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A pristine soil environment supports a healthy soil biodiversity, which is often polluted with recalcitrant

compounds. The bioelectrochemical remediation of the contaminated soils using bioelectrochemical

systems (BESs) is gaining significant attention with respect to the restoration of the soil ecosystem. In this

direction, a microbial fuel cell (MFC, an application of BES), was employed for the treatment of total

petroleum hydrocarbons (TPHs) in a soil microenvironment at three ranges of pollution (loading

conditions – 320, 590 and 840 mg TPH per L). TPHs degraded effectively in the soil-electrode vicinity in

the range of 158 mg TPHR per L (320 mg TPH per L) and 356 mg TPHR per L (840 mg TPH per L). The

study also demosntrated a maximum bioelectrogenesis of 286.7 mW m�2 (448 mV at 100 U) at the

highest TPH loading concentration studied (840 mg TPH per L). The conditions prevailing in the soil MFC

also facilitated the removal of sulfates (114 mg SO4
2� per L; 62.64%) and the removal of total dissolved

solids (910 mg TDS per L, 12.08%) at an 840 mg TPH per L loading condition. The pH of the outlet

wastewater prevailing in the mild alkaline range of 7.6 and 8.4, along with improved sulfate and TPH

removal in the respective conditions suggested suitable conditions for sulfate-reducing bacteria (SRB).

This study also signified the sustainability of the process for the effective treatment of hydrocarbon

contaminated soil that also generates green energy.
1. Introduction

The rapid expansion and development of industrial activities
increased the discharge of pollutants into the environment that
causes a deterioration of water resources. It consequently
resulted in the deterioration of the quality of soil and sedi-
ments, which further affected the quality of the entire
ecosystem.1,2 Currently, petroleum-based resources are consid-
ered as the major source of energy required for industrial and
human activities. This resulted in the release of petroleum
hydrocarbon pollutants to various components of the environ-
ment such as soil and water.3–6 Alkanes, aromatics, nitrogen–
sulphur–oxygen compounds (NSO) and asphaltenes are the
main fractions of petroleum hydrocarbons.7,8 The alkanes are C1

(methane) to C40 compounds with straight-chain or branched-
chain hydrocarbons, whereas aromatic compounds contains
at least one benzene ring in the structure. NSOs and asphal-
tenes are complex molecules that exert complex toxic effects on
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the ecosystem. The release of crude oil constituents into the
environment has the potential to exhibit adverse effects on
ecology and human health.9–11 Environmental contamination
and ecosystem deterioration are a global concern that demands
for innovative and cost-effective remediation technologies.12,13

Total petroleum hydrocarbons (TPHs) are lethal to benecial
soil organisms and human beings, and create a serious concern
among the research community and governments.14,15 Chronic
petrogenic contamination shows adverse effects on various
components of the ecosystem.16,17 This has demanded the
research on remediation techniques for petroleum contamina-
tion. Based on the complexity of the pollutants and sites of
contamination, and to avoid secondary pollutants from the
treatment process, biological processes show merits over
chemical and physico-chemical processes.18,19

Currently, an increased number of bioremediation technol-
ogies using plants (phytoremediation), bacteria, algae and fungi
are being explored for the degradation of TPH-contaminated
surfaces and subsurface soils.8,20–22 A novel method called bio-
electrochemical systems (BES), such as microbial fuel cells
(MFCs) and microbial electrolysis cells (MECs), which deal with
the interface of a biolm and electrode environment, has shown
superior functions for the degradation of petrogenic pollut-
ants.23–25 The degradation or oxidation of pollutants in an
anodic environment has facilitated green energy generation.
Several other pollutants, such as sulfates, nitrates, and chemical
RSC Adv., 2019, 9, 41409–41418 | 41409
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oxygen demand (COD), can also be treated simultaneously by
BES.26,27 The electrochemically-active biolm present on the
anode of MFCs generates bioelectricity from the treatment of
organics, whereas MECs treat specic pollutants under mild
external applied potentials for different types of pollutants.28–30

The biological and electrochemical effects combined in BES
systems create hybrid mechanisms that facilitate complex bio-
electrochemical treatment processes.32–34 The bio-
electrochemical energy generating from the system is green in
nature and non-pollutant. It treats complex pollutants deterio-
rating the environment.

Herein, the present study was aimed to remediate soil
contaminated with recalcitrant petroleum-based hydrocarbons
via a novel soil MFC conguration. Petroleum hydrocarbons
present in the soil act as an electron donor and carbon elec-
trodes as electron acceptors that develop a biopotential in the
soil environment. The combination of a generated biopotential
and associated microbial activity help to generate biological
electricity in concurrence with bioelectro-remediation. At this
stage of the study, the primary focus was towards soil bioelectro-
remediation, MFC performance and its evaluation of sustain-
ability, rather than the microbial aspects.

2. Experimental
2.1 Soil based microbial fuel cell (MFC)

A rectangular cuboid-shaped, soil-based MFC was designed to
evaluate the bioelectrochemical degradation of hydrocarbon
contaminated soil. A mixture of peat moss and soil in the
proportion of 70 : 30 was used to develop the column for MFC.
The ratio of soil and peat moss was adapted from the gardening
practice that's being practiced at Qatar University, Qatar. The
characteristics of the mixture were identied as pH 7.45 (1 : 10
ratio in water), soil consistency – loose, color – brown and water
holding capacity – 8.6%. The Perspex-based MFC having
dimensions of height – 14 cm as well as a length and width –

9 cm was lled with the soil and peat moss mixture.35 The soil
bed constituted about 70% (up to 10 cm) of the total height of
the MFC (Fig. S1†). This supported placing the electrodes hor-
izontally in the soil matrix. Anode and cathode electrodes with
the dimensions of a 5 cm length, 5 cm height and 1 cm width
were chosen. The anode with a developed electroactive biolm
(bioanode) in the suspended reactor (using petroleum renery
wastewater as the substrate) was placed in the sub-surface of the
soil (2 cm below the surface of the soil). Proper care was taken to
keep the biolm intact during the placement of the electrode. A
fresh cathode cleaned with hot water was also placed horizon-
tally on the soil column (at the surface). Using an anode with
a well-developed biolm and a fresh cathode electrode helped
to maintain the biopotential only through the anodic activity.
The possibility of biolm formation on the cathode was mini-
mized by washing the cathode on every seventh day. The outlet
of the MFC was placed at an equal height of the soil surface to
maintain a constant water table in the soil during water recir-
culation. These conditions mimicked the surface to subsurface
conditions of the soil, which was the target zone for the
degradation of the petroleum hydrocarbons. Non-corrosive
41410 | RSC Adv., 2019, 9, 41409–41418
titanium wire was used as the connector of the anode and
cathode electrodes. The inlet and outlet ports fed the reactor in
the up-ow direction and recirculated the petroleum waste-
water at known concentrations. Parallel to the soil MFC,
a control reactor was also operated using a similar set-up, except
for the placement of the electrodes to evaluate the function of
the soil microorganisms in treating the produced water.

2.2 Loading of hydrocarbon pollutants to the soil MFC and
MFC operation

The bioelectrochemical degradation of petroleum hydrocar-
bons and bioelectrogenesis was evaluated at three different TPH
loading conditions of 320, 590 and 840 mg TPH per L in batch
mode operation at room temperature. The rst loading condi-
tion of 320 mg TPH per L was evaluated for 3 consecutive cycles,
followed by 590 mg TPH per L for 3 cycles. In the case of the last
loading condition of 840 mg TPH per L, it was operated for 2
cycles. A total of 1 L of synthetic produced water with the
required concentration of TPH (in the reservoir) was recircu-
lated through the MFC using a closed loop system at a recircu-
lation rate of 20 mL min�1. The synthetic produced water (all
compositions are in g L�1, NH4Cl, 0.25; FeSO4, 0.25; CaCl2-
$2H2O, 15.0; KCl, 2.0; MgCl2, 15.0; NaCl, 55.0; Na2SO4, 2.0;
NaHCO3, 1.0; and H3BO3, 0.25) was diluted 12 times to bring the
total dissolved solids (TDS) to 7500 mg TDS per L (approx.). To
achieve 320, 590 and 840mg TPH per L, commercial gear oil was
added at a concentration of 0.15, 0.25 and 0.40 mL L�1,
respectively. The water holding capacity of the MFC was deter-
mined as 440 mL with a void ratio of 0.54 (total volume of the
column, 0.81 L). The seven days of operation was maintained
constant for each batch cycle. Anode and cathode electrodes
were connected across the 100 U resistor to keep the active
electron discharge in the system. Since the anode was adapted
for the treatment of the petroleum hydrocarbon, stable
bioelectricity production was recorded over three days of oper-
ation. The control reactor was also operated under the same
conditions at three different concentrations of TPH. The control
reactor operation provided the specic function of the electro-
active bacteria for the aim of the present study. Prior to running
the experiment and control operations, the soil column was run
with produced water recirculation, followed by the for control
and soil MFC running for three days to saturate the soil column
with the ingredient pollutants of the produced water. Precau-
tion was taken to eliminate the error due to the adsorption
phenomenon of the pollutants in the soil. Liquid samples from
the MFC and the control operations were collected from the
reservoir at the end of each cycle and stored at 4 �C for further
analysis.

2.3 Analysis

The bioelectrogenesis of the soil MFC was measured in terms of
voltage by the multi-meter. The current and power were calcu-
lated by applying Ohm's law. A variable resistor box (50 U to 30
kU) was used to analyze the polarization behavior of the elec-
trode at each TPH loading condition.31,36 Anode and cathode
potentials were measured in a three-electrode conguration
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Degradation of the total petroleum hydrocarbons during the
three loading conditions of the (a) soil MFC and in the (b) control
operations. Cycle numbers 1–3 represent 320 mg TPH per L, 4–6
represent 590 mg TPH per L and 7–8 represent 840 mg TPH per L.
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using an Ag/AgCl reference electrode.28,37 The relative decrease
in the anode potential (RDAP) was analyzed to assess the
sustainability of the MFC.38 The liquid samples collected from
the soil MFC were analyzed for pH, TDS, COD, sulfates and TPH.
The methods outlined in the Standard Methods for the Exam-
ination of Water and Wastewater39 were adapted. A testing kit
supplied by LANGE was used for the COD measurements. The
detection and quantication of the diesel range organics
(DROs) was followed by adapting methods outlined in USEPA
method 8000B in combination with USEPA method 8015.

3. Results and discussion
3.1 Degradation of petroleum hydrocarbons in the
subsurface soil environment of MFC

Petroleum hydrocarbons are complex, but can be degraded by
specic bacteria at a relatively lower rate compared to simple
wastewater of a biological origin. Bioelectrochemical systems
adapt mixed consortia from environmental sources for the
degradation of various types of pollutants, which also helps for
the generation of green energy in the form of bioelectricity.40 In
the present study, the observed trend of TPH degradation at the
three different loading conditions clearly depicted the efficiency
of the soil MFC (Fig. 1). During the rst cycle of operation (inlet
substrate concentration, 320 mg TPH per L), a substrate
degradation of 142 mg TPH per L (44.38%) was recorded during
the 7 days of operation. Among the 3 cycles of operation with
320 mg TPH per L, a maximum TPH degradation of 158 mg L�1

was registered, which represented a 49.38% removal efficiency
(average of 320 mg TPH per L, 146.7 mg TPHR per L and
45.83%). Control experiments were performed to compare the
metabolic action of soil bacteria alone and to identify the
specic function of the anodic electrogenic biolm on TPH
degradation. Under the same loading condition (320 mg TPH
per L), the control experiments depicted a maximum TPH
degradation of 28 mg L�1 (TPH degradation efficiency, 8.75%)
with an average degradation of 23.3 mg TPH per L (7.29%)
(Fig. 1b).

The increase in the TPH loading to 590 mg TPH per L indi-
cated a substantial improvement in the substrate removal,
registering a maximum value of 248 mg L�1 (42.03%). The
average TPH degradation in the three cycles of operation with
590 mg TPH per L was 235 mg L�1, which represented a 39.9%
removal efficiency. The increase in the TPH loading resulted in
an improvement in TPH degradation. The control reactor
operation with the same TPH loading of 590 mg TPH per L,
depicted a maximum TPH degradation of 45 mg L�1 (TPH
degradation efficiency, 7.63%) and an average degradation of
38.6 mg TPH per L (6.55%). The further increase in the TPH
concentration to 840 mg TPH per L also resulted in a similar
trend with respect to substrate degradation. The maximum and
average TPH removal were recorded as 356 mg L�1 and
340 mg L�1, respectively. Similarly, the TPH degradation effi-
ciency was also recorded as 42.38% (maximum) and 40.5%
(average) (Fig. 1a). The substrate degradation in the control
reactor was limited to a maximum degradation of 40 mg TPH
per L (average, 35 mg TPH per L) with an efficiency of 4.76%
This journal is © The Royal Society of Chemistry 2019
(average, 4.17%) (Fig. 1b). Interestingly, the TPH degradation
efficiency of the MFC operation at 590 and 840 mg TPH per L
loading were comparable, which also claimed suitability of the
MFC system for bioelectro-remediation of hydrocarbon
contaminated soils. The continuous recirculation of the
wastewater in the soil MFC was maintained, which might have
facilitated the passing of the wastewater to the vicinity of the
electrodes and the exposure of the wastewater to the bio-
electrochemical reactions. Since the recirculation of the liquid
content was designed in an up-ow direction, a uniform
concentration of the pollutants in the soil environment was
possible. However, the application of this method directly to the
contaminated sites requires an understanding of the geological
and physico-chemical nature of the respective soils.

3.2 Diesel range organics degradation

The primary details of the evolution of TPH in the MFC were
identied by tracing the DROs. DROs are highly regarded as an
intermediate fraction of the petroleum rening process. Diesel
hydrocarbon compounds (specically long chain alkenes) are
the most abundant compounds in DROs, which were consid-
ered to identify the evolution pattern in the soil MFC and
control operations. Among the three TPH concentrations
studied, total DRO degradation was increased with the increase
RSC Adv., 2019, 9, 41409–41418 | 41411
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in the available TPH concentrations (Fig. 2). The highest DRO
degradation of 34.69 mg DROs per L was registered with an
840 mg TPH per L variation, followed by 590 mg TPH per L
(25.98 mg DROs per L) and 320 mg TPH per L (17.16 mg DROs
per L), which clearly depicted the bioelectrochemical potential
of the MFC towards DRO removal (Fig. 2a). On the contrary to
Fig. 2 Pattern of the diesel range organic (DRO) degradation in the
bioelectroremediation process and respective control operations. (a)
Total concentration of the DROs, (b) DRO removal concentration and
DRO removal efficiency and (c) concentrations of diverse DROs in the
MFC and control operation.

41412 | RSC Adv., 2019, 9, 41409–41418
the DRO removal, its removal efficiency decreased with an
increase in the total DRO concentration. In the case of the
320 mg TPH per L loading condition, a maximum DRO removal
efficiency of 38.78% was recorded, which further decreased to
34.41 and 31.52% for the 590 and 840 mg TPH per L conditions,
respectively (Fig. 2b). Both the removal and removal efficiency of
the DROs was several times higher than the control experi-
ments, which also corroborated the capability of the MFC
towards TPH treatment (Fig. 2a and b).

Further analysis was performed to identify the individual
DRO compound degradation in the MFC and control opera-
tions. Compared to the control operation, the MFC visualized
the removal of the DROs with the three loading conditions
studied. All nine DRO compounds analyzed degraded signi-
cantly over the MFC operation. However, a higher affinity
towards bioelectrochemical degradation was regarded with n-
octadecane, n-eicosene and n-decosane (DROs). In all the TPH
concentrations, these three compounds collectively contributed
more than 50% of the total DROs degraded. Contrary to the
decrease in the concentration over the MFC treatment, n-decane
showed an increase in its concentration under the 320 mg TPH
per L loading condition. n-Decane was the simplest among the
analyzed DROs. The gradual breakdown of the higher TPH
compounds or DROs via bioelectrochemical remediation might
have resulted in the n-decane production that resulted in an
increased concentration. The higher removal efficiency with the
larger molecules rather than smaller molecules such as n-
docane, surrogate and n-tetradecanemight have been due to the
production of smaller compounds from the degradation of the
higher carbon compounds such as n-octadecane, n-eicosene
and n-decosane. A previous study that was performed with
petroleum renery wastewater under applied potentials showed
a higher efficiency towards DRO removal (>80%).41 The limited
efficiency in the present study was attributed to the soil envi-
ronment, which provided relatively less contact with the elec-
trode surface. On the other hand, the degradation in the present
study was due to the bioelectrochemical potential that devel-
oped by the system rather than the external applied potential in
the previous study.
3.3 Soil MFC performance

3.3.1 Power generation from TPH in soil microenviron-
ment of MFC. The electrochemically active bacteria that
immobilized on the anode electrode were capable of producing
electrons from the degradation of the organic compounds in
the vicinity. The incorporation of the adapted bioanode to the
hydrocarbon substrates generated a swi response to the bio-
electrogenesis and resulted in a power density of 45.3 mW m�2

as well as a potential of 178 mV across the 100 U resistance
under an operation of 320 mg TPH per L. A gradual improve-
ment in the power generation was observed with time as well as
a recorded 110.4 mW m�2 (278 mV) and 146.3 mW m�2 (318
mV) in the second and third day of operation, respectively.
Furthermore, the MFC exhibited a power generation with
marginal uctuations. During the rst cycle of operation,
a maximum power density of 147.2 mW m�2 (321 mV) was
This journal is © The Royal Society of Chemistry 2019
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recorded that gradually increased in each subsequent operating
cycle (Fig. 3a). During the second and third operating cycle, the
power density was registered as 153.7 mW m�2 (328 mV) and
165.1 mW m�2 (340 mV), respectively. The three operating
cycles evaluated with 320 mg TPH per L showed a power density
in the narrow range of 147.2 and 165.1 mWm�2, which depicted
a stable operation.

Starting from the fourth cycle of operation, the TPH loading
of 590 mg TPH per L was adapted and operated consecutively
for three cycles. Among the three operating cycles with 590 mg
TPH per L in cycle 4, a maximum power density of 230.9 mW
m�2 (402 mV) was developed across the resistance. Considering
the average power densities for the 320 mg TPH per L loading
operation (155.3 mWm�2) and 590mg TPH per L loading (222.6
mWm�2), there was a signicant power improvement (67.2 mW
m�2, about 40%). This clearly depicted the contribution of the
available TPH in the soil matrix towards the bioelectricity
generation. Upon the completion of the 3 cycles with 590 mg
TPH per L, the soil MFC was fed with the next highest loading
Fig. 3 (a) Bioelectricity generation potential of the soil-based micro-
bial fuel cell depicting the voltage generation during the three TPH
loading conditions with a 100 ohms resistor. (b) Polarization behavior
of the MFC under operation using the three TPH loading conditions.

This journal is © The Royal Society of Chemistry 2019
variation of 840 mg TPH per L and operated for 2 consecutive
cycles, which also showed a positive sign of improved power
generation. Upon the onset of cycle 7 operation (840 mg TPH
per L), the power density improved to 265.4 mWm�2, which was
more than 20% over the previous cycle with 590 mg TPH per L
(211.8 mW m�2) (Fig. 3a). Among all the TPH loading concen-
trations studied, a maximum power density of 286.7 mW m�2

was registered in the last cycle operated at 840 mg TPH per L.
Among the three different TPH loading concentrations, 320 and
840 mg TPH per L showed a marginal increase in the power
density with every feeding event. Contrary to the 320 and 840mg
TPH per L concentrations, the 590 mg TPH per L concentration
exhibited a marginal drop. This suggested that the variation in
the power density of the different operating cycles was due to
a biological phenomenon.

I–V curves (polarization behavior) were recorded from the three
substrate (TPH) loading concentrations using a variable resistor
box. The maximum performance period of the MFC with respect
to the power generation was considered as an optimum to eval-
uate the bioelectrochemical behavior of the MFC. The shi in
recording the polarization behavior from one point to another was
allowed to recover the open circuit potential to the maximum.
This allowed for the recording of the bioelectrochemical activity
with minimum error. In the present study that used the three
loading concentrations of TPH as a substrate, the maximum
electrochemical activity was found to be in accordance with their
respective bioelectrogenic activities. The maximum current
density and power density were increased with the increase in the
TPH loading concentrations (Fig. 3b). A maximum power density
of 158.1 mW m�2 (at 400 U; current density, 388.6 mA m�2) was
registered with the 320 mg TPH per L substrate concentration. In
the case of the 590 mg TPH per L concentration, the maximum
power density was increased to 190.6mWm�2 (at 200U, 882.5mA
m�2). With the increase in substrate loading from 320 to 590 mg
TPH per L, the power density improved by 20%. Furthermore,
aer increasing the TPH loading to 840 mg TPH per L,
amaximumpower density of 239.0mWm�2 (1127.5mAm�2) was
recorded with a 100 U resistor (Fig. 3b). The polarization study
also suggested that the electron discharge capacity for the MFC
under the respective operating conditions was adapted. The point
at which the maximum power density was recorded was denoted
as the cell design point. In the present study, the cell design point
decreased with the increase in the TPH loading concentration
(400 U, 320 mg TPH per L; 200 U, 590 mg TPH per L and 100 U,
840 mg TPH per L). Considering the lowest cell design point from
all the loading TPH concentrations, i.e. 100 U, the power density
was found to increase with an increase in the substrate concen-
tration (320 mg TPH per L, 138.0 mW m�2; 590 mg TPH per L,
182.0 mW m�2 and 840 mg TPH per L, 239.0 mW m�2). This
phenomenon suggested that the electron discharge and bio-
electrochemical response were directly proportional to the
substrate concentration used for bioelectrogenesis.

3.3.2 Half-cell potentials and sustainable power. The half-
cell potentials of the MFCs determined the efficiency of the
individual performance of the anode and cathode processes.
The anode and cathode potentials were recorded across the
different resistances (50 U – 30 kU) using a variable resistor box
RSC Adv., 2019, 9, 41409–41418 | 41413
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(similar to I–V curve analysis). The details of the anode and
cathode potentials against the external resistance are presented
in Fig. 4a. The air cathode conguration used for the present
study maintained a similar cathodic oxygen reduction mecha-
nism and was not inuenced by the TPH concentration in the
soil column. Therefore, the cathodic potential was found to be
almost stable (in the range of 338 to 357 mV) for all three
variations studied. Among the three TPH concentrations
studied, the anode potential was found to increase with an
increase in the substrate concentration, which conrmed the
contribution of the electrons generated from the TPH degra-
dation towards potential development. A maximum anode
potential of �366 mV was recorded with the 840 mg TPH per L
concentration followed by the 590 (�323 mV) and 320 mg TPH
per L (�264mV) concentrations. The anodic potential trend was
found to be very similar to the polarization behavior exhibited
by the MFC at the respective concentrations.

The anode potential was found to decrease with the decrease
in the external resistance, which depicted the electron
Fig. 4 Evaluation of the sustainable performance of the soil MFC
during the three TPH concentrations. (a) Anodic and cathodic
potentials as well as the (b) sustainable power and resistance value at
a relative decrease in the anodic potential (RDAP) point.

41414 | RSC Adv., 2019, 9, 41409–41418
discharge phenomenon. The lower resistance used in the
anodic half-cell potential circuit facilitated the relatively higher
electron discharge that resulted in a drop in the anodic poten-
tial. This phenomenon helped for the derivation of the relative
decrease in the anodic potential (RDAP). The RDAP facilitated
the sustainable resistor point for the stable performance of the
MFC where the electron discharge and production reached
equilibrium. The 320 mg TPH per L concentration unveiled
a RDAP at 7.0 kU of the external resistance with a sustainable
power generation of 0.45 mW (Fig. 4b and S2†). The RDAP
resistance value increased with the increase in the TPH loading
concentrations. In the case of the 590 and 840 mg TPH per L
concentrations, the sustainable power was found to be 0.22 mW
(at 15.5 kU) and 0.20 mW (at 18.0 kU), respectively.

3.4 Sulfate removal at various TPH concentrations

Sulfate is one of the major pollutants present in the waste/
wastewater generated from petroleum industries. High sulfate
concentrations present in wastewater are evidence for the
adverse effects on the ecosystem. The toxic and acidic gases
generated from the sulfate rich wastewater are either carcino-
genic or create serious health problems, which affects the eyes,
skin, lungs, intestines and nervous system.42 Material corrosion
is also another challenge that is associated with sulfate rich
wastewater.43,44 The reduced products may volatilize into the
atmosphere and result in acid rain. Sulfate contamination also
has adverse effects on the soil microenvironment, which may
further led to groundwater contamination.45,46 BESs have been
considered as an effective method for sulfate removal.35,47,48 In
the present study bioelectricity generation was also concomi-
tantly investigated for sulfate removal (Fig. 5). The initial
concentration of sulfate was kept constant, which allowed for
identifying the inuence of the organic matter on the sulfate
removal. Thus, it was also determined that the sulfate removal
increased with an increase in the TPH concentration. At the
initial TPH loading condition of 320 mg TPH per L, the highest
sulfate removal of 54 mg L�1 with an efficiency of 29.67%
(average, 49 mg L�1 and 26.92%) was observed (Fig. 5a). When
the soil MFC was shied to 590 mg TPH per L, an improvement
in sulfate removal was found to be signicant, which registered
a maximum sulfate removal of 84 mg L�1 (46.15%). The
improvement in the sulfate removal was compared with the
registered higher TPH degradation at the higher loading
conditions (Fig. 5a). Similar results were also observed when the
TPH concentration was further increased to 840 mg TPH per L,
which resulted in the highest sulfate removal of 114 mg L�1

(average, 113 mg L�1) with a 62.64% removal efficiency (average,
62.08%). Sulfate removal in the control reactor operation was
also evaluated under the three TPH loading concentrations,
which was in the range of 20 to 27 mg L�1 (Fig. 5b). Since the
sulfate concentration used was constant for all of the operating
conditions, a signicant difference in the sulfate removal and
sulfate removal efficiency was not identied with respect to the
initial TPH concentration. Apart from the sulfate degradation
from the mixed bacteria in the MFCs, the sulfate-reducing
bacteria (SRB) also played an important role in the power
generation. SRB reduced the sulfate to sulde and then sulde
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Sulfate removal pattern registered in the (a) soil MFC and (b)
control operations during the three loading conditions of the petro-
leum-based hydrocarbons. Cycle numbers 1–3 represent 320mg TPH
per L, 4–6 represent 590 mg TPH per L and 7–8 represent 840 mg
TPH per L.
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was oxidized to elemental sulfur, which was deposited on the
surface of the electrode, resulting in power generation.47,49 In
this case, sulfate also acted as a substrate for power generation.
However, with the available analysis in the present study, the
involvement of the sulfate reducing bacteria in the power
generation could not be illustrated. The SRB species such as
Desulfovibrio desulfuricans, Desulfuromonas acetoxidans and
Desulfobulbus propionicus were conrmed to produce electricity
with a concomitant sulfate reduction.47–49 The sulfate reduction
in BES also exhibited the advantage of generating value-added
elemental sulfur from toxic sulde.50

3.5 Removal of dissolved solids

Petroleum-based wastewaters such as petroleum renery
wastewater and produced water were characterized to have
high solid concentrations (TDS). Produced water contains TDS
in the range of 65 to 220 g L�1, whereas renery wastewater
contains 15–45 g L�1 of TDS.51 Accidents and improper
wastewater management in petroleum industries may result in
This journal is © The Royal Society of Chemistry 2019
soil contamination. The presence of electroactive biolms in
the MFCs facilitated the development of the bioelectrogenic
conditions. The direct electric eld developed an electro-
chemical gradient, which separated the charged ions to the
oppositely-charged electrodes. This phenomenon was attrib-
uted for the removal of the salts/TDS.51,52 The employed
wastewater in the present study had a TDS concentration of
7530 mg L�1, which depicted a signicant removal during the
MFC operation through the three different TPH loading
conditions. However, the TDS removal efficiency was found to
depend on the concentration of TPH in the wastewater, which
was directly proportional to the bioelectrogenic potential evi-
denced at the respective TPH loading concentration. During
the 320 mg TPH per L loading condition, a maximum TDS
removal of 690 mg L�1 (average, 580 mg L�1) was achieved with
a maximum removal efficiency of 9.16% (average, 7.70%;
Fig. 6). Under the 590 mg TPH per L loading conditions, the
TDS removal was improved to 730 mg L�1 (average,
683 mg L�1) and a 9.69% efficiency (average, 9.07%). A further
increase in the substrate loading to 840 mg TPH per L also
depicted an improved TDS removal and removal efficiency of
910 mg L�1 and 12.08%, respectively. In the case of the control
operation, the outlet TDS concentration was estimated in the
range of 7540 to 7600 mg L�1, which exhibited a marginal
improvement in the TDS concentration (improvement in TDS,
10 to 70 mg L�1) from an inlet value of 7530 mg L�1 (Fig. 6b).
The increase in the TDS concentration was irregular with the
different TPH loading concentrations. A maximum TDS
increase of 70 mg TDS per L was registered in the second cycle
of the 590 mg TPH per L loading condition, whereas
a minimum TDS increase was registered in the third cycle of
320 mg TPH per L and the rst cycle of the 840 mg TPH per L
loading conditions. The improvement in TDS might have been
due to the evaporation loss that happened during the opera-
tion. Even though the inlet and outlet reservoirs used in the
operational set-up were closed, it was possible to have an
evaporation loss from the soil column of the reactor. The
improvement in the TDS removal with respect to the TPH
concentration correlated well with the power density regis-
tered at the respective conditions. This also supported the ion
mobility phenomenon for the TDS removal. The membrane-
less conguration adapted in the present study also facili-
tated the mobility of the ions towards the oppositely-charged
electrodes. The microbial desalination cells (MDCs) having
three chambered congurations also followed a similar prin-
ciple. However, the presence of the middle chamber helped in
the separation of the ions (desalination).53 Apart from the ion
mobility, the direct and indirect anodic oxidation phenomena
also helped to adsorb the pollutants on the anode surface.31

Aer eight cycles of operation for about 2 months, a gradual
drop in the power density was observed. A detailed observation
was made on the electrodes depicted scaling (salts deposition)
on the electrode surface, which is called electrodeposition.54,55

This might have hindered the electric conductivity of the
electrode due to the drop in the recorded potential. The visible
difference in the TDS removal from the control and MFC
operations also clearly showed the inuence of the
RSC Adv., 2019, 9, 41409–41418 | 41415
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Fig. 6 (a) Removal of the total dissolved solids (TDS) during the three
loading conditions of TPH in the soil MFC. (b) Outlet TDS values
evaluated in the soil MFC and control operations (the dotted line
represents the value of the inlet TDS). (c) Change in pH (from inlet pH
of 7.82). Cycle numbers 1–3 represent 320 mg TPH per L, 4–6
represent 590 mg TPH per L and 7–8 represent 840 mg TPH per L.
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electrochemical activity in removing TDS from the wastewater
used in the operation.
3.6 Variation in the pH with TPH loading

pH is a sensitive parameter that is inuenced by many biolog-
ical and chemical processes in the environment. In MFCs, a pH
change can be observed with the variation in the substrate
41416 | RSC Adv., 2019, 9, 41409–41418
degradation and the change in the components of wastewater.
The wastewater that was considered in the present study was
found to show an alkaline pH of 7.82. The pH was found to
change by the end of each operating cycle. However, the change
in the pH was found to depend on the TPH concentration
adapted for the respective cycle. In the case of 320 mg TPH
per L, the wastewater pH demonstrated a marginal drop
towards a neutral pH (average, pH 7.6), whereas with 590 mg
TPH per L, the pH was shied to alkaline conditions (Fig. 6c).
The maximum change in the pH at 590 mg TPH per L was in
cycle 6 (pH ¼ 8.4). For the highest substrate concentration
studied (840 mg TPH per L), the outlet pH was 8.32 (maximum).
A visible difference in the pH of the control andMFC operations
was identied. In the case of control operations, the outlet pH
was found to be increased in all of the TPH loading conditions
(Fig. 6c). In the case of 320 mg TPH per L, the average pH was
registered as 7.90, which was signicantly higher than that for
the MFC operation (7.6). The outlet pH in the control operations
was increased with the increase in the TPH loading conditions.
The 590 mg TPH per L loading conditions depicted an average
outlet pH of 8.12 (maximum pH, 8.15). Upon a further increase
to an 840 mg TPH per L loading condition, stability in the outlet
pH (8.1) was observed. Among the bioelectrogenic conditions
and control operations, a visible difference in the outlet pH was
observed. This also agreed with the inuence of the metabolic
activities of the bioelectrochemical bacteria in TPH metabolism
compared to only the soil microora. The change in ion
concentration is one factor for the change in the pH. The
change in conductivity of the produced water also inuenced
the pH during the electrochemical sulfur production by Jain
et al.56 The conditions that prevailed in the soil based MFC
system may have stimulated electrochemical oxidation and
oxidative desulfurization, etc., which might have induced
a change in the pH of the produced water.57–60 The TDS removal
that was registered during the MFC operation might have been
one of the reasons for the change in the pH, which was deter-
mined upon evaluating the anion and cation concentrations in
the wastewater and their respective charges. On the other hand,
the change in the sulfate concentrations also predominantly
changed the solution pH. The activity of the SRB improved with
an increase in the availability of organic matter, which in turn
resulted in the increased pH.61 For the 590 and 840 mg TPH
per L loading conditions, the higher organic matter available
might have increased the activity of the SRB. Under these
conditions, increased sulfate removal was identied. This
might have resulted in the increase in the pH towards alkaline
conditions.

4 Conclusions

The present study demonstrated that the placement of the
anode with a well-developed electroactive biolm in the soil
allows for the petroleum-based hydrocarbons contaminants to
assist in the bioelectricity generation. It was also observed that
the bioelectricity generation (average, 276 mW m2; 440 mV)
increased with the increase in the hydrocarbon contaminants.
The use of the soil MFCs was found to be feasible for the
This journal is © The Royal Society of Chemistry 2019
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treatment of highly petroleum hydrocarbon contaminated soils
(up to 840 mg TPH per L). The removal of the total dissolved
solids (12.08% removal) and sulfates (62.64% removal) was
attributed to the power generated in the soil MFC system. The
improvement in the sulfate removal with an increase in the TPH
loading conditions demonstrated the role of organic matter in
the sulfate reduction (320mg TPH per L, 49mg L�1; 840mg L�1,
113 mg L�1). In this study, the importance of bioelectroche-
mistry in the treatment of complex and recalcitrant compounds
has been illustrated. The pattern of the diesel range organic
(DROs) degradation depicted that the high carbon molecules
degraded to lower carbon molecules. The RDAP analysis also
depicted the sustainability of the soil MFCs.
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S. Freguia and K. Rabaey, Environ. Sci. Technol., 2006, 40(17),
5181–5192.

38 J. Menicucci, H. Beyenal, E. Marsili, R. A. Veluchamy,
G. Demir and Z. Lewandowski, Environ. Sci. Technol., 2006,
40(3), 1062–1068.

39 APHA, Standard Methods for Examination of Water and
Wastewater, American Public Health Association, American
RSC Adv., 2019, 9, 41409–41418 | 41417

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06957g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
1:

46
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Water Works Association, Water Environment Federation,
Washington, 23 edn, 2017.

40 W. W. Li, H. Q. Yu and Z. He, Energy Environ. Sci., 2014, 7,
911–924.

41 G. Mohanakrishna, I. M. Abu-Reesh, S. Kondaveeti, R. I. Al-
Raoush and Z. He, Bioresour. Technol., 2018, 253, 16–21.

42 D. M. Kargbo, R. G. Wilhelm and D. J. Campbell, Environ. Sci.
Technol., 2010, 44, 5679–5684.

43 F. Liang, Y. Xiao and F. Zhao, Chem. Eng. J., 2013, 218, 147–
153.

44 P. K. Dutta, K. Rabaey, Z. Yuan, R. A. Rozendal and J. Keller,
Water Res., 2010, 44, 2563–2571.

45 K. Ljung, F. Maley, A. Cook and P. Weinstein, Environ. Int.,
2009, 35, 1234–1242.
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