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A B S T R A C T

Pollutants present in produced water (PW) are recalcitrant in nature and difficult to treat with simple processes.
Energetically sustainable and novel approach was developed by integrating electrochemical cell (EC, Primary
process) and microbial fuel cell (MFC, secondary process) to treat PW. Five different current densities (26, 36,
48, 59 and 71 mA/cm2) were applied in independent EC experiments (4 h). The effluents from each EC operation
was further treated by MFC (10 h), to harness bioelectricity. Operational variations were maintained only in EC
phase and kept MFC phase similar. This integration revealed that the extent of bioelectricity generation depends
on the electrochemical oxidation of EC process. Overall, maximum power generation of 2.74 mW was registered
with EC-effluent from 48 mA/cm2. The integration also showed highest TPH removal efficiency of 89% (EC,
305 mg/L; MFC, 317 mg/L) and COD removal efficiency of 89.6% (EC, 2160 mg/L; MFC, 1960 mg/L) at 71 mA/
cm2. Other pollutants of PW, such as sulfates and TDS also removed efficiently (sulfates, 42.6%; TDS, 34.3%).
Cyclic voltammetric (CV) and derivative analysis of the anodic biofilm were correlated well with MFC perfor-
mance during different EC-effluents as substrate, indicating NADH involvement in bioanodic electron transfer.
The balance between energy utilization in EC and bioelectricity generation by MFC was depicted that the in-
tegration of EC and MFC results in net positive energy. Maximum net power generation of 565 mWh (350 mL of
anode volume) was resulted by integration. This integration depicts its potential to generate 1615 Whm−3 from
the treatment of 1KL PW.
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1. Introduction

Produced water (PW) is the wastewater generated during the ex-
ploration and production of crude oil and gas. PW brought to the sur-
face, contains a complex mixture of pollutants such as dissolved and
dispersed organics, inorganic compounds. PW contains heavy me-
tals such as Cd, Zn, Ni, V, Cu, Pb, etc., and production solids [1,2].
Polycyclic aromatic hydrocarbons (PAH) and BTEX (benzene, toluene,
ethylbenzene, and xylene) compounds are commonly available organic
contaminants in PW. The type of pollutants present in PW and their
concentrations are largely impacted by geographical location, type of
petroleum resource, and age of the well [3,4]. These pollutants are
creating serious operational problems such as corrosion, scale forma-
tion, therefore, environmental regulations are imposed to control the
disposal of PW [5,6]. The nature of the PW also varies depending on the
origin and the age of the wells. PW can be categorized based on the
source and type of fossil fuels [7]. Conventional oil, gas, and un-
conventional petroleum resources are broad categories for PW sources.
Shale oil and gas, tight sands and coal bed methane can be categorized
into unconventional petroleum sources [8]. According to Arowoshola
et al., [9], PW to oil ratio is approximately 3:1, which is increasing
rapidly and estimated to reach 12:1 (v/v) by 2025, due to ageing of
wells. PW is a waste by-product of the oil and gas industry, treating this
wastewater appropriately will provide beneficial application and reuse.
The appropriate type and degree of treatment applied to PW determine
the quality of treated water for reuse applications [8–10]. Based on the
quality of the treated PW, it can be used for crop irrigation, gardening,
livestock, municipal and industrial usage, etc., [11].

The regulatory framework for discharge and reuse of PW is varying
globally. The management practices to use PW beyond oil and gas in-
dustries are not well developed [12,13]. However, U.S. Environmental
Protection Agency (USEPA) and the Department of the Interior's Bureau
of Land Management (BLM) are working for federal regulatory guide-
lines in USA. Moreover, PW management is regulated by more than one
agency in each state in USA. Majority of the agencies established total
saturated hydrocarbons in the range of 17–30 mg/L, along with total oil
and grease content of 2–560 mg/L [10]. In the case of COD, US Geo-
logical Survey (USGS-National Produced Waters Geochemical Data-
base) [14] that imposed limit of 125 mg COD/L, which is slightly lower
than china (150 mg COD/L) [15]. Environmental impacts caused due to
the unsafe disposal of PW have been reported since the first oil and gas
wells were drilled and operated. Unsafe disposal of PW resulted in
environmental deterioration with respect to soils, groundwater, surface
water, and ecosystems [16]. The trace elements present in PW were also
found phytotoxic [17]. High concentration of sulfates present in PW
was found to show adverse effects on ecology. Sulfates in PW also en-
courage the growth of sulfate-reducing bacteria. Sulfate ions in the
presence of calcium, magnesium, forms calcium carbonate, calcium
sulfate, and magnesium hydroxide scales. If the treated PW is con-
sidered for reinjection purpose, along with the presence of sulfate ions,
calcium and magnesium ions forms calcium carbonate, calcium sulfate
and magnesium hydroxide scales. The scaling exerts further adverse
effects such as temperature and pressure variations inside the petro-
leum wells [4–6]. In this direction, integration of MFC is considered as a
secondary process to further remove sulfates from PW.

PW treatment is being carried out through several processes such as
physical treatment (adsorption, cyclones/centrifugal acceleration, flo-
tation) [8], membrane based treatment (reverse osmosis, nanofiltration,
ultrafiltration/microfiltration, etc.) [18], biological treatment [19] and
thermal treatment (multi effect distillation, evaporation) etc. [620]. On
the other hand, chemical processes such as electrochemical, chemical
precipitation and advanced oxidation processes shown to exhibit PW
treatment [21]. Among all the above listed processes, electrochemical
oxidation is found to exhibit advantages for treatment efficiency [22].
However, electrochemical processes are energy intensive. Microbial
fuel cells (MFCs) that use bacteria as biocatalyst are known to treat

produced water effectively with no energy input [23–26]. Moreover,
MFCs found to generate bioelectricity from the treatment of PW. In the
recent decade, extensive research has been developed using MFCs
which are known for sustainable and energy efficient treatment pro-
cesses [27–29]. MFCs are hybrid processes, in which electrochemically
active bacterial catalyst triggers oxidation and reduction (redox) reac-
tions.

MFCs also evidenced treatment of petroleum hydrocarbons, BTEX
compounds, desalination and removal of sulfates [30,31]. However,
limitations were noted with respect to treatment efficiency. Physico-
chemical nature of PW such as high saline conditions and complex
pollutants of PW were shown to inhibit the anodic bacteria [32]. In our
previous study using PW, MFC alone proved to remove 65 mg/L of total
petroleum hydrocarbons (TPH), 354 mg/L of sulfates and 1746 mg/L of
TDS in dual chamber configuration [33]. The treatment of PW in MFC
also resulted in energy generation of 1027 mW/m2. The effluent from
the MFC has shown significant residual TPH concentration (> 60 mg/L
TPH). Other studies with petroleum-based wastewater such as PW and
petroleum refinery wastewater (PRW) also exhibited incomplete treat-
ment which leaves considerable amounts of TPH, sulfates and other
pollutants in the effluents [34,35]. The complexity of the TPH that
present in PW is one of the major limitations for the residual TPH. MFCs
were also used as secondary processes for several treatment processes to
improve the treatment efficiency and to tap the energy present in pol-
lutants [36]. In this direction, integrating energy intensive electro-
chemical process as primary treatment and energy generating MFC as
secondary treatment process can be studied for energetically sustain-
able treatment of PW.

The present study is designed to improve the treatment efficiency of
PW and to generate bioenergy by integrating EC as primary process to
MFC. Bioelectrochemical system are known to exhibit improved per-
formance through integration with other processes [37,38]. In this di-
rection, electrochemical cell (EC) was considered as primary treatment
process where external energy was used for the degradation of complex
petroleum hydrocarbons to relatively simple hydrocarbons. The ef-
fluents from the primary process were used in the secondary process
(MFC) for efficient and enhanced treatment of petroleum hydrocarbons.
The process was designed using simple and cost-effective carbon elec-
trodes for both electrochemical and bioelectrochemical systems. In the
electrochemical reactor, selected carbon-based electrodes exhibit sta-
bility at higher current densities and minimizes possible interferences
such as electrocoagulation. Integration of electrochemical process as
primary stage prior to bioelectrochemical treatment of PW minimizes
the treatment time and helps to improve the efficiency.

2. Materials and Methods

2.1. Produced water composition

PW is found to have high amount of total dissolved solids (TDS)
along with considerable concentration of total petroleum hydrocarbons.
Based on the concentrations reported from various studies, synthetic
PW was prepared in the laboratory and used as substrate for the present
study [4,10]. The following salts concentration (in g/L, 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; H3BO3, 0.25) adapted along with the ad-
dition of commercial gear box oil was used to mimic the petroleum
hydrocarbons present in PW. The prepared synthetic PW was exhibited
pH as 8.75. As bioelectrochemical system planned as secondary treat-
ment process, which do not perform under high TDS conditions [28],
synthetic produced water was diluted to bring the TDS to
17500 ± 200 mg/L. After dilution, 500 µL of commercial gear box oil
was added to one liter of diluted PW, it was continuously stirred using
magnetic at an rpm of 120 for 2 days (minimum) in amber glass bottle.
The resultant PW was used immediately for the study.
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2.2. Design and operation of reactors

The study of enhanced treatment of PW was carried out using two
different types of reactor. Initially, electrochemical cell (EC) was em-
ployed for electrochemical oxidation, which helps for partial oxidation
of organics present in PW. Effluent from the EC was fed to MFC in the
second stage to generate bioelectricity from the treatment of residual
organics of PW. All the experiments were operated at ambient room
temperature (Fig. 1).

2.3. Electrochemical cell (EC)

Electrochemical oxidation was considered as the primary treatment
process for PW. EC constructed with Perspex glass, was employed to
execute the present study. The EC employed non-catalyzed carbon
brush as anode and carbon cloth as cathode electrode. Prior to use,
carbon cloth and carbon brush were heat-treated in distilled water at
100 °C. Cation exchange membrane (CMI- 7000, Membranes
International, Inc., USA) was fixed between anode and cathode cham-
bers of dual chambered system. The EC system consists of 350 mL
working volume along with 50 mL head space. The quality of PW was
kept constant in all the five different current density variations studied.
Adjustable DC (direct current) power pack was used to supply the re-
quired current in the system. From DC power supplier, anode and
cathode lead were extended to respective electrodes of EC system.
Electrochemical evaluation was done by supplying a constant current
for 4 h. Each variation of current density was operated continuously for
six cycles, which were considered as replicates. Due to variation in
operating time for EC and MFC, samples from each cycle of EC were
collected and stored to feed MFC system for the secondary process.
Mean values from all the cycles (from each variation) were presented in
the figures. Further, collected effluents from EC were used as substrate
for the four consecutive cycles of MFC operation in the secondary stage.

2.4. Microbial fuel cell (MFC)

The effluent generated from the EC was considered as feed to the
MFC. Configuration and design of MFC were similar to EC. Instead of
plain carbon brush in the anode, well-adapted electrochemically active
biofilm on the carbon brush was used. This biofilm was used for
treatment of PW for more than 6 months and generated bioelectricity.
The effluent collected from EC in each voltage variation was stored at 4
˚C and used as a feed to the anode chamber of MFC without adjusting
the pH and concentration. Cathode chamber of dual chamber MFC was
filled with 50 mM phosphate buffer with continuous aeration to per-
form cathodic reduction reaction. Retention time of 10 days for the
anolyte was maintained constant for all the effluents collected from EC
system at different current supply conditions. Wastewater samples from
the anolyte were collected at the beginning and the end of the operating

cycle to evaluate parameters such as TPH, COD, pH and TDS. Collected
samples were immediately stored at 4 °C refrigerator.

2.5. Data acquisition and analysis

Current recorded from the DC power supplier was considered for
power consumption calculations in the electrochemical studies. Closed
circuit voltage generated from the bioelectrochemical systems was re-
corded by connecting a resistor of 100 Ω between anode and cathode in
series. Average voltage generated from MFC during the 10 days of
operation was considered for the average data of all the electrochemical
parameters. Power was calculated using Ohms Law. Current density
and power density were calculated by normalizing the current and
power with the surface area of cathode electrode (40 cm2).
Electrochemical response of EC and MFC systems over a range of po-
tentials was evaluated by cyclic voltammetry (CV) technique using Bio-
Logic potentiostat (Model no. SP-150) system (Biologic, France). Scan
range (from −1.0 to +1.0 V) and scan rate (20 mV/s) were maintained
similar for both EC and MFC. Here, anode was connected as working
electrode and cathode as counter electrode. The final cycle of each
experimental variation was considered for CV analysis. Samples col-
lected from EC and MFC operations in all the experimental variations
were analyzed for the pH (Hach, USA, Model No. HQ11D Portable pH
Meter), TDS, chemical oxygen demand (COD), sulfates and TPHs
(Horiba OCMA-350 oil content/TPH analyzer, Japan) by adapting the
methodologies described in the Standard Methods of Analysis [39].
COD was measured by LANGE COD testing kit, UK and digester was
from Hach, USA (Model No. DRB 200 reactors). Prior to analysis, all the
samples were brought to room temperature.

2.6. Energy balance

Energy consumption and energy production from EC and MFC, re-
spectively were calculated based on the respective operating condi-
tions. Total power consumption (TPC, mWh) was calculated by multi-
plying time of operation (4 h) with maximum power recorded in EC. An
expression of TPC in Wh can be obtained. Further, volumetric power
consumption (VPC, Wh/L) was calculated by dividing TPC (Wh) with
volume of anode chamber of EC (0.35 L). VPC can be converted to m3

volumes to visualize the practical applicability. Similar to power con-
sumption in EC, power production was calculated in MFC. Total power
production (mWh) was derived as a product of average power (mW)
from 10 days of operation (mW × 10 days × 24 h). TPP can be con-
verted from mWh to Wh by dividing with 1000. Further, volumetric
power production (VPP, Wh/L) was derived by normalizing the TPP
(Wh) with volume of the anode chamber. Wh/L units of TPP was
converted to Wh/m3. The derived VPC and VPP values were used to
calculate the net energy/power production from the integration of EC
and MFC during treatment of PW.

Fig. 1. Schematic representation of the experiments conducted to treat produced water using integrated approach of electrochemical cell (EC) and microbial fuel cell
(MFC). Produced water primarily treated in EC and the effluent of EC was fed to MFC for bioelectricity generation and PW treatment simultaneously.
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3. Results and discussion

3.1. Electrochemical oxidation of produced water in EC

To achieve efficient and cost-effective treatment of produced water,
several factors should be considered. Electrochemical oxidation of PW
was previously studied using different metal-based catalysts, synthetic
catalyst doped electrode materials, etc., in which wide range of current
densities (5 mA/cm2 to 320 mA/cm2) were evaluated [40,41]. These
processes were found to exhibit 80% of treatment efficiency. The time
of electrochemical process was found to vary with each study. PW with
high TPH was employed for 20 h to achieve 92% efficiency [42]. Since
the present EC process was aimed for partial oxidation of TPH and to
operate with non-catalyzed carbon-based electrodes, five different
current densities (26, 36, 48, 59 and 71 mA/cm2) were employed for
4 h. A 4 h of operating time was chosen from the preliminary evaluation
of PW with various operating time in the range of 2–10 h. Petroleum
hydrocarbons are the most contributing organic pollutants in PW,
which is also represented as TPH. It was observed that the current
density used for EC is directly proportional to the oxidation of TPH in
anode. Among the five current densities studied, a maximum TPH de-
gradation of 305 mg/L was registered with 71 mA/cm2 operation,
which contributing for 43.6% removal efficiency (Fig. 2a, Table 1). The
minimum TPH degradation was registered with 26 mA/cm2 (139 mg/L,
19.9%). In the case the intermediate current densities studied, TPH
degradation was also registered in the intermediate range (36 mA/
cm2−176 mg/L and 25.1%; 48 mA/cm2−227 mg/L and 32.4%;
59 mA/cm2−260 mg/L and 37.1%). Electrochemical oxidation of PW
using the five different current densities for 4 h of operation resulted in
marginally higher than 50% organics in the effluents. Some of the re-
sidual TPH content present in the EC effluents are products of the
process. Part of these TPHs might be simpler than the original TPH
molecules [43]. Relatively simpler molecules are more feasible for
biological or bioelectrochemical degradation. In this direction, bioe-
lectrochemical oxidation by MFC was integrated as secondary process.
The effluents from each variation of EC were collected and forwarded to
MFC without any change in the concentration and pH. After operation
for more than 20 cycles with all the variations, no visible difference in
the electrode was identified. Salinity and sulfates present in PW are
corrosive for many types of electrodes [44,45]. However, carbon-based
electrodes used in the present study were found to be stable under harsh
environmental conditions.

Along with TPH, the system was also evaluated for COD removal.
The trend of COD removal was found to correlate with TPH removal in
the respective experiments (Table 2, Fig. 2b). Inlet COD of all EC ex-
periments was kept constant at 4600 mg/L. Maximum COD removal of
2160 mg/L (47%) was observed with 71 mA/cm2, followed by 59 mA/
cm2 (1820 mg/L, 39.6%) and 48 mA/cm2 (1660 mg/L, 36.1%). The
drop in COD degradation efficiency was decreased while lowering the
applied potential in EC system. Further, the lowest COD degradation
efficiency was registered with the lowest applied potential of 26 mA/
cm2 (1200 mg/L, 26.1%). Many types of metal-based anode electrodes
used for the electrochemical oxidation of PW. The output of the present
study using carbon electrode was compared in Table 3. The coulombic
efficiency (CE%) between electricity consumed to degrade COD was
evaluated for all the five experimental variations using the formula
suggested elsewhere [46]. The EC system showed a maximum CE of
17.3% with 26 mA/cm2 operation, followed by 36 mA/cm2 (14.5%)
and 48 mA/cm2 (12.8%). A gradual drop in coulombic efficiency was
observed with increase in applied potential. In the case of 59 and
71 mA/cm2, CE was registered as 10.6% and 9.2%, respectively. Cou-
lombic efficiency was decreased gradually from the lowest applied to
the highest applied potential. From the coulombic efficiency analysis, it
was observed that the electrochemical losses were increasing at high
potentials.

3.2. Integration with MFC

Primary treatment process is energy intensive, which do not warrant
the economics and sustainability of the whole process. Complete de-
gradation of petroleum hydrocarbons demands much more energy. In
this direction, MFCs was integrated as the secondary treatment process,
which harvest the energy from the treatment of organic matters. The
residual TPHs were further treated for bioelectricity generation. The
effluents of different current densities of EC individually fed to MFC and
evaluated for power generation and concomitant treatment.

3.2.1. Power generation
Five different effluents generated from EC process were evaluated in

MFC, which depicted that the bioelectrogenesis potential of each ef-
fluent is different. MFC performance was influenced by the concentra-
tion and nature of pollutants present in the feed. As bioelectrochemical
processes show considerable fluctuations during the operation cycle,
average values of power generated from the total operation period were
considered for MFC evaluation. Effluents of EC with 71 mA/cm2, de-
picted voltage generation of 443 mV (average) and current density of
1108 mA/m2 from 10 days of operation (Fig. 3a). When effluent of
59 mA/cm2 was evaluated, it registered current density of 1200 mA/m2

(480 mV). Among the five effluents, the effluent that generated from
48 mA/cm2 was depicted maximum current density of 1308 mA/m2

(523 mV). In the case of 36 and 26 mA/cm2, current densities were
registered as 1215 mA/m2 and 1203 mA/m2, respectively. Bioelectro-
genic potential of effluents generated from 26, 26 and 59 mA/cm2 were
found similar, in a narrow range of 1200 to 1215 mA/m2, which is in
contrary to the substrate concentration of effluents generated from the
primary process. Based on the average voltage and current density re-
corded using 5 different EC effluents, 48 mA/cm2 effluent showed the
highest performance that suggest this substrate as more suitable than
the other four effluents studied in MFC. Hourly data recorded from each
operating variation of MFC also depicting similar behavior (Fig. 3b).
Electrochemical oxidation process might be degraded petroleum hy-
drocarbon molecules to smaller or simpler molecules, which further
helps bacteria to effectively degrade these molecules in MFC for bioe-
lectricity generation [43]. The subsequent Sections 3.3 and 3.4 are fo-
cused on the overall efficiencies of integration study with respect to
treatment, energy consumption and energy recovery.

3.2.2. TPH degradation
Without MFC integration, TPH removals attained was in the range

of 19.9 to 43.6% using current densities of 26 to 71 mA/cm2. Average
TPH degradation using all the variations in EC was registered as 31.6%
during 4 h and using carbon-based electrodes, suggesting that electro-
chemical oxidation with carbon brush could highly contribute to TPH
degradation. Upon feeding to MFCs, these effluents resulted in bioe-
lectrogenesis and TPH degradation. TPH degradation was found to
depend on the initial concentration, which largely influenced the
overall TPH degradation in MFC operation. Among the five effluents
evaluated in MFC, effluent generated from 26 mA/cm2 has the highest
TPH concentration of 561 mg/L that showed substrate degradation of
375 mg/L (Fig. 4a, Table 1). In the case of effluents from 36 mA/cm2

(524 mg/L), TPH degradation registered as 377 mg/L. This is the
highest TPH degradation recorded. In the case of 48 mA/cm2 effluents,
TPH concentration of 473 mg/L was degraded to 108 mg/L, depicting
365 mg/L TPH degradation. Among all the PW effluents treated in
MFCs, the effluents from 26, 36, 48 and 59 mA/cm2 were showed
substrate degradation in the range of 377 to 358 mg/L, depicting a
comparable metabolic activity of electroactive bacteria in the system. In
the case of effluents from 71 mA/cm2, relatively lower TPH degradation
(317 mg/L) was documented. The minimum degradation registered
might be due to the lower substrate concentration available in the feed.
When TPH degradation efficiency was compared, the maximum value
was noted with 59 mA/cm2 effluent (81.4%), followed by 71 mA/cm2
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Fig. 2. Degradation of total petroleum hydrocarbons (TPHs) (a) and chemical oxygen demand (COD) in electrochemical cell (EC) (b) under five different current
densities in 4 h of operation.

Table 1
Total petroleum hydrocarbons (TPH) removal from PW through integration of electrochemical cell and microbial fuel cell system and overall efficiency.

Current density used
in EC (mA/cm2)

Voltage maintained
in EC (V)

TPH inlet
EC (mg/L)

TPH degradation in
electrochemical cells (EC)

TPH inlet MFC
(outlet of EC) (mg/
L)

TPH degradation in microbial
fuel cell (MFC)

Overall TPH degradation
through integration

mg/L % mg/L % mg/L %

26 8 700 139 19.9 561 375 66.8 514 73.4
36 10 700 176 25.1 524 377 71.9 553 79.0
48 12 700 227 32.4 473 365 77.2 592 84.6
59 16 700 260 37.1 440 358 81.4 618 88.3
71 20 700 305 43.6 395 317 80.3 622 89.0
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effluent (80.3%), 48 mA/cm2 (77.2%), 36 mA/cm2 (72.0%). The
minimum value of 66.8% was registered with 26 mA/cm2 effluents.
Significant variation in the TPH degradation efficiency might be due to
the higher variation in the effluent generated from the EC. Bioelec-
trochemical systems are capable of degrading in various environments.
Soil based MFC was effectively treated TPHs at three different loading
conditions and resulted in bioelectrogenesis. Among the three loading
conditions, 840 mg TPH/L showed 49.38% TPH removal efficiency
[47].

3.2.3. COD degradation
In EC treatment alone the COD degradation was ranged between

26.1 and 47.0% efficiency. When the MFC was submitted with the EC
effluents, further treatment was observed (Fig. 4b). Inlet and outlet
COD values of EC and MFC were reported in Table 2. Over 10 days of
MFC operation, the maximum amount of COD was degraded with ef-
fluent from 26 mA/cm2 (2510 mg/L), followed by 36 mA/cm2

(2460 mg/L) and 36 mA/cm2 (2310 mg/L). The minimum COD de-
gradation was recorded with effluent from 71 mA/cm2 (1960 mg/L).
The effluent collected from EC system with lower potential showed high
COD. The same effluents showed higher amount COD degradation
(Table 2). When the COD degradation efficiency was evaluated, the
maximum was registered with effluent from 59 mA/cm2 (82.7%) and
the minimum was registered with 26 mA/cm2 (73.8%). The overall
COD degradation efficiency (integrating EC and MFC) was recorded in
the range of 80.7 and 89.6%.

3.3. Sulfates removal

Along with degradation of TPH, both electrochemical and bioelec-
trochemical systems were evaluated for the removal of other pollutants
such as total dissolved solids and sulfates. In the case of EC, PW initial
concentration of 1125 mg SO4

2−/L was reduced to different values
through application of different current densities. The difference in
removal of sulfates was found to depend on the current densities used in
EC. The highest removal of sulfates (120 mg SO4

2−/L) was registered
with 71 mA/cm2, constituting 10.7% sulfate removal efficiency
(Fig. 5a). In the case of 59 mA/cm2, sulfate removal was registered as
105 mg/L (9.3%), followed by 48 mA/cm2 (93 mg SO4

2−/L, 8.3%),
36 mA/cm2 (85 mg SO4

2−/L, 7.6%). The minimum sulfate degradation
of 71 mg SO4

2−/L (6.3%) was registered with 26 mA/cm2. From these
results, it was clearly evidenced that the sulfate removal is directly
proportional to the electrical current densities. Sulfate removal at the
highest current density evaluated also depicted only 10.7%, which is
not encouraging target for the effluents.

Treating the EC effluents in MFC (secondary process) has shown
promising results for removal of sulfates. The effluent generated from
26 mA/cm2 having 1054 mg SO4

2−/L was reduced to 722 mg SO4
2−/L

evidencing removal of 332 mg SO4
2−/L (31.5% efficiency) (Fig. 5b).

Similarly, effluents generated from other electrochemical processes also
depicted removal efficiency in the narrow range of 32.2 (removal,
335 mg SO4

2−/L) to 35.8% (removal, 360 mg SO4
2−/L), which is

leaving the residual sulfates concentration in the range of 645 to
705 mg SO4

2−/L. This integration was resulted in significant amount of
sulfates removal. Overall, collective efficiencies of both electrochemical
and bioelectrochemical systems was depicted in the range of 35.8 to
42.6% sulfate removal (Fig. 7a). However, the final concentration of
sulfates in the treated PW is still high and may need further suitable
treatment. Even though the bioelectrochemical processes were known
for efficient removal of sulfates [44,48], due to the high sulfate con-
centration present in PW, it could remove only about 40%.

3.4. Removal of dissolved salts

Dissolved solids are one of the major concerns in PW treatment.
Based on geological location and age of wells, TDS concentrations can
be different. However, most of the PW samples were found to have TDS
concentration higher than 30 g/L. High concentrations of TDS is a
major obstacle for the selection of a suitable treatment process. Wide

Table 2
Chemical oxygen demand (COD) removal from PW through the integration of
electrochemical cell and microbial fuel cell system and overall efficiency.

Current
density
used in
EC (mA/
cm2)

COD
inlet
EC
(mg/
L)

COD degradation
in electrochemical
cells (EC)

COD
inlet
MFC
(outlet
of EC)
(mg/L)

COD
degradation in
microbial fuel
cell (MFC)

Overall COD
degradation
through
integration

mg/L % mg/L % mg/
L

%

26 4600 1200 26.09 3400 2510 73.82 3710 80.65
36 4600 1380 30.00 3220 2460 76.40 3840 83.48
48 4600 1660 36.09 2940 2310 78.57 3970 86.30
59 4600 1820 39.57 2780 2300 82.73 4120 89.57
71 4600 2160 46.96 2440 1960 80.33 4120 89.57

Table 3
Comparison of different electrode materials used for the electrochemical oxidation treatment of produced water.

S.No. Electrode material used Substrate concentration Time of operation Current density Removal efficiency Reference

1 Modified Ti/Sb-SnO2 anode by graphene oxide 3386 mg COD/L 2 h 10 mA/cm2 46.6% [67]
2 h 15 mA/cm2 56.8%
2 h 20 mA/cm2 67.2%

2 titanium electrode coated with titanium oxide and ruthenium oxide 192 mg/L Phenol 6 h 20 mA/cm2 94.5% [68]
590 mg/L COD 6 h 20 mA/cm2 70.1%

3 dimensionally stable anode (DSA®) 4980 mg/L COD 70 h 100 mA/cm2 57% [69]
4 porous graphite electrode 2845 mg/L COD 10 h 1.41 mA/cm2 66.5% [70]
5 Lead dioxide and boron-doped diamond electrodes 19842 mg/L COD 7 h 100 mA/cm2 85% [40]

11 h 96%
6 Pt/Ir 3080 mg/L COD 4 h 12.8 mA/cm2 85–100% [71]
7 Si/BDD 3471 mg/L COD 2 h 320 mA/cm2 98% [72]
8 Carbon brush 700 mg/L TPH 4 h 26 mA/cm2 19.9 Present study

36 mA/cm2 25.1
48 mA/cm2 32.4
59 mA/cm2 37.1
71 mA/cm2 43.6

9 Carbon brush 4600 mg/L COD 4 h 26 mA/cm2 26.0% Present study
36 mA/cm2 30.0%
48 mA/cm2 36.1%
59 mA/cm2 39.6%
71 mA/cm2 47.0%
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range of treatment processes such as membrane based, electrochemical
based, bioelectrochemical based, deionization based processes face
hindering effects due to the high TDS concentrations in PW [49].
However, integration of different processes will shed a light on the
removal of TDS from PW. Based on the TDS of treated PW, the appli-
cation can be chosen, such as for irrigation, industrial use, re-injection
into the wells, livestock maintenance etc.[6]. In the present study, the
EC evidenced a TDS removal in the range of 9.0 to 13.1%. The highest
TDS removal of 2330 mg TDS/L (13.1%) was recorded for 71 mA/cm2

and 59 mA/cm2current density variations, followed by 48 mA/cm2

(2090 mg TDS/L, 11.8%), 36 mA/cm2 (1890 mg TDS/L, 10.7%)

(Fig. 6a). The lowest TDS removal of 9% (1600 mg TDS/L) was evi-
denced with the lowest current density used in EC (26 mA/cm2). Drop
in salts concentration is due to the movement of ions due to external
power supply through the system. Electrode and membrane surface
area are two possible fates for ions. Here, an attempt was made to
quantify the salts deposited on the anode surface area. A correlation
was made between TDS removed over 6 cycles of operation in single
experimental variation and salts recovered from the anode surface. It
showed that salts recovery was ranged between 39.3 and 47.0%
(Table 4). The rest of the salts or ions might be deposited on the
membrane or deposited to the bottom of the reactor.

Fig. 3. (a) Bioelectricity generation (current density and power) patterns recorded in microbial fuel cells (MFCs) treating effluents generated from the electro-
chemical cell (EC) and (b) hourly voltage data for one MFC cycle of each experimental variation.
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Further treatment through MFCs also evidenced significant TDS
removal. Among all the five EC effluents evaluated for bioelectrogenesis
along with TDS removal, the highest efficiency (24.4%, 3760 mg TDS/
L) was registered with effluent from 71 mA/cm2 of current density
(Fig. 6b). In the case of effluents generated from 36, 48 and 59 mA/cm2,
TDS removal was registered in a very narrow range of 3440 to 3460 mg
TDS/L, comprising efficiencies of 21.7 to 22.5% through operation by
MFC. The effluent of 26 mA/cm2, depicted minimum TDS removal
(3140 mg TDS/L, 19.5%) among all the variations studied. Combining
both electrochemical and bioelectrochemical processes, TDS removal
was found very significant. In bioelectrochemical systems, removal of

ions is driven by several processes such as bioelectrodeposition, bio-
sorption and bioelectrochemical reduction/oxidation [28,35,50,51]. In
the present integration, complex conditions prevail in both EC and MFC
helps for TDS removal. From the consolidation of all the TDS removal
through integration, a maximum of 6090 mg TDS/L (34.3%) was re-
gistered with 71 mA/cm2. The minimum TDS removal of 4740 mg TDS/
L (26.7%) was registered at 26 mA/cm2 condition (Fig. 7a). In the case
of 59 mA/cm2 (5790 mg TDS/L, 32.7%), 48 mA/cm2 (5530 mg TDS/L,
31.2%) and 36 mA/cm2 (5330 mg TDS/L, 30%), intermediary TDS
removal efficiency was registered. For the removal of TDS from PW,
various physico-chemical processes such as electrodialysis, reverse

Fig. 4. Degradation of total petroleum hydrocarbons (TPHs) (a) and chemical oxygen demand (COD) in microbial fuel cell (MFC) (b) under five different current
densities in 10 days of operation.
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osmosis, adsorption, membrane filtration etc., were being evaluated.
The efficiency of TDS removal was achieved in the range of 80–95%
[20]. However, the energy input required for the TDS removal is huge
and impractical for large quantities of PW. On the other hand, chemical
processes like dosage of coagulants such as hot lime, calcite and ferric
ions have been used, which reported to remove more than 10000 mg
TDS/L [8,52]. Compared to these processes, the present study reported
reasonably less TDS removal. As bioelectrochemical systems generate
additional energy from the treatment, an integrated approach with
other processes will certainly develop an economic process for TDS
removal from PW. Sequential bio-electrochemical reactor that fed with
oilfield-produced water was used to evaluate the integration of EC and
biofilter. This system reported removal of TDS along with sulfates,
chemical oxygen demand and TPH [53]. However, the removal of TDS

was limited to 1.43% only, despite good performance towards TPH
removal (75%), sulfate removal (25.3%) and COD removal (22.3%).

3.5. Change in pH

When PW used as feed in EC, the pH was not adjusted. The pH of PW
was 8.75 ± 0.08. After electrochemical oxidation at different current
densities, the pH of the effluent dropped to values in the range of 8.29
to 8.02. Higher drop in the effluent pH was identified with higher
current densities used in EC, compared to lower current densities.
Maximum drop was reported with 71 mA/cm2 current density (pH
8.02), followed by 59 mA/cm2 (pH 8.13), 48 mA/cm2 (pH 8.29)
(Fig. 7b). In the case of 26 and 36 mA/cm2, the drop in pH was re-
gistered in narrow difference (36 mA/cm2, pH 8.29; 26 mA/cm2, pH

Fig. 5. Individual performance of electrochemical process (a) Sulfate removal and removal efficiency in electrochemical cell (EC) in 4 h, and (b) Sulfate removal and
removal efficiency in microbial fuel cells (MFC) in 10 days.
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8.25). The trend identified for pH drop in electrochemical oxidation
process is correlating with the increase trend of TPH degradation
identified in the same process. Even though the drop in pH was sig-
nificant, the range was found to be suitable for bioelectrochemical ac-
tivity in MFCs. MFCs found to treat waste organics in a broad anolyte
pH range such as 5.5 to 8.5. So, all the effluents were readily fed to
MFCs without adjusting the pH. After 10 days of bioelectrogenesis, the
pH of the MFC effluents was further dropped to the narrow range of
7.89 to 7.71. Higher drop in pH was registered with EC effluents ob-
tained from the current densities of 26 mA/cm2 (from 8.25 to 7.74) and
the least drop was registered with effluent obtained from 71 mA/cm2

(from 8.02 to 7.80). In the case of other effluents, the pH drop was
found to be inconsistent (36 mA/cm2, from 8.29 to 7.83; 48 mA/cm2,
from 8.19 to 7.89; 59 mA/cm2, from 8.13 to 7.71). The pH of the final
effluent is also determines the application of the treated PW. When the
pH optimization was carried out by Liang et al., [54] in the range of 2.5

Fig. 6. Individual performance of electrochemical process (a) Total dissolved solids (TDS) removal and removal efficiency in electrochemical cell (EC) in 4 h, and (d)
TDS removal and removal efficiency in microbial fuel cells (MFC) in 10 days.

Table 4
Evaluation of salts deposited on anode surface during electrochemical cell op-
eration using five different applied current densities for produced water treat-
ment.

Current density
used in EC (mA/
cm2)

Total removal (g/
L) in 6 cycles
(average)

Scrapped salts
from the
electrode

Percentage
recovery (%) on
anode

26 3.36 1.32 39.29
36 3.97 1.85 46.61
48 4.39 2.06 46.94
59 4.89 2.13 43.53
71 4.89 2.21 45.17
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and 10.5, it was identified that pH 4.5 as an optimum. Under this
condition, Paludibacter sp. was found to be dominant and this species
might be involved in sulfate reduction in MFCs at pH 4.5 [54]. How-
ever, under about neutral conditions (pH range 6 to 8) sulfate reducing
bacteria was found to treat pollutants from wastewater [55]. In the
present study, the pH of MFC system was sustained between 7.5 and
8.0, which might be favorable for sulfate reduction to exhibit in the
range of 332 to 360 mg SO4

2−/L (Fig. 5b).

3.6. Electrochemical and bioelectrochemical behavior

In the present study, both EC and MFC systems were embedded with
carbon brush as anode and carbon cloth as cathode electrodes which
are suitable for harsh conditions prevailing due to PW. The electro-
chemical response of EC was found to be stable during operation with
different current densities such as 26, 36, 48, 59 and 71 mA/cm2

(Fig. 8a). Electrochemical and bioelectrochemical response of anode
under different conditions can be identified by CV [56–58]. In the EC,
no biological catalyst was used, and similar electrolyte conditions
maintained. So, the treatment response against different current den-
sities was largely influenced by electrode and electrolyte nature only.
Due to this, the recorded current density (by CV analyses) was similar
with all five current densities used for EC. Fig. 8a depicts the CV be-
havior of EC system with 26, 48 and 71 mA/cm2 current densities (36
and 59 mA/cm2 not represented to avoid overcrowded CVs). All CVs

recorded current density peak values in a narrow range. The case of
71 mA/cm2 variation showed maximum current density of 1.34 mA/m2

(forward scan) that was depicted as oxidation peak and −1.47 mA/m2

(reverse scan) as reduction peak. Similarly, in the case of 26 mA/cm2 of
current density, oxidation and reduction peaks were identified respec-
tively at 1.36 mA/m2 and −1.49 mA/m2. The narrow change in the
oxidation and reduction current densities evidenced stable behavior of

Fig. 7. (a) Consolidated representation of different parameters evaluated for
treatment of produced water through integrated approach (b) pH values of the
inlet produced water and pH values at the end of operation of electrochemical
and microbial fuel cell system during produced water treatment.

Fig. 8. Cyclic voltammetric (CV) analysis of (a) Electrochemical cell with 26,
48 and 71 mA/cm2 experiments (CVs with 36 and 59 mA/cm2 also showed very
similar behavior. So, to avoid overcrowded data lines, only alternate experi-
mental variations represented herewith) (b) CVs obtained from microbial fuel
cell operated using effluents from EC under different conditions. (c) first deri-
vative analysis of MFC data with 48, 59 and 71 mA/cm2. The section high-
lighted in green dotted box representing electron mediator signals. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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electrodes used in EC system over different experimental variations.
The Narrow variation in oxidation and reduction currents exhibited
over a range of variations in EC also suggesting stability of carbon brush
that used as anode.

Contrary to the EC system, electrochemical behavior of MFC showed
difference with respect to the concentration of treated PW used as
substrate for electricity generation. Among the five substrates collected
from five different EC processes, MFC operated with effluent from EC

showed the highest current density (by CV analyses). Maximum current
density was identified with effluents from 48 mA/cm2 EC operation
(oxidation peak, 1.06 mA/m2; reduction peak, −1.20 mA/m2). In the
case of 71 mA/cm2 operation, the minimum response was recorded
(oxidation peak, 0.84 mA/m2; reduction peak, −0.98 mA/m2). In the
case of other effluents from 26, 36 and 59 mA/cm2, oxidation and re-
duction peaks were registered in narrow range (Fig. 8b). The bioelec-
trochemical response that observed through CVs is correlating well with

Fig. 9. Polarization behavior of MFC under 5 different effluents collected from (a) 26, (b) 36, (c) 48, (d) 59 and (e) 71 mA/cm2 electrochemical cell.

G. Mohanakrishna, et al. Fuel 285 (2021) 119104

12



the bioelectricity generation recorded from the MFC operation (Fig. 3).
The effluent from 48 mA/cm2 has shown the highest bioelectricity
generation and the lowest with effluent from EC of 71 mA/cm2. Similar
trend was also registered with CV analysis. This clearly shows that
bioelectricity generation potential depends on the nature of the sub-
strate used in the anolyte. However, the mediators involved in the
electron transfer were not identified clearly through CV graphs. The
first derivative analysis was performed for MFCs recorded in 48, 57 and
71 mA/m2 experiments. A signal in the range of −0.4 and −0.5 was
identified, which is optimum potential range for NADH [59,60]. This
denotes that NADHs might be involved in the electron transfer me-
chanisms of electroactive biofilms. Electron discharge phenomenon of
electroactive biofilms can be evaluated with polarization analysis.
Electron discharge was evaluated at various external potentials (100 Ω
to 30 kΩ) and recorded current and volumetric power density. Polar-
ization behavior also helps to identify the cell design point of the system
under particular operating conditions [61]. Among the five different
effluents used as MFC feed, maximum volumetric power density
(VPDmax) of 5.06 w/m3 was registered with effluent from 26 mA/cm2

(Fig. 9). During stable phase of operation, this effluent showed cell
design point at 300 Ω. Among all the 5 EC effluents studies, only
71 mA/cm2 effluent showed 400 Ω as cell design point, all other ef-
fluents showed 300 Ω. Current densities, volumetric power densities
and respective cell design of all the variations studied were mentioned
in Table 5.

4. Energy efficiency of the individual processes and integration

Bio-refineries integrate different processes to harness the advantage
of each process and achieve improved overall performance. Here,
electrochemical process and MFC were integrated to treat recalcitrant
PW. One of the major concerns of wastewater treatment is energy
consumption, so energy balance between consumption and generation
will decide the practical applicability of the overall integration. In this
direction, an attempt was made to evaluate the total power consumed
for electrochemical process and total energy generated from MFCs
using the five different current densities evaluated for treatment. The
total power consumption (TPC) was calculated by integrating time and
power consumed. Power was calculated from voltage applied and

current recorded during the power supply. Similarly, the total power
produced (TPP) was calculated. Here, due to the fluctuations in power
generation, average values were considered and integrated with time of
operation. Resulting power consumption and generation were normal-
ized to m3 to determine the volumetric power consumption (VPC) and
volumetric power production (VPP) respectively. Volumetric calcula-
tions guides preliminary notion for larger scale studies. Further, this
evaluation was used to calculate the net energy generated or consumed
from each integration process.

Referring to Table 6, the highest TPC of 228 mWh was registered
with 71 mA/cm2 and the minimum was identified with 26 mA/cm2 (34
mWh) in ECs. It is obvious that the highest consumption was recorded
with high current densities. Similarly, the highest and the lowest VPC
were recorded with 71 mA/cm2 (651 Wh m−3) and 26 mA/cm2 (96 Wh
m−3) respectively. A clear increasing trend was identified with increase
in current densities used for electrochemical treatment. However, the
net energy of the treatment process can be identified when power
consumption in electrochemical process (primary stage) is clubbed with
power generation in MFC operation (secondary stage). In the case of
MFC, the highest TPP of 656 mWh was recorded with effluent gener-
ated from 48 mA/cm2 EC variation. The lowest TPP was recorded with
effluent generated from 71 mA/cm2 condition (471 mWh). The trend of
energy generated with MFC was influenced by the concentration and
the extent of degradation/treatment that occurred during primary
process (electrochemical reactors). Similar to TPP, VPP was also re-
gistered the highest energy recovery with 48 mA/cm2 (1876 Wh m−3)
and the lowest energy recovery with 71 mA/cm2 (1346 Wh m−3).
Based on the balance of energy recovery and consumption, energy from
the integration resulted in net positive values in all the integrations.
However, the amount of net energy production was found to vary with
each integration combination.

The highest net energy production was registered with 48 mA/cm2

condition, which showed 565 mWh of positive energy from the primary
and secondary treatment processes (Table 6). Compared to the energy
consumption in EC, almost 5 times more net energy was produced
through MFC as secondary process. In the case of 71 mA/cm2 of EC
process, the highest energy consumption was recorded (228 mWh) and
the lowest power generation was identified from MFC process. This
resulted in lowest net energy production from the EC and MFC balance.
From the present study, the net energy balance was normalized to cubic
meter (m3) to identify the energy efficiency of process integration. The
calculations were made considering the energy consumption and gen-
eration from EC and MFC only. The energy consumption for operation
of treatment process and plant maintenance were not considered. The
energy values acquired from 350 mL reactor were extrapolated to cubic
meter (m3), which is almost 2857 times the present volume of EC and
MFC reactors. Maximum net energy production of 1615 Wh m−3 was
registered with the integration of 48 mA/cm2 (EC) and its effluents in
MFC operation. In the case of 26 and 36 mA/cm2, net energy produc-
tion was registered respectively as 1490 and 1454 Wh m−3, whereas,
71 mA/cm2 showed the lowest net energy production of 695 Wh m−3.

Table 5
Polarization behavior of the MFC using five different EC effluents as substrate
and cell design point of each variation.

Substrate for MFC
operation (Effluent of
EC, mA/cm2)

Cell design
point (Ω)

Volumetric power
density (w/m3)

Current density
(mA/m2)

26 300 5.06 443
36 300 4.62 404
48 300 4.82 421
59 300 4.89 428
71 400 4.54 398

Table 6
Energy balance calculations for net energy production. The calculations are based on energy consumption through electrochemical process and energy generation in
microbial fuel cell system from the treatment of produced water.

Electrochemical Cell (EC) Microbial Fuel Cell (MFC) Net Energy Production

Current
density
(mA/cm2)

Total power
consumption (TPC)
(mWh)

Volumetric power
consumption (VPC)
(Wh m−3)

Total power
production (TPP)
(mWh)

Volumetric power
production (VPP)
(Wh m−3)

Net power production
(NPP)
(mWh)

Net volumetric power
production (NVPP)
(Wh m−3)

26 34 96 555 1586 521 1490
36 58 166 567 1620 509 1454
48 91 261 656 1876 565 1615
59 150 430 553 1580 403 1150
71 228 651 471 1346 243 695
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This is in contrast to the substrate degradation rates registered. How-
ever, the extent of the net energy recovery varies in each integration
process. Net energy balance is not the only factor for the selection of
integration process. It must be consolidated with time and substrate
degradation rate along with energy expenses in the operation processes.

Several researchers were studied scaling up of microbial fuel cells
with different wastewaters and reactor configurations [62–66]. A study
with submersible 255 L prototype MFC was operated using municipal
sewage wastewater which is having high share from industrial activ-
ities. This MFC was operated with multi-panel stainless steel/activated
carbons air cathode (85 × 85 cm). The study resulted in 176 mW/m3 of
power generation. After 77 days of operation, high salts concentration
of 2.8 g TDS/L caused drastic decline in the power output to 35 mW/m3

(56–77 days). The cause for decline in performance was due to the
inorganic fouling, which can be improved by 22% upon mechanical
cleaning of the cathode electrode [62]. In another study by Rossi et al.
[63], multi-panel air cathode in which 15 small cathodes welded into
one large cathode were used. This helps to maintain good electrical
conductivity and high surface area. This study also evaluated three
different cathode sizes (7 cm2, 33 cm2 and 6200 cm2) to check the
bioelectrochemical behavior with scaling-up of the MFC process. Both 7
and 33 cm2 evaluated in single panel design, whereas the 6200 cm2

evaluated in multi-panel cathode design. Increasing the size of the
cathode electrode from 7 cm2 to 33 cm2 resulted in 5% increase in
cathode potential. Further increase in cathode size to 6200 cm2 resulted
in 55% drop in cathode potential. Similar performance was observed
with different numbers of anode brushes also in 85 L MFC reactor [63].
This suggest the possibility of drop in performance and energy pro-
duction efficiency when scaled up to large volumes and different sizes
of electrodes. In MFCs, type of electrodes (cathode/anode), type of
cathodic reduction reaction, wastewater/substrate, composition of
wastewater, design of MFC, etc. were found to influence MFC perfor-
mance to a great extent. However, using PW as substrate with an effi-
cient MFC design and electrode at large scale will provide more in-
sights.

5. Conclusions

Integration of electrochemical and bioelectrochemical processes
treating PW evidenced its function towards sustainable process devel-
opment. The cumulative treatment efficiency of EC and MFC integra-
tion is promising. The integration resulted in TPH removal (89%) and
COD removal (90%). The integration was also removed sulfates
(42.6%) and TDS (34.3%). Integration offers extended treatment effi-
ciency along with additional energy generation (bioelectricity).
Balancing the energy consumption in EC and generation in MFC re-
sulted in net energy production of about 1615 Wh m−3. Based on the
results exhibited from the present integration study, a hybrid system
can be developed through continuous mode of operation.
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