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Abstract The dependency on non-renewable fossil fuels

as an energy source has drastically increased global tem-

peratures. Their continuous use poses a great threat to the

existing energy reserves. Therefore, the energy sector has

taken a turn toward developing eco-friendly, sustainable

energy generation by using sustainable lignocellulosic

wastes, such as rice straw (RS). For lignocellulosic waste

to be utilized as an efficient energy source, it needs to be

broken down into less complex forms by pretreatment

processes, such as alkaline pretreatment using NaOH.

Varied NaOH concentrations (0.5%,1.0%,1.5%,2%) for

alkaline pretreatment of RS were used for the holocellulose

generation. Amongst the four NaOH concentrations tested,

RS-1.5% exhibited higher holocellulose generation of

80.1%, whereas 0.5%, 1 5 and 2% pointed 71.9%, 73.8%,

and 78.5% holocellulose generation, respectively. Further,

microbial fuel cells (MFCs) were tested for voltage gen-

eration by utilizing holocellulose generated from untreated

(RS-0%) and mildly alkaline pretreated RS (RS-1.5%) as a

feedstock. The MFC voltage and maximum power gener-

ation using RS-0% were 194 mV and 167 mW/m2,

respectively. With RS-1.5%, the voltage and maximum

power generation were 556 mV and 583 mW/m2, respec-

tively. The power density of RS-1.5% was three-fold

higher than that of RS-0%. The increase in MFC power

generation suggests that alkaline pretreatment plays a

crucial role in enhancing the overall performance.
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Introduction

The increasing population growth, rise in global tempera-

tures due to greenhouse gases, changes in lifestyle and

industrial innovations have significantly increased energy

utilization. These energy demands were forecasted to

increase by 56% by 2040 [1, 2]. Traditional techniques for

generating energy from fossil fuels have negative impli-

cations for global warming. Furthermore, the exhaustion of

fossil fuel supply can result in economic and political

turmoil. Therefore, researchers are searching for alternative

sustainable renewable energy sources to combat the pre-

dicted impacts. Owing to their abundance in nature, lig-

nocellulosic or agricultural wastes can be used for

sustainable and renewable energy generation [3]. Rice

straw (RS) is one of the most abundantly available wastes

used for bioenergy production. In 2017, the annual global

estimate of RS as waste was 730 metric tons. However, the

energy potential of RS has not been aggressively explored

[4]. It is often burned in open farmlands to minimize labor

costs and thus raises enormous environmental (e.g.,

increase in GHGs) and human risk factors [5]. Therefore,

utilizing RS for a bioenergy production process that does

not require post-product treatments, such as electricity

generation from microbial fuel cells (MFCs), can be ben-

eficial to circumvent the energy crisis [6].

Moreover, previous studies on MFCs have pointed out

the eco-friendly approaches and economically feasible

bioelectricity-generating techniques over other conven-

tional processes [7–9] using RS. However, one of the major

hurdles in using RS as feedstock in biological processes is
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its composition. RS’s lignin, cellulose, and hemicellulose

content were approximately 12%, 38%, and 25%, respec-

tively [10]. Among these components, lignin is rigid and is

composed of phenolics, which bind to cellulose and

hemicellulose and resemble a three-dimensional (3D)

structure. Furthermore, lignin also assists in protecting

hemicellulose and cellulose from harsh conditions, pro-

viding support for plants and resistance to microbial

enzymes/attacks. Hemicellulose and cellulose are both

known as holocellulose. As a feedstock for biological

processes, lignocellulosic waste, such as RS, is mainly

dependent on the holocellulose percentage, as these are

degradable sugars utilized for energy generation [11] in

biological processes.

To expose the hemicellulose and cellulose of RS as

feedstock for microbes, the breakdown of lignin is

required. Therefore, several studies have attempted delig-

nification by following physical, chemical, and biological

pretreatment processes or by combining these processes.

To use RS as a feedstock in any biological process (e.g.,

MFCs or anaerobic digestion (AD)), selective pretreatment

should minimize the loss of hemicellulose and cellulose

while simultaneously avoiding size reduction and gener-

ating fewer inhibitors during the breakdown of lignin. This

is also beneficial if the selected pretreatment process is

economical, energy-efficient, easy to operate, and has low

downstream operational costs. Among the stated pretreat-

ment processes, chemical pretreatment using alkaline sys-

tems (e.g., NaOH) has proven effective for delignification

[12]. NaOH pretreatment also concurrently assisted in

solubilizing hemicellulose and generating reducing sugars

and other carbohydrates. Moreover, mild alkaline pre-

treatment increased the surface area by swelling, thereby

assisting biodegradation. It is also noted that the generation

of inhibitory compounds such as phenols and furfurals is

low in alkaline pretreatment processes [13].

MFCs are bioelectrochemical systems in which electri-

cal energy is generated through the oxidation of organics

using self-sustainable regenerative biocatalysts at the

anode. The electrons generated at the anode of the MFC by

the breakdown of organics are passed to the cathode via an

external circuit. The difference between the anode and

cathode potentials is noted as the voltage. Recently, MFC

application has made tremendous improvements in treating

organics from waste and lignocellulosic wastes with con-

current electricity generation [14, 15]. Moreover, most

studies employing RS as feedstock are pursued in inte-

gration with one or more energy platforms like biohydro-

gen, biomethane, and bioethanol generation. However,

these products require a downstream process to improve

their product quality. Whereas the bioelectricity generated

from MFCs employing the RS as a substrate does not

require any downstream process, which minimizes the

overall cost of the operation. The alkaline pretreatment

using NaOH is one of the most effective chemical pre-

treatment processes to break the lignin in RS. A 6% NaOH

concentration has led to a 716% increase in biogas gener-

ation than control [16]. However, to the best of our

knowledge, no previous studies have employed alkaline

pretreatment of RS in connection with MFCs for power

generation. Few researchers have used untreated RS as a

feedstock in MFCs [17] with lower power generations.

Therefore, this study tested the influence of NaOH alkaline

pretreatment on RS to incorporate as a feedstock in MFC.

Prior to submission of RS to MFC, various NaOH (0.5%,

1%, 1.5%, and 2% w/v) concentrations were tested for

optimal conditions to generate holocellulose. The opti-

mized NaOH pretreated RS (RS-1.5%) with higher holo-

cellulose was subjected to single-chamber air cathode

MFCs for voltage generation, and untreated RS (RS-0%)

was used as a control.

Materials and Methods

Pretreatment of Rice Straw

Oryza sativa (RS) was obtained from Phygen Co., Ltd.

(Korea). The collected RS was dried for 24 h at 60 �C and

milled using a laboratory hammer mill. The milled RS was

passed through a sieve to separate the particles and collect

them within a range of 2–6 mm. Milled RS was pretreated

with various concentrations of NaOH (0.5%, 1%, 1.5%,

and 2% w/v) in a ratio of 1:20. The mixture was incubated

at 37 �C and filtered after 3 h. The filtered residue was

neutralized using multiple washes with distilled water. The

residue was then dried at 60 �C for 24 h. In this stduy, the

mildly alkaline pretreated RSs with varied concentrations

of NaOH were labeled as RS-0.5, RS-1.0%, RS-1.5%, and

RS-2.0%. The untreated RS was labeled as RS-0%. The

pretreated RS was stored in an airtight container for further

use in MFC and analysis.

Anodic Bioelectrogenic Mixed Consortium

In this study, the AD effluent was used as a seed culture to

enrich the anaerobic electrogenic consortia on the anode of

the MFC for power generation. Food waste leachate acted

as the feedstock for the AD system. The AD effluent was

centrifuged at 5000 rpm at 30 �C, and the pellet was

cleaned three times with 50 mM phosphate buffer. After

washing, the pellet collected from the AD effluent was

supplemented with synthetic wastewater (SW) prepared as

described in previous MFC studies [6].
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MFC Construction and Operation

Two single chamber MFCs were selected to test the voltage

generation using untreated (RS-0%) and mildly alkaline

pretreated RS (RS-1.5%) as feedstock for the present study

(Fig. 1). The anodic chamber was designed to have

working volumes of 300 mL and 200 mL, respectively.

Furthermore, 1 g/L of RS-0% and RS-1.5% were used as a

substrates in MFC. Carbon cloth acted as an anode,

whereas Pt.-coated carbon cloth (10%, wet proofed) was

utilized as the cathode (10 cm2). The electrodes were

separated using a pretreated proton exchange membrane

(PEM, Nafion117, Fuel cell store, USA) [18]. The MFC

was equipped with an external resistor of 1000X. To

maintain anaerobic conditions, the MFC was degassed with

nitrogen gas before the operation and sealed with silica gel

to minimize oxygen diffusion.

Before MFC operation, the microflora in the pellet

collected from the AD and suspended in SW was intro-

duced into the anodic chamber with glucose as the sub-

strate. After stable voltage generation was recorded using

SW in repetitive cycles, RS-0% and RS-1.5% were intro-

duced to the MFC as a substrate. The influent pH of the

anolyte was changed to neutral (7.0); all analyses were

performed in repetitive cycles, and the average values were

recorded. Volatile fatty acids (VFAs), chemical oxygen

demand (COD), and pH were studied for the MFC influent

and effluent liquid fractions using standard APHA methods

[19].

Analysis and Calculations

The voltage generation in MFC using the RS-0% and RS-

1.5% was noted using a digital multimeter against 1000X
resistor. Polarization studies were performed by varying

the external resistance from 5000 to 5X. The voltage was

computed as power and current (I) using Ohms’ law

(Current = Voltage/Resistor size) [20]. In our previous

studies, the total internal resistance of the MFC was esti-

mated from the I-V plot of polarization plot. Columbic

efficiency was measured based on the COD removal, as

reported in the literature [21, 22].

Results and Discussion

Impact of Pretreatment on RS Composition

Holocellulose serves as a substrate for the growth of

electrogenic microbes. In this study, holocellulose consti-

tuted 68.8% (hemicellulose, 28.6%; cellulose, 40.2%) of

the untreated dry RS (RS-0%). Subsequently, the lignin

Fig. 1 Schematic representation of MFC operation using raw rice straw (RS) and mild alkaline pretreated RS as a substrate for power generation
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content was 20.6%. The composition of lignocellulosic

content in RS varies depending on nutrient availability, soil

type, and crop harvest season. Changes in the lignocellu-

losic composition of RS after pretreatment are reported in

Table 1, along with the raw RS content. NaOH pretreat-

ment of RS resulted in decreased lignin and increased

cellulose contents. Among the four NaOH pretreatments,

maximum cellulose content was recorded for RS-2.0%

(48.3%); whereas the cellulose contents of RS-1.5%, RS-

1.0%, and RS-0.5% were 45.3%, 42.6%, and 41.8%,

respectively. In contrast, maximum lignin solubilization

leading to high holocellulose content of 80.1% was

observed with RS-1.5%; whereas at similar conditions, the

lignin content was 6.3%. Compared with RS-0%, pre-

treated RS-1.5% exhibited an 11.3% increase in holocel-

lulose, with a decrease of 14.3% in the lignin component.

These differences in composition could have been due to

lignin degradation with alkaline pretreatment. Previous

studies have shown that NaOH involvement leads to

breaking glycosidic linkages and ester bonds in lignocel-

lulose present in the cell wall matrix [2]. This cleavage of

glycosidic linkages leads to modification of the lignin

structure and breakdown of the lignin–hemicellulose

complex, which further leads to saponification, causing

swelling and decrystallization of cellulose.

Bioelectricity Generation in MFC Using RS

as a Feedstock

Initially, both single-chamber MFCs were managed in fed-

batch mode with glucose (2 g/L) as a feedstock and SW as

an anolyte for attaining stable power generation at neutral

pH. Previous studies have established that complex sub-

strates such as glucose can enrich bioelectrogens and uti-

lize complex substrates [14]. During stabilization, an

enhancement in MFC voltage generation with each oper-

ative cycle was noted. This indicated the enrichment of

bioelectrogens on the anode electrode (Fig. 2). Simulta-

neously, the increase in the COD removal percentage with

each operational cycle corroborates the bioelectrogenic

development of microbes at the MFC anode. The maxi-

mum voltage generation noted with glucose as a substrate

was approximately 580 mV, with 1000X of external

resistance. The voltage generation increased from 266 to

580 mV with an increase in the operational cycle (Fig. 2a).

Similarly, the COD removal percentage also varied from

48.3 to 85.5% (Fig. 2b). After noting a similar stable volt-

age generation, glucose was replaced with 1 g/L of RS-0%

and mildly alkaline treated RS-1.5% as a substrate

(Fig. 2c). In this study, RS-1.5% was chosen based on high

holocellulose generation observed after treatment with

NaOH. The maximum voltages generated using RS-0%

and RS-1.5% were 194 mV and 556 mV, respectively. The

high voltage generated with pretreated RS could have been

due to more holocellulose content, which is considered a

readily available sugar for bioelectrogens and other

microbes, due to increased metabolic activity.

Polarization Curves of MFC-Using RS

as a Feedstock

After noting repeatable, stable voltage generation, both

MFCs using RS-0% and RS-1.5% were subjected to

polarization analysis with varying external resistances.

With the decrease in external resistance, a pronounced

voltage decrease and an increase in current were noted. In

addition, higher power densities were noted, with MFC

employing RS-1.5% as a substrate over RS-0%, owing to

the employment of pretreatment, resulting in higher holo-

cellulose generation (Fig. 3). The MFCs using RS-0% and

RS-1.5% exhibited comparable open circuit voltage

(OCVs) of approximately 740 and 760 mV, respectively.

The use of mildly alkaline pretreated RS-1.5% as a feed-

stock in MFC displayed a power density of 583 mW/m2 at

a current density of 1.528 A/m2. MFC with RS-0% has

pointed to a power density of only 167 mW/m2 at a current

density of 1.49 A/m2. The maximum power densities with

RS-1.5% were 3.48-fold higher than RS-0%. This increase

can be attributed to the readily available sugars by

employing pretreatment. Similarly, a 1.34 fold increase in

maximum voltage generation is noted in MFC operating

with rice bran and employing pretreatment using hydro-

dynamic cavitation [23]. Correspondingly, the operation of

AD with alkaline pretreated RS has exhibited a 225.6%

increase in methane yield due to the accelerated pre-hy-

drolysis [24]. Overall, pretreatment of lignocellulosic and

agricultural wastes is essential in attaining higher produc-

tion yields. The internal resistance (Rin) of the MFCs was

Table 1 Changes in the

composition of RS by

employing different alkaline

pretreatment

NaOH Pretreatment (% w/v) Lignin (%) Hemicellulose (%) Cellulose (%) Holocellulose (%)

RS-0% (Raw RS) 20.6 ± 0.98 28.6 ± 1.23 40.2 ± 1.75 68.8 ± 2.2

RS-0.5% 15.2 ± 0.58 30.2 ± 1.42 41.6 ± 1.89 71.9 ± 2.6

RS-1.0% 14.3 ± 0.66 31.2 ± 1.34 42.6 ± 2.32 73.8 ± 2.5

RS-1.5% 6.31 ± 0.31 34.8 ± 1.55 45.3 ± 0.52 80.1 ± 1.8

RS-2.0% 7.32 ± 0.35 30.2 ± 1.12 48.3 ± 1.74 78.5 ± 2.1
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determined from the I-V plot of polarization plot. MFC

with RS-1.5% exhibited an internal Rin of 85X, whereas the
control MFC, i.e., RS-0%, pointed to a Rin of 146X. The
Rin values were similar to the external resistance at which

the highest power generation was observed. The disparity

in the maximum power generation and Rin in both MFCs

can be attributed to variations in the bioelectrogenic

environment on the anode.

The maximum power generation noted with RS-0% in

this study was similar to that reported by previous studies

using a double chamber MFC. In their studies, the power

densities with RS-0% were 119 mW/m2 [25] and 190 mW/

m2 [26]. In other studies on air cathode MFCs, corn stover

and corn stover remaining solids after pretreatment dis-

played power densities of 331 mW/m2 and 406 mW/m2,

respectively [27]. A Membrane-less MFC operation using

the lignocellulose wastes like a banana peel and corn bran

has exhibited a maximum power generation of only 23.75

and 22.03 mW/m2, respectively [28]. Also use of cassava

peel extracts has exhibited a maximum power generation of

only 155 mW/m3 [29]. The use of other lignocellulosic

hydrolysates from agricultural waste like cashew apple

juice and barley straw noted a maximum power generation

of only 31.5 and 52.8 mW/m2, respectively [30, 31]. Taken

together, these studies suggest that pretreatment of ligno-

cellulosic feedstocks is essential to enhance the overall

performance of MFCs. Compared to other studies, the

power generation differences in this study are due to

variations in operational conditions like employment of

pretreatment type and microbial communities in the anode

and reactor configurations (ex: single chamber air cathode

MFC vs. double chamber MFC.

Organics Reduction and VFAs Variation in MFC-

Using RS as a Feedstock

The oxidation of organics for the metabolic activity of

bioelectrogenic microbes during MFC operation was noted

as the COD removal. Both MFCs using RS-0% and RS-

1.5% demonstrated a decrease in COD with increased

Fig. 2 Bioelectrochemical

profile of single chamber air

cathode MFC.Voltage

generation a and COD removal

b were noted in MFC during the

initial acclimatization period to

grow bioelectrogenic microbes

on the anode. Voltage

generation b in MFC by

utilizing the raw RS (RS-0%)

and mild alkaline pretreated RS

(RS-1.5%) as a substrate

Fig. 3 Polarization curves of

single chamber air cathodes

MFCs using 1 g/L of raw RS

(RS-0%) a and mild alkaline

pretreated RS (RS-1.5%) b as a

substrate
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operational time (Fig. 4). After four days of operation, the

maximum reduction in COD was noted in the MFC treated

with pretreated RS. MFC using the RS-0% had a COD

concentration of 3.8 g/L. By the end of the operation, this

was decreased to 1.27 g/L with a COD removal percentage

of 66.3%. At the same time, MFC using RS-1.5% pointed

to a COD removal percentage of 91.4%, with initial and

final COD concentrations of 4.21 and 0.36 g/L, respec-

tively. In this study, the variation in initial COD concen-

tration might be due to the disparity in the sugars generated

by the pretreatment. The COD removal noted with MFC

using RS-1.5% was similar to that reported by other studies

using SW and acetate as substrates [32, 33]. The COD

removal noted using RS-0% was comparable to that

reported by earlier studies of MFCs employing raw RS as a

feedstock. In their studies, the maximum COD percentage

was 72% after 15 days of operation using raw RS as a

substrate [22].

Furthermore, the columbic efficiency (CE) of the MFC

was assessed based on the COD removal, as stated in the

literature [25]. The CEs of MFCs using RS-0% and RS-

1.5% were 22.6% and 78.6%, respectively. In addition, the

variation in VFAs was measured for the MFC employing

RS-0% and RS-1.5% as substrates. VFA generation was

found to be higher with the pretreatment process. MFC

using RS-1.5% exhibited a VFA concentration of 14.8 mg/

L. Using raw RS, the VFA was 9.8 mg/L. This difference

may be due to the generation of reducing sugars after

pretreatment and utilization by bioelectrogens. Although

the initial pH was adjusted to 7.1, owing to the increase in

VFA concentration, the effluent pH of the MFC also var-

ied. The effluent pH of MFC using RS-0% and RS-1.5%

were 7.3 and 7.6, respectively. pH is one of the crucial

parameters that can alter an MFC’s overall performance.

Therefore, further studies are required to control the pH in

MFCs for field application and to simultaneously enhance

RS degradation.

Generation of Reducing Sugars During the use of RS

in MFC

During MFC operation, lignocellulosic compounds in RS

can be hydrolyzed to simple sugars for bioelectrogens. The

degradation of RS can be quantified in terms of reducing

sugar removal. Figure 5 shows the variation in reducing

sugar profile noted in MFC using RS-0% and RS-1.5%.

Initially, the concentration of reducing sugars was low. At

2.5 days of MFC operation, the reducing concentration was

higher, and a continuing decline was observed by the end

of the operation. The operation of MFC using RS-0%

exhibited a maximum reducing sugar concentration of

0.16 mg/L at 2.5 days of operation. The reducing sugar

concentration decreased to 0.064 mg/. Similarly, MFCs

using RS-1.5% as a substrate exhibited a maximum

reducing sugar concentration of 0.201 mg/L, which further

decreased to 0.025 mg/L. A similar profile in reducing

sugar generation has been noted in other studies on double-

chamber MFC-usiung raw RS [25].

Surface Characterization of Raw and Pretreated RS

Usingscanning Electro Microscopy ( SEM)

To understand the surface characterization of RS after

pretreatment, SEM analysis was performed (Fig. 6). Raw

RS exhibited a dense structure as they had intact plant cell

wall components, such as the epidermis, vascular bundles,

and parenchyma, adhering to the bundle surface. With

NaOH pretreatment, deformed cell structures were

observed along with the cellulose fibers. It was also visible

that the epidermis and vascular bundles of RS were sig-

nificantly altered. It is known that NaOH pretreatment of

RS can induce the breakdown of lignin with exposure to

the distinctive components of silica, breakdown of the

intramolecular H-bonding RS structure, and release of

pectin and hemicellulose. Moreover, the shape of RS also

changed by swelling, with more exposure to cellulose

fibers on the surface, which could have been due to the

breaking of RS lignin and liposoluble components. Overall,

Fig. 4 Effluent COD

concentrations a and removal

percentages b were noted in

MFC by varying the type of rice

straw used as a substrate
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the morphological analysis of RS through SEM revealed

that NaOH pretreatment resulted in the avalability of more

cellulose than raw RS. Microbes can use the availability of

cellulose on the surface of RS as a substrate to meet their

metabolic needs.

In general, MFCs are the potential low energy con-

suming, higher efficient, and cost-effective alternative to

AD [34–36]. However, the product revenue for bioelec-

tricity generation is questionable in MFC, considering the

more significant capital costs and comparative edge in the

race with AD. Also, significant environmental issues in

terms of GHGs emissions have been raised during the

processing (ex: burnout) of RS. As an alternative eco-

friendly to society and economical way out, the biovolar-

ization of RS as feedstock for electricity generation has

risen due to the inessential downstream processing. Using

RS as feedstock in other biological processes (ex: biohy-

drogen, biomethane, bioethanol) requires a downstream

process. However, the problems associated with collecting

and pre-processing (ex: pretreatment using NaOH) of RS

for industrial applications should be considered. Therefore

the low cost of RS (10 $/ton) and NaOH (325 $/ton) for

pretreatment can increase the ecological gains and cover

the capital costs related to MFCs operation. From 1 g of RS

with a 1.5% NaOH pretreatment, 0.583 mW of electricity

is generated. By scaling up MFC, this power generation

can be increased; using 1 ton of RS, 583 W of bioelec-

tricity can be harvested using MFC with a possibility of

concurrent wastewater treatment.

Fig. 5 Variation in the concentrations of reducing sugars noted

during the operation of MFC-treated RS

Fig. 6 Scanning electron

microscopy (SEM) images of

raw RS a and mild alkaline

pretreated RS b-e with NaOH
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Conclusion

This study demonstrates the efficient use of RS as a sub-

strate in MFCs for electricity generation. The difference in

holocellulose percentage was noted with variations in the

mild alkaline treatment, and a higher amount of holocel-

lulose was noted in RS using 1.5% NaOH. Better perfor-

mance in MFC was noted with pretreated RS-1.5% over

raw RS-0%. The maximum power generation using RS-

1.5% (583 mW/m2) was three-fold higher than thst using

RS-0% (167 mW/m2). Further studies are required to

understand the microbial community variation with chan-

ges in RS type and NaOH recovery to minimize the envi-

ronmental impact.
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