, CMI-7000,
Membrane International, Inc. USA) was used to separate the two compart-
ments. Titanium wire (17 cm2) was used as both anode and cathode. The
working volumeof the reactorwas 500ml. TheMFCwas providedwith two
ports on top while two ports were provided on lateral walls to drain off the
influents or effluent. Sludge (150ml) from a functional anaerobic MFC was
added to the anodic chamber as a source of exoelectrogens. TheMFC could
be plugged tomake it anaerobic. Thewhole apparatuswas placed in dark to
avoid photoinhibition and growth of photosynthetic microbial species.

Substrates used in the experiment included acetic acid, sucrose, and
albumin. They were chosen after screening different sources of carbon.
Synthetic solutions of nitrates, sulphates and phosphates were made
based on their molar concentrations. Each substrate solution (300 ml)
was added to the anode along with the trace element solution made ac-
cording to (Mahmood et al., 2007). Acetic acid, sucrose and albumin
were used in the experiment (carbon sources) were added to the anode
while nutrient solutions of nitrates, phosphates and sulphates were used
in cathode. The substrates and nutrients were added to the MFCs in
different ratios i.e., 10:1, 15:1 and 20:1. These ratios were administered
based on the molar concentrations and corresponding COD concentra-
tions. For example, COD (carbon source) was maintained in range of
250–500 mg/L while the COD of nutrients like N, S and P was in range of
50–100 mg/L. Another important factor pH was also tested (three points
tested were pH 6, 7 and 8). The external resistance was maintained at
2

1000 Ω. Nitrogen gas was purged through the MFC was for 15 min and
then it was sealed maintain anaerobic conditions.
2.2. MFC operation

The synthetic solutions of each substrates (acetic acid, sucrose, and al-
bumin) were used as anolytes in the anodic chamber where anaerobic
conditions were maintained. Buffer solution (1M KMnO4) along with
nutrient solutionwere added to the cathodic chamber tomaintain the pHat
desired level. Hydraulic retention time (HRT) was 24 h after which the
effluent obtained along influent were analyzed for water quality parame-
ters. The work of Pasupuleti et al., (2016) has demonstrated that higher
HRT would be useful to enhance treatment and higher energy output. The
MFCwas operated in batchmode at 35 �C (closed circuit). Each experiment
was carried out thrice and the internal resistance was kept at 1000 Ω.
2.3. Analytical procedure

The COD, pH, sulphate, nitrate, and phosphate concentration of both
influent and effluent were analyzed according to the standard methods
for wastewater analysis (APHA, 2005). Vola closed reflux colorimetric
method using digester (HACH - LTG 082.99.40001) measured COD
(APHA, 2005). The nitrates, phosphates and sulphates were measured by
UV-VIS Spectrophotometer (IRMeCO UV-Vis, U2020).

Columbic efficiency was found using formula:

Columbic efficiency ¼ Cp/Cti x100

Where: Cp is total Columbs, Cti is theoretical amount of columbs. To find
numbers of columbs the following formula was used Cmax ¼ F f SCOD V
(Cmax is the columbic efficiency). F is Faradays constant (96,485 C/mol of
electrons), f is 1 mol of electrons generated per 8 g of COD. V is volume in
liters.

3. Results and discussion

3.1. Removal efficiency, columbic efficiency and voltage production

The CE, RE and voltage production of seven combinations of carbon
with nutrients (C:N, C:P, C:S, C: N:S, C:P:S, C:N:P and C:N:S:P) were
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studied at different ratios (20:1, 15:1 and 10:1). The best performance of
MFC was evident for 20:1 and at pH 8; hence, the following result section
will describe results for pH 8 at 20:1 ratio.

For the carbon nutrient ratio of 10:1 and varying the pH; it was seen
that at pH 6 (Figure 2), C:P showed the least promising results when COD
RE, CE and voltage was measured that is 29.2%, 8.4% and 127 mV,
respectively. C: N exhibited the highest COD removal (35.1%), CE
(10.3%) and voltage 128 mV. At pH 7 C:P showed the lowest voltage
value i.e., 221 mV. The lowest RE and CE i.e. 41.9% and 20.7%,
respectively, were also shown by C:P. The highest COD RE (50.9%), CE
(25.9%) and voltage (229 mV) was exhibited by C: N (Figure 2B). When
the pH was kept at 8, the C:P showed a lowest COD RE (55.3%) and CE
(42.2%). The voltage output was also the lowest (348 mV). C: N showed
highest voltage value i.e., 351 mV along with the highest RE and CE i.e.,
67.4% and 45.8% (Figure 2C).

For the C:N ratio of 20:1 at pH 6; the CE, RE and voltage were 18.2%,
42.7% and 187 mV, respectively (Figure 3). On the other hand, C:P
showed the lowest CE (15.3%) with RE (36%) and voltage output (171
mV) (Figure 3G). At pH 7, the CE was in the range of 44.7%–54%, RE
ranged from 66.8%-76.7% and voltage was in the range of 509 mV–530
mV (Figure 3H). Increasing the pH to 8 improved the CE, RE and voltage
production (Figure 3I). C:N showed the highest CE (75.8%), RE (86%)
and voltage (667 mV) while C:P showed the lowest CE (70%), RE (83%)
and voltage (642 mV). The results were found in the order C: N > C: N:S
> C: N:S:P > C:N:P > C:S > C:P:S > C:P.
Figure 2. Effect of pH on removal efficiency, columbic efficiency and voltage
using acetic acid at 10:1. A: The performance of MFC using acetic acid at pH 6;
B: The performance of MFC using acetic acid at pH 7; C: The performance of
MFC using acetic acid at pH 8.
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The comparison of current and power density has been presented in
Tables 1A, 1B, 1C.

3.1.1. Sucrose removal
Using sucrose as carbon source, at carbon to nutrient ratio of 20:1 and

pH 6, the C:P yielded the lowest COD RE (38%), CE (14.5%) and voltage
production (151 mV) and the results were shown in Figure 4.

Whereas the highest RE, CE, and voltage production of 42.7%,18.3%
and 194mV respectivelywas achievedwith C: N (Figure 4G).When the pH
was increased from pH 6 to pH 7, an increase in the CE, RE and amount of
voltage was seen. Similarly, C:P again yielded the lowest COD RE, CE, and
voltage production of 66.2%, 43 % and 532 mV, respectively, at pH 7
(Figure 4H). The highest COD RE of 78.4%, CE of 61.1% and voltage pro-
duction of 565mVwas recorded for C:N at pH7. An increase inpH frompH
7 to pH 8 resulted in the increase of the three parameters being studied
namely CODRE, CE, and voltage production. In the case of pH8, the lowest
CODRE, CE, and voltage production of 69%, 58%and 589mV respectively
were recorded for C:P, whereas the highest of 86%, 73.9% and 624 mV
respectivelywas observed for C:N (Figure 4I). At all the three ratios and pH
CODREwas found in the following order C: N> C: N:S> C: N:S:P> C: N:P
> C:S > C:P:S > C:P. CE and voltage production followed the same order.

3.1.2. Albumin
Keeping carbon nutrient ratio constant at 10:1 and pHwas varied then at

pH6 (Figure 5A)C:P showed the leastCODRE,CEandvoltage that is 16.2%,
2.3 % and 33 mV, respectively. C: N exhibited the highest COD removal
(22.2%),CE (6.7%)andvoltage83mV.At pH7,C:P againyielded the lowest
results for COD RE, CE, and voltage with values of 27%, 7.7% and 129 mV,
respectively. At pH 7, C: N exhibited the highest COD RE, CE, and voltage
that is 35.8%,12.8%and147mVrespectively (Figure5B). Increasing thepH
to 8 further increased the CE, RE and voltage production (Figure 5C). C: N
showed the highest CE (27%), RE (50.6%) and voltage (174mV) while C:P
showed the lowest CE (12.8%), RE (37.6%) and voltage (145 mV).

At carbon nutrient ratio 15:1, C:P yielded the lowest CODRE of 14.5%,
CEof 6.9%andvoltage production of 124mVat pH6.Whereas the highest
RE, CE, and voltage production of 30.8%, 9.1% and 137 mV respectively
were achievedwith C: N (Figure 6D).When the pHwas increased from pH
6 to pH 7 an increase in the CE, RE and amount of voltage was seen. When
the pH was increased to 7 the CE ranged from 11.1% - 14.7%, RE ranged
from 32.7 % - 44.4 % and voltage was in the range of 129 mV–180 mV
(Figure 6E). When the pH was kept at 8 C:P showed the lowest COD RE
(40.7 %) and CE (16.5 %). The voltage output was also the lowest for C:P
(192 mV). C: N showed highest voltage value i.e., 210 mV along with the
highest RE and CE i.e., 58% and 39.6% (Figure 6F).

In the next series of experiments carbon nutrient ratio was kept con-
stant at 20:1 and pHwas varied (Figure 7). When the pHwas kept at pH 6
the highest CE (15.3%), RE (40%) and voltage (160 mV) was found for C:
N. On the other hand, C:P showed the lowest CE (10%), RE (32%) and
voltage output (143mV) (Figure 7G). Similarly, at pH 7, C:P again yielded
the lowest COD RE, CE, and voltage production of 44.9%, 17.6% and 273
mV respectively. The highest COD RE of 55.5%, CE of 17.6% and voltage
production of 325mVwas recorded for C: N at pH7 (Figure 7H).When the
pH was kept at 8 C:P showed the lowest COD RE (60.4%) and CE (35%).
The voltage output was also the lowest for C:P (460 mV). C:N showed
highest voltage value i.e. 472 mV along with the highest RE and CE i.e.
66.1% and 42.5% (Figure 7I). For all the three ratios CE, COD RE and
voltage generationwas in the order C: N>C:N:S>C: N:S:P>C:N:P>C:S
> C:P:S > C:P. The highest was exhibited by C: N and the lowest by C:P.

The type of cathodic electron acceptor seems to exert a great influence
on the functioning ofMFC. Voltage generation is greatly influenced by the
cathode electron acceptor (Gurung andOh, 2012). Howmuch voltage can
be generated depends on the redox potential of the nutrient being used as
electron acceptor. Nitrate has lower redox potential as compared to sul-
phate and phosphate hence, more voltage output was seen in the cases
where nitrate was used a final electron acceptor. Hence, electron accep-
tors with lower redox potential help in greater voltage output (Cai et al.,



Figure 3. Effect of pH on removal efficiency, columbic efficiency and voltage using acetic acid at 20:1. G: The performance of MFC using acetic acid at pH 6; H: The
performance of MFC using acetic acid at pH 7; I: The performance of MFC using acetic acid at pH 8.
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2016). Electron acceptors are the accelerants that help in speeding up the
forward reaction of biodegradation (Pandit et al., 2011). Higher rate of
biodegradation translates into higher removal and columbic efficiencies.

A marked increase in CE, RE and voltage production were seen when
the pH was increased from 6 to 8. The lowest CE, RE and voltage pro-
duction were seen at pH 6 and highest at pH 8. At lower pH 6 the dif-
ference between RE and CE was significant. The pH of MFC can greatly
affect MFC performance. The voltage output as well as RE of COD is
greatly influenced by pH (Puig et al., 2010). Studies have found that MFC
shows lowest current density at pH 6 and that an increase in pH results in
an increase in the voltage production (He et al., 2008). The pH value of 8
seems to favor the anaerobic communities in MFC. When the pH is
increased the conditions become favorable for the growth and produc-
tion of electrogenic bacteria (Mohamed et al., 2020). This is the reason
why a significant difference could be seen at various applied pH values.

3.2. Substrate transformation in MFC

3.2.1. Nitrogen removal
The lowest nitrogen RE was recorded using albumin as the substrate

at pH 6 and ration of 10:1, whereas the highest nitrogen RE was observed
using acetic acid as the substrate at a pH of 8 and 20:1. When acetic acid
4

was used as the substrate highest nitrogen RE (85%) was achieved at pH
8 and 20:1 and the lowest RE was observed at pH 6 and 10:1 When su-
crose was used as a substrate highest nitrogen RE (72.8%) was seen at pH
8 and 20:1 and the lowest RE (29.6%) was seen at pH 6 and 10:1. Using
albumin resulted in the lowest of the three substrates with a highest and
lowest RE of 60.7% and 14.3% respectively. The highest RE using al-
bumin was observed at pH 8 and a ratio of 20:1 and the lowest RE at pH 6
with a ratio of 10:1 (Figure 8A).

3.2.2. Phosphorus removal
The highest phosphorus removal was achieved using acetic acid at a

pH of 8 with a ratio of 20:1, whereas the lowest phosphorus removal was
observed using albumin as a substrate with a ratio of 10:1 at pH 6. When
acetic acid was used as substrate, the highest removal of the substrate
was seen at pH 6 and ratio 20:1, whereas the lowest removal percentage
of phosphorus using acetic acid was observed at pH 6 with a ratio of 10:1.
In the case of sucrose, the highest RE of phosphorus (47.4%) was also
achieved at a pH of 8 and 20:1 and the lowest RE (18.8%) was observed
at pH 6 with and 10:1. Using albumin as a substrate resulted in the lowest
RE of all substrates. The lowest and highest RE of 5% and 25% respec-
tively were recorded while using pH of 6 and ratio 10:1 and pH 8 and
ratio 20:1 respectively (Figure 8B).



Table 1A. The relationship of current (I) and power density (PD) for acetic acid at various ratios and pH values.

Acetic acid

Ratio pH 6 pH 7 pH 8

I (mA) P.D (mW/m2) I (mA) P.D (mW/m2) I (mA) P.D (mW/m2)

10:01

CN 0.128 9.60 � 10�2 0.224 2.95 � 10�1 0.351 7.25 � 10�1

CNS 0.127 9.48 � 10�2 0.221 2.87 � 10�1 0.349 7.16 � 10�1

CNSP 0.126 9.33 � 10�2 0.218 2.8 � 10-1 0.347 7.08 � 10�1

CNP 0.126 9.33 � 10�2 0.215 2.72 � 10�1 0.346 7.04 � 10�1

CS 0.123 8.89 � 10�2 0.213 2.67 � 10�1 0.344 6.96 � 10�1

CPS 0.121 8.61 � 10�2 0.209 2.57 � 10�1 0.342 6.88 � 10�1

CP 0.119 8.33 � 10�2 0.202 2.40 � 10�1 0.34 6.80 � 10�1

15:01

CN 0.193 2.19 � 10�1 0.38 8.49 � 10�1 0.527 1.63

CNS 0.19 2.12 � 10�1 0.377 8.36 � 10�1 0.527 1.63

CNSP 0.188 2.07 � 10�1 0.367 7.92 � 10�1 0.526 1.63

CNP 0.186 2.03 � 10�1 0.365 7.84 � 10�1 0.524 1.62

CS 0.185 2.01 � 10�1 0.364 7.79 � 10�1 0.52 1.59

CPS 0.183 1.96 � 10�1 0.362 7.71 � 10�1 0.518 1.58

CP 0.182 1.94 � 10�1 0.359 7.58 � 10�1 0.516 1.57

20:01

CN 0.187 2.05 � 10�1 0.529 1.65 0.667 2.62

CNS 0.185 2.01 � 10�1 0.526 1.63 0.657 2.54

CNSP 0.184 1.99 � 10�1 0.525 1.62 0.653 2.51

CNP 0.182 1.94 � 10�1 0.52 1.59 0.651 2.49

CS 0.18 1.90 � 10�1 0.51 1.53 0.65 2.49

CPS 0.175 1.80 � 10�1 0.506 1.51 0.645 2.45

CP 0.171 1.72 � 10�1 0.495 1.44 0.642 2.42

Table 1B. The relationship of current (I) and power density (PD) for sucrose at various ratios and pH values.

Sucrose

Ratio pH6 pH7 pH8

I (mA) P.D (mW/m2) I (mA) P.D (mW/m2) I (mA) P.D (mW/m2)

10:01

CN 0.099 5.76 � 10�2 0.201 2.38 � 10�1 0.341 6.84 � 10�1

CNS 0.091 4.87 � 10�2 0.187 2.06 � 10�1 0.341 6.84 � 10�1

CNSP 0.088 4.55 � 10�2 0.181 1.93 � 10�1 0.335 6.60 � 10�1

CNP 0.086 4.35 � 10�2 0.175 1.80 � 10�1 0.32 6.02 � 10�1

CS 0.084 4.15 � 10�2 0.161 1.52 � 10�1 0.312 5.73 � 10�1

CPS 0.08 3.76 � 10�2 0.156 1.43 � 10�1 0.225 2.98 � 10�1

CP 0.076 3.39 � 10�2 0.15 1.32 � 10�1 0.221 2.87 � 10�1

15:01

CN 0.135 1.07 � 10�1 0.33 6.41 � 10�1 0.576 1.95

CNS 0.134 1.05 � 10�1 0.324 6.18 � 10�1 0.571 1.92

CNSP 0.132 1.02 � 10�1 0.316 5.87 � 10�1 0.563 1.86

CNP 0.129 9.78 � 10�2 0.252 3.74 � 10�1 0.559 1.84

CS 0.12 8.47 � 10�2 0.224 2.95 � 10�1 0.51 1.53

CPS 0.119 8.33 � 10�2 0.214 2.69 � 10�1 0.487 1.40

CP 0.116 7.91 � 10�2 0.21 2.59 � 10�1 0.469 1.29

20:01

CN 0.194 2.21 � 10�1 0.565 1.88 0.624 2.29

CNS 0.186 2.03 � 10�1 0.564 1.87 0.62 2.26

CNSP 0.184 1.99 � 10�1 0.56 1.84 0.618 2.25

CNP 0.172 1.74 � 10�1 0.555 1.81 0.614 2.22

CS 0.169 1.68 � 10�1 0.542 1.73 0.61 2.19

CPS 0.163 1.56 � 10�1 0.535 1.68 0.607 2.17

CP 0.143 1.20 � 10�1 0.532 1.66 0.589 2.04
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Table 1C. The relationship of current (I) and power density (PD) for albumin at various ratios and pH values.

Albumin

Ratio pH6 pH7 pH8

I (mA) P.D (mW/m2) I (mA) P.D (mW/m2) I (mA) P.D (mW/m2)

10:01

CN 0.082 3.95 � 10�2 0.147 1.27 � 10�1 0.172 1.74 � 10�1

CNS 0.078 3.57 0.141 1.17 � 10�1 0.172 1.74 � 10�1

CNSP 0.07 2.88 � 10�2 0.136 1.09 � 10�1 0.17 1.70 � 10�1

CNP 0.064 2.40 � 10�2 0.134 1.06 � 10�1 0.165 1.60 � 10�1

CS 0.06 2.11 � 10�2 0.131 1.01 � 10�1 0.159 1.48 � 10�1

CPS 0.055 1.77 � 10�2 0.127 9.49 � 10�2 0.151 1.34 � 10�1

CP 0.033 6.40E-06 0.121 8.61 � 10�2 0.145 1.23 � 10�1

15:01

CN 0.136 1.08 � 10�1 0.203 2.42 � 10�1 0.206 2.49 � 10�1

CNS 0.134 1.05 � 10�1 0.185 2.01 � 10�1 0.205 2.47 � 10�1

CNSP 0.133 1.04 � 10�1 0.188 2.08 � 10�1 0.204 2.44 � 10�1

CNP 0.132 1.02 � 10�1 0.176 1.82 � 10�1 0.203 2.42 � 10�1

CS 0.131 1.00 � 10�1 0.141 1.17 � 10�1 0.199 2.37 � 10�1

CPS 0.129 9.78 � 10�2 0.129 9.79 � 10�2 0.197 2.28 � 10�1

CP 0.125 9.19 � 10�2 0.122 8.76 � 10�1 0.192 2.16 � 10�1

20:01

CN 0.178 1.86 � 10�1 3.25 6.21 � 10�1 0.479 1.34

CNS 0.167 1.64 � 10�1 0.32 6.02 � 10�1 0.471 1.30

CNSP 0.16 1.50 � 10�1 0.299 5.26 � 10�1 0.469 1.29

CNP 0.156 1.43 � 10�1 0.282 4.68 � 10�1 0.467 1.28

CS 0.151 1.34 � 10�1 0.28 4.61 � 10�1 0.464 1.26

CPS 0.153 1.37 � 10�1 0.279 4.58 � 10�1 0.462 1.25

CP 0.143 1.20 � 10�1 0.273 4.38 � 10�1 0.46 1.24
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3.2.3. Sulfur removal using MFC
The highest sulfur removal (74%) was achieved using acetic acid at

pH 8 and a ratio of 20:1 and the lowest sulfur removal (11.2%) was
observed using albumin as a substrate at pH 6 with a ratio of 10:1. While
using acetic acid as the substrate the lowest sulfur RE (32%) was ach-
ieved at pH 6 and ratio 10:1. The highest removal in the case of acetic
acid was achieved at pH 8 and a ratio of 20:1. The lowest RE (28%) using
sucrose was observed at 10:1 and pH6 and the highest (70%) RE was seen
at pH 8 and 20:1. In the case of sucrose, the lowest RE was achieved using
pH 6 and 10:1 whereas the highest RE with sucrose was achieved at pH 8
and 20:1. Using albumin the lowest and highest sulfur removal achieved
was 11.2% and 63.4% respectively. The lowest RE using albumin was
observed at pH 6 and 10:1 and the highest RE was achieved using pH 8
and a ratio of 20:1 (Figure 8C).

The redox potentials of nitrogen and oxygen are very close to each
other and hence it can be used as an electron acceptor in the cathodic cell
(Han et al., 2020). Virdis et al. (2011) found that in a MFC treating
synthetic wastewater containing acetate nitrate removal of 94.1% could
be achieved. When cathodic nitrate accepts electrons, it turns into ni-
trogen gas. A coupled MFC system comprising of an oxic-biocathode MFC
(O-MFC) and an anoxic-biocathode MFC (A-MFC) was implemented for
simultaneous removal of C and N from wastewater (Xie et al., 2011). The
MFC system obtained a maximum COD, NH4

þ-N and total nitrogen (TN)
removal rate of 98.8%, 97.4% and 97.3%, respectively, at an A-MFC
external resistance of 5 Ω.

Sulphates in the cathodic chambers can act as electron acceptors.
When Sulfide and acetate (C source) was treated using MFC (Rabaey
et al., 2006). Ninety eight percent of the sulfide and 46% of the acetate
was removed. MFC removed SO4

�2 via sulfide. This demonstrates that
effluents can be polished by a MFC for both residual C and S compounds.
Izadi and Rahimnejad (2014) used a dual chamberMFC to investigate the
removal of S. The initial concentration of sulfide in the anode compart-
ment was 0.4 g/L and it was completely removed after 3 days of MFC
6

operation. The maximum generated voltage, power and current density
were 988.915 mV, 346.746 mW.m-2, 1285.64 mA m�2.

Amount of phosphorus removal was different for each substate and it
was in the order acetic acid > sucrose > albumin. Varying nutrient ratio
and pH influenced the removal percentage of phosphorous. For each
substrate, most phosphorous removal was recorded at 20:1 and pH 8. At
pH 6 and 10:1 the least phosphorous removal was seen. Phosphate can
act an electron acceptor but requires a large amount of energy to accept
electrons because of its high redox potential. An increase in pH can help
in the precipitation of phosphates and hence result it its removal (Tao
et al., 2015).

Not too many studies have been done on phosphorous removal using
MFC. However, there are studies showing that phosphorous removal is
possible using MFC. Air-cathode single chamber MFCs were operated
with swine wastewater and 70%–82% of the phosphorous was removed
from the influent (Ichihashi and Hirooka, 2012). Using MFC (Zang et al.,
2012) were able to remove C and P from urine. The removal efficiencies
for PO4

3- and COD were found out to be 42.6% and 62.4% respectively.
The power density of 0.9 W m3 was obtained.

3.2.4. Simultaneous Nitrogen, phosphorous and sulfur removal
Simultaneous removal of nutrients namely nitrogen, phosphorous

and sulfur was studied using acetic acid as carbon source in the MFC and
was presented in Figure 9. At pH 6 the lowest nitrogen (39%), sulfur
(35%) and phosphorous (25%) RE was seen when the carbon nutrient
ratio was kept 10:1. The RE increased when the carbon nutrient ratio
15:1 was used and the highest was noted when 20:1 carbon nutrient ratio
was used in the MFC i.e., 48% nitrogen removal, 41% sulfur removal and
36% phosphorous removal was noted. When the pH was increased to 7,
an increase was seen in the removal efficiencies was noted. At carbon
nutrient ratio of 10:1 and pH 7 the lowest nutrient removal efficiencies
were noted. When the carbon nutrient ratio of 15:1 was used, an increase
in the removal efficiencies was noted. The highest nitrogen (61%), sulfur



Figure 4. Effect of pH on Removal Efficiency, Columbic Efficiency and Voltage using Sucrose at 20:1. G: The performance of MFC using sucrose at pH 6; H: The
performance of MFC using sucrose at pH 7; I: The performance of MFC using sucrose at pH 8.

M. Tariq et al. Heliyon 7 (2021) e07338
(56%), and phosphorous (47%) removal efficiencies were noted when
the carbon nutrient ratio 20:1 was used in the experiment. Increasing the
pH to pH 8 showed the best results (higher nutrient removal efficiencies
as compared to pH 6 and pH 7). At pH 8 the highest RE was noted when
the carbon nutrient ratio was kept 20:1 i.e., nitrogen RE was 81%, sulfur
RE was 77% and phosphorous RE was 64% (Figure 9).

When sucrose was used as a carbon source in the MFC and simulta-
neous removal of nitrogen, phosphorous and sulfur was studied it was
observed that the lowest nitrogen (32%), sulfur (30%) and phosphorous
(21%) RE was seen when the carbon nutrient ratio was kept 10:1. The RE
became higher when the carbon nutrient ratio 15:1 was used. The highest
nitrogen removal (42%), sulfur removal (39%) and phosphorous removal
(27%) was noted when 20:1 carbon nutrient ratio was used in the MFC
(Figure 9).

At carbon nutrient ratio of 10:1 and pH 7 the lowest nutrient removal
efficiencies were noted. When the carbon nutrient ratio of 15:1 was used,
an increase in the removal efficiencies was noted. The highest nitrogen
7

(60%), sulfur (51%), and phosphorous (42%) removal efficiencies were
noted when the carbon nutrient ratio 20:1 was used in the experiment. At
pH 8 the highest RE was noted when the carbon nutrient ratio was kept
20:1 i.e., nitrogen RE was 72%, sulfur RE was 67% and phosphorous RE
was 59% (Figure 9).

In the last set of experiments albumin was used as a substrate and
simultaneous removal of the nutrients was studied. The lowest nitrogen
(14%), sulfur (12%) and phosphorous (10%) RE was seen when the
carbon nutrient ratio was kept 10:1. The RE became higher when the
carbon nutrient ratio 15:1 was used. The highest nitrogen removal
(22%), sulfur removal (20%) and phosphorous removal (19%) was noted
when 20:1 carbon nutrient ratio was used in the MFC. When the pH was
increased to 7, an increase was seen in the removal efficiencies was seen.
At carbon nutrient ratio of 10:1 and pH 7 the lowest nutrient removal
efficiencies were noted. When the carbon nutrient ratio of 15:1 was used,
an increase in the removal efficiencies was noted. The highest nitrogen
(36%), sulfur (32%), and phosphorous (29%) removal efficiencies were



Figure 5. Effect of pH on Removal Efficiency, Columbic Efficiency and Voltage
using Albumin at 10:1. A: The performance of MFC using albumin at pH 6; B:
The performance of MFC using albumin at pH 7; C: The performance of MFC
using albumin at pH 8.

Figure 6. Effect of pH on Removal Efficiency, Columbic Efficiency and Voltage
using Albumin at 15:1. D: The performance of MFC using albumin at pH 6; E:
The performance of MFC using albumin at pH 7; F: The performance of MFC
using albumin at pH 8.
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noted when the carbon nutrient ratio 20:1 was used in the experiment. At
pH 8, the lowest nitrogen (40%), sulfur (35%) and phosphorous (34%)
RE was seen when the carbon nutrient ratio was kept 10:1. The RE
increased when the carbon nutrient ratio 15:1 was used and the highest
was noted when 20:1 carbon nutrient ratio was used in the MFC i.e., 56%
nitrogen removal, 49% sulfur removal and 42% phosphorous removal
was noted.

The results show that all the three substrates showed best results at
pH 8 and carbon nutrient ratio of 20:1. Among the three substrates acetic
acid showed the highest nutrient removal. The second highest nutrient
RE was shown by sucrose. The least nutrient RE was shown by albumin.
The nutrient removal followed a similar trend for all substrates i.e., ni-
trogen showed the highest RE followed by sulfur. The least was shown by
phosphorous. Experiments carried out using nutrients in combination (C:
N:S, C:P:S, C:P: N, C:P:N:S) showed that more than one nutrient can be
removed simultaneously using an MFC. The results were found in the
order C: N > C: N:S > C: N:S:P > C: N:P > C:S > C:P:S > C:P. The best
simultaneous removal of nutrients was achieved when acetic acid was
used in the system and pH 8 was maintained while keeping the carbon
nutrient ratio at 20:1. Simultaneous anaerobic sulfide and nitrate
removal in the anodic chamber coupled with electricity generation has
been extensively studied (Cai et al., 2013, 2014, 2020). However,
8

simultaneous removal of nitrogen and sulfur, phosphorous and sulfur,
phosphorus and nitrogen and the combination of the three nutrients in
the cathodic chamber of MFC has not been researched extensively till
now. This study showed that the simultaneous removal of these combi-
nations of nutrients can be achieved in the cathodic chamber of MFC. Out
of the three nutrients, nitrogen showed the highest removal followed by
sulfur. The least removal was shown by phosphorous. The reason behind
this is their redox potentials which are in the order phosphate> sulphate
> nitrate. Nitrate has the lowest redox potential out of the three i.e. (0.74
V). Low redox potential means that it most easily accepts the electrons
coming from the anodic chamber (Sun et al., 2013) When nitrate accepts
electrons, it gets reduced and turns into nitrogen gas. Sulphate can also
accept electrons and turn in to elemental sulfur. Phosphorus removal was
the lowest because it is not a very good electron acceptor because of
endergonic reduction potential i.e., it requires a large amount of energy.

The best nutrient removal was obtained at pH 8. At pH 8 electricity
producing thrive resulting in more generation of electrons in the anode
that could be accepted by the electron acceptors in the cathodic chamber.
Law et al. (2011) investigated how pH range effects removal of N. They
found that the nitrogen removal increased as the pH was increased. The
maximum removal was found at pH 8.0. Similarly (Gu�stin &Marin�sek,



Figure 7. Effect of pH on Removal Efficiency, Columbic Efficiency and Voltage using Albumin at 20:1. G: The performance of MFC using albumin at pH 6; H: The
performance of MFC using albumin at pH 7; I: The performance of MFC using albumin at pH 8.

M. Tariq et al. Heliyon 7 (2021) e07338
2011), found that ammonia stripping bench plant removed 92.8% of
ammonium and 88.3% of total nitrogen from the anaerobic digestion
effluent at high pH. It is because a high pH changes ammonia/ammo-
nium ratio in favor of ammonia. Swine wastewater has been studied in a
single chamber MFC for struvite precipitation (Ichihashi and Hirooka,
2012). It was found that 70–82% of phosphorus was removed, and
struvite precipitation only occurred on the cathode surface when elec-
trolyte pH was around 8 (Zhai et al., 2012). studied the removal of sulfur
in MFC. They found that highest sulfur recovery efficiency (78.6� 8.3%)
and CE (58.6 � 1.6%) occurred at a pH 8.

MFC showed the highest nutrient removal when acetic acid was used
as a carbon source. The results were found in the order Acetic Acid >

Sucrose > Albumin. Carbon source greatly influences microorganism
metabolism (Mitra and Mishra, 2018). Acetic acid is a simple compound
and can be degraded easily by microbes resulting in the release of elec-
trons to the anode. These electrons then move to the cathode and reduce
the nutrients there acting as electron acceptors hence resulting in nutrient
removal. Sucrose is more complex than acetic acid and its degradation
releases fewer electrons as compared to acetic acid. Albumin is the most
9

complex among the three and its degradation offers the least number of
electrons. Number of electrons released greatly effects howmuch nutrient
removal takes place. Hence, simpler compounds like acetic acid are more
easily used up by exoelectrogens as compared to macromolecules (Yang
et al., 2019). Studies have shown that acetic acid is a better electron donor
for exoelectrogens as compared to longer chain compounds (Freguia et al.,
2010). It has been reported that MFCs are best option to recover nutrients
like ammonium and phosphate from wastewater (Ye et al., 2019).

In case of each substrate, the nutrient removal was found in the order
20:1> 15:1> 10:1. Most nutrient removal was found when the ratio was
20:1. It might be due to a higher amount of organic matter at 20:1 that
can be degraded by microorganisms. More organic matter degradation
means higher number of electrons available to reduce nutrient ions
acting as final electron acceptors. Electrons and protons released by
redox reactions in the anode move to the cathode resulting in bio-
potential which helps in voltage generation (Mohan et al., 2009). The
increase in loading rate results in an increase power generation (Goud
et al., 2011). The energy generated by MFC is different with different
electron donors (Sun et al., 2009).



Figure 8. Nitrogen, phosphorus and sulfur removal at various pH and ratios. A: Nitrogen removal at various pH and ratios; B: Phosphorus removal at various pH and
ratios; C: Sulfur removal at various pH and ratios.

Figure 9. Simultaneous Nitrogen, Phosphorous and Sulfur removal at various pH and ratios.
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4. Conclusion

The MFC exhibited highest columbic efficiency, COD removal effi-
ciency, nutrient removal efficiency and voltage when acetic acid was
used in the MFC and lowest was observed for albumin. Increasing the pH
from pH 6 to pH 8 resulted in an increased in the parameters being
10
studied. At each pH, the highest columbic efficiency, COD removal effi-
ciency, nutrient removal efficiency and voltage was observed at 20:1 and
lowest was seen at 10:1. In all experiments best results were seen when C:
N was used in the system and least promising ones were observed for C:P.
In all experiment's nitrogen showed the highest removal efficiency and
phosphorous exhibited the least removal efficiency.
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