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Abstract
An innovative design approach was employed in the present study to enhance the electricity generation
and wastewater treatment in a microbial fuel cell (MFC). A dual-chambered MFC with a ceramic separator
was coupled with an acidogenic chamber. Acidogenic bioconversion of rice mill wastewater into volatile
fatty acid (VFA) represents an interesting approach for wastewater valorization. The VFA containing
e�uent could be used as an effective substrate for bioelectricity generation in MFCs. A short hydraulic
retention time (HRT) can be used for the two-stage anaerobic process (acidogenesis and electrogenesis),
thus preventing the proliferation of methanogens. The effect of pH (5.5–7.5) and HRT (0.5 d–0.75 d)
were investigated to understand the in�uence of operational parameters on the performance of the
integrated system. The maximum VFA concentration of 1065.15 ± 5.08 mg COD/L was achieved at pH
7.5 and HRT 0.5 d. Under these operating conditions, the general activity of acid-forming microorganisms
and exoelectrogens improved remarkably, and the power density obtained from the system was 4.72 ±
0.10 W/m3. The current research indicates excellent potential for simultaneous treatment and electricity
production from rice mill wastewater. The use of low-cost, locally manufactured, and customized
membranes and the two-stage treatment can pave the way for the practical application of this
technology.

Introduction
Rice is crucial for food security, as it is consumed by over half of the world’s population. The increasing
demand is due to the rising population and burgeoning economies (Doliente and Samsatli 2021). A
substantial amount of water is used during the rice parboiling process, generating an e�uent (1–1.2 L
wastewater per kg of paddy) rich in chemical oxygen demand (COD) components (Raychaudhuri et al.
2021). Rice mills are classi�ed as the orange category industry because they generate highly polluting
e�uent. Despite being less harmful than many other industrial e�uents, rice mill wastewater (RMW)
requires treatment before disposal (Jayakrishnan et al. 2019). RMW has previously been treated using a
variety of technologies, including the up�ow anaerobic sludge blanket (UASB) system (Rajesh et al.
1999), electrocoagulation (Karichappan et al. 2013; Choudhary et al. 2015), microalgae
uptake (Mukherjee et al. 2016), and adsorption (Thirugnanasambandham et al. 2013; Kumar et al. 2016).
However, the above methods suffer from several drawbacks: extended retention periods, sludge disposal
issues, high cost of materials, and inadequate COD removal. 

Microbial fuel cell (MFC) technology has received considerable attention due to its ability to treat
wastewater while also generating energy, resolving two of the most crucial environmental issues: water
shortage and depletion of natural resources. MFCs have the potential to transform traditional wastewater
treatment plants into resource retrieval facilities by direct power generation from the organic component
of wastewater. RMW can be treated in MFC owing to its readily biodegradable organic content (Behera et
al. 2010). Valorization of e�uent may increase the revenue of small-scale industries by lowering waste
treatment costs. Acidi�cation of RMW to increase the volatile fatty acid (VFA) concentration prior to its
application in MFC will enhance the electricity generation as exoelectrogens preferentially utilize simple
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dissolved organic acids (mainly acetic acid) (Chen et al. 2013). Relevant literature on the acidogenic
potential of RMW is scarce. Hence, further investigation towards the acidi�cation of RMW for improving
the VFA generation and subsequent use in MFC is imperative to �ll the research gap.

Operating parameters such as substrate type, temperature, pH, hydraulic retention time (HRT), COD
loading rate have been identi�ed as important factors in improving VFA production during acidogenesis
(Hong and Haiyun 2010; Khan et al. 2016). The pH of the electrolyte is a crucial factor in�uencing the
power output of the MFC. The anodic pH is the most critical factor that can affect the bacterial metabolic
activity and, as a result, the electron and proton production mechanisms. In general, bacteria regulate
their activity in response to internal and external pH variations through various activities, including proton
translocation, protein breakdown, and adjustment to acidic or basic environments (Raghavulu et al.
2009). It is well established that low methanogenic activity is required for high acidogenesis e�ciency.
Thus, short HRT is commonly employed (2–10 h) to facilitate the suppression of methanogenic bacteria
(Ponsá et al. 2008; Venkata Mohan et al. 2019). Accordingly, a short HRT can be employed during the
operation of a two-stage anaerobic process (acidogenesis and electrogenesis), preventing the
proliferation of methanogens (Raychaudhuri and Behera 2021). So, in the present study, an attempt has
been made to examine the effect of acidi�cation of RMW and thereafter utilizing it as a substrate in MFC.
An acidi�cation chamber was coupled with a dual-chambered MFC, and acidi�cation of real RMW was
performed in the chamber before it was introduced into the dual-chambered MFC. The system was
operated at feed pH of 5.5 and7.5 and HRT 0.5 d and 0.75 d. The performance of the coupled acidogenic
reactor and MFC system in terms of VFA production from the acidogenic chamber, power production from
MFC, and organic matter removal was investigated. To the best knowledge of the authors, no previous
research has considered such RMW pretreatment and examined its impact on the  MFC performance in
terms of organics removal and power generation.

Materials And Methods
Collection of rice mill wastewater and anaerobic inoculum

The RMW was obtained from the rice parboiling unit of a local rice mill near Khurda Industrial Estate,
Odisha, India. Table 1 summarizes the characteristics of rice parboiling e�uent. The RMW was diluted
(COD = 1996 ± 11.5 mg/L) before adding to the reactors. After collecting anaerobic inoculum from the
bottom of a pond, it was sieved using a screen (1.18 mm). The inoculum was incubated for 2 days at 35
℃ under anaerobic conditions, and the pH of the sludge was adjusted to 5.5. To suppress methanogens
and select spore-forming acetogens, the sludge was kept at 100 ℃ for 15 min and then cooled down to
room temperature prior to inoculation (Perimenis et al. 2018).

Table 1 The characteristics of rice mill wastewater from the parboiling unit.
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Parameter Unit Value

pH – 5.1 ± 0.6

Color Co-Pt 1649.2 ± 2.7

Soluble BOD5 mg/L 1348 ± 7.1

Soluble COD mg/L 3045 ± 17.6

Soluble TOC mg/L 1387.5 ± 11.6

Turbidity NTU 172 ± 5

Conductivity mS/cm 4.8 ± 0.07

Lignin mg/L 465.5 ± 0.8

Phenol mg/L 4.84 ± 0.12

Reactor fabrication, inoculation, and operation

The acidogenic reactor-MFC coupled system was fabricated using an acrylic sheet (thickness: 6 mm)
having two rectangular chambers with net liquid volumes of 1 L and 2.3 L. The chamber with a volume of
1 L was considered the acidogenic chamber, and the second compartment was regarded as the cathode
chamber of the MFC (Fig. 1). A cuboid-shaped anode chamber, having 5 mm thick ceramic separators
(Raychaudhuri and Behera 2020) on the four walls, was positioned inside the cathode chamber. RMW
was supplied to the acidogenic reactor using a peristaltic pump through an inlet at the lower end of the
chamber to promote upward �ow. By means of a pipe, the e�uent from the acidogenic chamber was
collected from its top and channeled to the bottom of the anode chamber. 

A stainless-steel mesh with a surface area of 185 cm2 and four graphite plates with a surface area of 116
cm2 were used as anode and cathode electrodes. The electrodes were connected to a 100 Ω external
resistor using enameled copper wires. Both the acidogenic chamber and the anode chamber were
provided with an opening at the top to facilitate sample collection and monitoring. The openings were
�rmly closed during operation to prevent oxygen diffusion. As a catholyte, tap water was used, and an air
pump was employed to keep it continuously aerated. The reactors were operated in continuous mode
while maintaining the desired HRT (0.5 d and 0.75 d) for 30 days until the steady-state was reached. The
in�uent pH (5.5 and 7.5) was maintained accordingly. Before being inoculated into the MFC, the sieved
sludge was heated for 15 min at 105°C to eliminate methanogenic bacteria. 

Electrochemical measurements and analysis 

The open-circuit voltage (OCV) and the operating voltage (OV) were evaluated using a digital multimeter
with a data acquisition unit (Keysight 34972A). The power density (normalized to net liquid volume of
anode) was measured according to P (W/m3) = V2/R·Va, where V is the operating voltage in Volts, R is the
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external resistance (100 Ω), and Va is the net liquid volume in the anode chamber (480 mL). The
maximum power densities (normalizing power to anode surface area) were measured in the polarization
analysis (after attaining steady-state) by varying the external resistance from 10,000 Ω to 10 Ω, beginning
with the open circuit condition (Metravi resistance box). A potentiostat (Ivium technologies) and software
(Ivium) were used to conduct linear sweep voltammetry (LSV) and cyclic voltammetry (CV) experiments.
LSV and CV were conducted using a three-electrode arrangement with the anode as the working electrode,
the cathode as the counter electrode, and the Ag/AgCl electrode as the reference electrode (placed in the
anode chamber). For both LSV and CV, a scan rate of 10 mV/s was used, and the current response was
recorded accordingly (Wei et al. 2013). The electrochemical impedance spectroscopy (EIS) analysis was
carried out to understand different impedance components.  The whole-cell arrangement was employed
with anode as a working electrode and cathode as counter and reference electrode. A frequency range of
100 kHz to 1 mHz was employed using an AC signal. To simulate EIS data, Nyquist impedance spectra
were analyzed, and the data were �tted using Randles equivalent circuit. The real part of impedance was
depicted on the x-axis in the Nyquist plot, while the imaginary part was presented on the y-axis, with each
point in the Nyquist plot corresponding to the impedance at a particular frequency (Ramaraja P
Ramasamy 2013).

Chemical analytical measurements and calculations

The closed re�ux colorimetric method was used to determine the COD of the e�uents from the
acidogenic reactor and MFC. Total organic carbon (TOC) was assessed using a TOC analyzer. Lignin was
analyzed according to standard methods. High-performance liquid chromatography (HPLC) (Ultimate
3000, DIONEX, USA) with a quaternary pump and autosampler calibrated to 20 μL injection volume, and a
C-18 column (HYPERSIL GOLD 5UM, Thermo scienti�c, 250 mm × 4.6 mm) was used to test four VFAs:
acetic acid, propionic acid, butyric acid, and valeric acid. A combination of potassium dihydrogen
phosphate and methanol was utilized as mobile phase. (Zotou et al. 2004; De Sena Aquino et al. 2015).
The mobile phases were eluted at a �ow rate of 0.6 mL/min using an isocratic elution technique. The
data was obtained using Chromeleon 7 software, and the retention periods were analyzed using UV–
visible spectra to identify the peaks (at a wavelength of 220 nm). Prior to HPLC analysis, the samples
were �ltered through a 0.22 μm �lter (Raychaudhuri and Behera 2021).

VFA concentration was measured as the COD equivalent based on the complete oxidation of the speci�c
substance to carbon dioxide and water. The conversion factors for COD to different VFA were 1.07 for
acetic acid, 1.51 for propionic acid, 1.82 for butyric acid, and 2.04 for valeric acid (Wang et al. 2014; Yin et
al. 2016). The acidi�cation yield (ηa) was estimated using Eq. (1)

Where, CODout is the concentration of the soluble COD (mg/L), and VFAout is the concentration of total
VFA (mg COD/L)  in the e�uent of the acidogenic reactor (Jankowska et al. 2018).
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Results And Discussion
Effect of operating pH and HRT on VFA generation and power production

In�uent pH and HRT are important process control parameters that can be manipulated to achieve
desired acidi�cation products. In extreme acidic (pH 3) or alkaline (pH 12) conditions, acidogens involved
in the production of VFA cannot survive, and appropriate in�uent pH is necessary to optimize VFA
production. It is known that optimum pH for VFA production is highly dependent on the nature of the
substrate used (Kuruti et al. 2017). In this study, pH value of 5.5 and 7.5 was selected. The HRT of the
system was maintained at 0.5 d and 0.75 d corresponding to an HRT in the acidogenic reactor in the
range of 8 h and 12 h. Table 2 summarizes the total concentration and distribution of different VFAs and
the degree of acidi�cation. The VFA concentration in the acidogenic reactor varied between 728.76 mg
COD/L and 663.65 mg COD/L at in�uent pH of 5.5, and 1065.15 mg COD/L and 813.25 mg COD/L at
in�uent pH of 7.5 when the HRT range was 0.5 d to 0.75 d. The inhibition effects induced by the
permeability of undissociated acids through the cellular membrane in�uence the rate of acidi�cation.
Transport of the undissociated acid requires high energy at lower pH levels, while transportation of the
free state of the acid consumes less energy at higher pH levels (Rodríguez et al. 2006). On the other hand,
hydrolysis of complex carbohydrates present in rice mill wastewater (cellulose and lignin) occurs in
alkaline pH, enhancing the acidi�cation e�ciency (Ramos-Suarez et al., 2021). It was reported that a pH
of 7.0 was optimal for hydrolysis and acidogenesis of kitchen waste because it resulted in the maximum
VFAconcentration compared to other pH values (Zhang et al. 2005). Similar results were reported for food
wastes and dewatered excess sludge (Hong and Haiyun 2010), for which pH 7 favored VFA production
compared with other alkaline and acidic pHs. The decrease of VFA concentration with increasing HRT
might be explained by the growth of VFA scavengers such as methanogens. At low pH values (pH 5.5),
the dominant VFA was propionic acid and acetic acid, whereas the production of VFA shifted towards
butyric acid and acetic acid (pH 7.5) with the increase in pH. Similar results were reported by Garcia-
Aguirre et al. (2017) during anaerobic fermentation of different organic waste streams, in which propionic
acid was produced in the acidic range, while acetic acid production increased when the pH was shifted to
alkaline range.

Table 2 Total VFA concentration and distribution of different VFAs.



Page 7/18

Operational
condition

Total
VFA 

(mg
COD/L)

Degree of
acidi�cation (%)

VFA composition (mg COD/L)

Acetic
acid

Propionic
acid

Butyric
acid

Valeric
acid

pH 7.5

HRT 0.5 d

1065.15 81.15 592.12 104.69 282.84 85.50

pH 7.5

HRT 0.75 d

813.25 74.65 308.36 131.97 245.45 127.46

pH 5.5

HRT 0.5 d

728.76 67.87 295.55 267.879 122.20 43.12

pH 5.5

HRT 0.75 d

663.65 60.87 162.86 285.638 113.10 102.05

Voltage output and polarization behavior

At steady-state condition, the OCV, OV, and power density (normalized to net liquid volume in anode)
achieved in the acidogenic reactor-MFC system at pH 7.5 were 858±5.7 mV, 476±5.2 mV, and 4.72±0.10
W/m3, respectively for HRT 0.5 d, 812.2±4.2 mV, 401.1±3.7 mV, 3.35±0.06 W/ m3, respectively for HRT
0.75 d, and at pH 5.5 were 784.3±5.6 mV, 387.4±4.9 mV, 3.12±0.08 W/ m3, respectively for HRT 0.5 d,
755.2±3.8 mV, 346.3±4.8 mV, 2.49±0.07 W/ m3, respectively for HRT 0.75 d. The �ndings of the present
work suggested that at a lower HRT and higher pH, the methanogens were suppressed; thus more VFAs
were available for the electrogens; hence system performance improved drastically. 

In polarization study, the maximum power density (obtained by normalizing power to anode surface area)
obtained at pH 7.5 were 131.78 mW/m2 (at HRT 0.5 d) and 89.50 mW/m2 (at HRT 0.75 d) and at pH 5.5
were 78.69 mW/m2 (at HRT 0.5 d) 67.76 and mW/m2 (at HRT 0.75 d). The results obtained were
illustrated in Fig. 2. There are three main sections to the polarization curve. The charge transfer
overpotential causes the �rst component to occur in the low current density area. The second area is
characterized by slow ohmic voltage losses that are linear in most circumstances. The mass transfer
overpotential and concentration polarization are described in the third section of the polarization curve.
The VFAs produced in the acidogenic reactor enhanced the conductivity of the anodic electrolyte,
lowering resistance to ion transport through the membrane. The reduction of bacterial metabolic losses
was attributable to the enrichment of exoelectrogens in the anode of MFC. 

Electrochemical assessments

Voltammetry investigations were conducted to examine the biocatalytic performances of the anodic
bio�lm. The LSV is performed to examine the potential of exoelectrogens to produce current in response
to an applied voltage. The anode of the MFC system operated under pH 7.5 and HRT 0.5 d exhibited an
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almost three times higher current response than the anode of the MFC system operated under pH 5.5 and
HRT 0.75 d (Fig. 3a). CV is an electroanalytical technique that offers insights into an electrochemical
system and assists in understanding electrochemical reactions at the electrodes (Khajeh et al. 2020). An
oxidation peak and a reduction peak were observed at 0.51 V and –0.2 V for the MFC system operated
under pH 7.5 and HRT 0.5 d (Fig. 3b). The enrichment of exoelectrogenic bacteria induces the production
of redox mediators and membrane-bound proteins, which in turn improves the electrocatalytic activity of
the bio�lm. The enhanced current response in the MFC system operated under pH 7.5 and HRT 0.5 d
reveals that electrogenic bacteria utilize the substrate effectively, implying that the VFA rich anolyte
enriches the electroactive bacteria population. 

EIS is an electrochemical tool that contributes to a better understanding of individual impedance
components. Three key resistance components can characterize total impedance. In the Nyquist plot,
charge transfer resistance (RCT) is indicated by the semicircle diameter, and the ohmic resistance (RΩ)
was represented by the distance between the origin and the beginning of the semicircle (Fig. 4). 

RΩ of the MFCs is affected by the distance between electrodes, the contact between electrode and wire,
conductivity of the membrane, and electrolyte solution. The RCT depends on the rate at which an electron
is transferred from ionic species in the solution to a solid electrode during the electron transfer process.
Double-layer capacitance (Cdl) is equivalent to a capacitor in an electrical circuit that corresponds to the
charge separation or electrical double layer, present at the interphase between the electrode and
electrolyte, cation exchange membrane, etc. (Tamilarasan et al. 2017; Raychaudhuri and Behera 2020). In
the current investigation, the difference in the RΩ is primarily dependent on variations in solution
resistance. A higher concentration of VFA in the acidi�ed e�uent of the system operated under pH 7.5,
and HRT 0.5 d, decreased electrolyte resistance in the anode (Table 3). A considerable decrease of RCT

can be achieved with a signi�cant increase in redox-active mediators in the anolyte. The prevalence of
exoelectrogens in the anode surface regulates the release of such mediators.  A lower RCT value may be
related to the enrichment of electroactive bio�lm on the anode surface. The impedance of a capacitor is
inversely proportional to its capacitance. The higher Cdl value indicates that the capacitor primarily
charges or discharges and will thus pass more current.

Table 3 Impedance components derived from Nyquist plot and Randles equivalent circuit.

Operational condition RΩ (Ω) RCT (Ω) Cdl (µF)

pH 7.5, HRT 0.5 d 27.9 21.7 250

pH 7.5, HRT 0.75 d 54.4 24.7 103

pH 5.5, HRT 0.5 d 68.8 40.3 2.16

pH 5.5, HRT 0.75 d 97.7 44.8 2.29

Wastewater treatment
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Under the steady-state condition, the COD, TOC, and lignin removal e�ciencies of the acidogenic reactor-
MFC systems were illustrated in Fig. 5. The higher VFA concentration in the anolyte of the MFC system
operated under pH 7.5 and HRT 0.5 d, attributed to the higher pollutant removal as exoelectrogens readily
oxidized simpler organics. A higher HRT exhibited a higher COD removal might be due to the growth of
methanogens, subsequently reducing the electron yield. Previous research has demonstrated 78% COD
removal in 0.17 d in a two-chamber up-�ow MFC producing electricity from xylose (Haavisto et al. 2017).
A COD removal e�ciency of 92% was reported in 0.69 d in a dual-chambered MFC (Ye et al. 2020). The
lignin removal e�ciencies were found in the range of 49–68%. Due to the enriched electroactive bio�lm in
the anode of MFC, complex organics like lignin were degraded e�ciently. Fig. 6 demonstrates a
comparative performance assessment acidogenic reactor-MFC systems (operated under four operating
conditions) regarding the OCV, OV, power normalized to the net liquid volume of anode chamber, COD
removal e�ciency, ohmic resistance, and VFA concentration.

Conclusions
The present study investigated the effect of pH and HRT on the acidi�cation e�ciency and power output
in an integrated acidogenic reactor and MFC during the treatment of RMW. It was observed that at pH 7.5
and HRT 0.5 d, the VFA concentration in the acidi�ed e�uent was maximum. VFA concentration achieved
was 1065.15 ± 5.08 mg COD/L, which comprised 55.6% acetic acid, 26.5% butyric acid, 9.9% propionic
acid, and 8% valeric acid.  Under the operating condition, a power density of 4.72 ± 0.10 W/m3 was
achieved, which is 1.9 times higher than the power density obtained under pH 5.5 and HRT 0.75 d. The
�ndings of the present work suggested that at a lower HRT and higher pH, the methanogens were
suppressed; thus, more VFAs were available for the exoelectrogens; hence system performance improved
drastically. 
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Figures

Figure 1

Schematic depiction of the acidogenic chamber-MFC coupled system.
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Figure 2

Polarization and power density curves of the integrated acidogenic reactor and MFC system at different
operational conditions.
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Figure 3

(a) LSV and (b) CV pro�les of the coupled system at various operating conditions.
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Figure 4

Nyquist plot for the coupled system at different operational conditions.
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Figure 5

COD, TOC, and lignin removal e�ciencies for the integrated acidogenic reactor MFC system
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Figure 6

Comparative assessment of the performance of the system at different operational conditions.


