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A B S T R A C T

Sugarcane bagasse (SCB), a recalcitrant lignocellulosic biomass, necessitates pretreatment to enhance the release 
of soluble organics for effective utilization. This study evaluated three pretreatment methods including alkaline 
(ALK), acid (AC) and hydrothermal (HTL), to extract sugars from SCB, subsequently evaluating these hydroly
sates as substrates for bioelectricity generation in dual-chamber microbial fuel cells (MFCs). The study was 
conducted in two phases. Phase I utilized tap water to dilute the SCB hydrolysate, while Phase II replaced tap 
water with sewage. Results from Phase I indicated that ALK hydrolysate yielded the highest current density 
(414.00 mA/m²), followed by AC (339.00 mA/m²) and HTL (316.13 mA/m²). The corresponding chemical ox
ygen demand (COD) degradation rates were 57.60% for ALK, 46.67% for AC, and 37.30% for HTL hydrolysates. 
Phase II introduced sewage as a diluent, enhanced HTL hydrolysate performance (415.05 mA/m²; 53.50% COD 
removal) due to improved ionic conductivity and nutrient availability, which fostered better biofilm formation 
and electron transfer. The blending of AC and ALK hydrolysates facilitated in-situ pH neutralization, optimizing 
substrate complexity and buffering stability, culminating in a peak specific power yield of 1011 W/kgCOD. Cyclic 
voltammetry (CV) confirmed the development of an electroactive biofilm, indicating effective electron media
tion. The study demonstrated that integrating optimized pretreatment with cost-effective methodologies, such as 
sewage repurposing can amplify energy recovery from SCB. This approach not only improves green energy 
production but also aligns with circular bioeconomy principles by valorizing agricultural residues and waste
water, presenting a scalable model for sustainable bioenergy systems.

1. Introduction

The increasing global reliance on fossil fuels is significantly 
contributing to greenhouse gas (GHG) emissions, which threaten 
ecological stability and foreshadow an impending energy crisis for 
future generations. In response, the scientific community is increasingly 
investigating sustainable energy alternatives derived from waste 
biomass, particularly agro-based lignocellulosic materials, which are 
abundant and carbohydrate-rich byproducts of agricultural processes 
(Goswami et al., 2022; Mohanakrishna et al., 2023, 2026). Among these, 
sugarcane bagasse (SCB), the fibrous residue left after sugar 
extraction-emerges as a promising feedstock for bioenergy conversion 

due to its substantial lignin and cellulose content (Jayarathna et al., 
2021; Pour et al., 2018; Wolfram et al., 2016). The majority of global 
sugarcane production occurs in tropical and subtropical regions, with 
Brazil leading at approximately 758 million tons annually, followed by 
India at 306 million tons (Alokika et al., 2021). Projections indicate that 
global sugarcane yields could reach 2.21 billion tons, generating sig
nificant quantities of bagasse, about 130 kg per ton of raw sugarcane. In 
Brazil, the Ministry of Agriculture reported a harvest of 643 million tons 
of sugarcane in 2018–19, yielding an estimated 280 kg of bagasse per 
ton processed (de Morais et al., 2023). According to The Directorate of 
Economics and Statistics (DoES, 2016), India produces around 27.05 
million tons of bagasse from approximately 129 million tons of 
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sugarcane (Hiloidhari et al., 2018). This highlights the potential of SCB 
as a renewable energy source, capable of mitigating fossil fuel depen
dence and contributing to a more sustainable energy landscape. The 
exploration of such biomass resources is critical for addressing both 
environmental and energy challenges in the coming decades. SCB, a 
byproduct of sugar production, is emerging as a highly promising sub
strate for renewable energy generation due to its rich composition of 
cellulose (42.3%), pentosans (25.1%), lignin (24.7%), and low ash 
content (3.5%). This composition not only positions SCB as a 
cost-effective and sustainable alternative to other agro-industrial raw 
materials and woody biomass but also facilitates efficient waste man
agement through microbial bioprocessing (Bezerra and Ragauskas, 
2016; Katakojwala and Venkata Mohan, 2022). The structural 
complexity of SCB, characterized by a lamellar arrangement linked by 
ether and ester bonds, contributes to its recalcitrance, particularly due to 
the intricate three-dimensional structure of lignin, which comprises 
various phenolic compounds (Rocha et al., 2015; de Morais et al., 2023). 
This complexity poses challenges for enzymatic hydrolysis, often 
limiting bioenergy production from lignocellulosic biomass (LCB) (Reis 
et al., 2023). However, recent studies indicate that employing mixed 
microbial cultures can enhance bioelectricity generation from LCB hy
drolysates, outperforming pure cultures in power density (Zhao et al., 
2017). The strategic selection of microbial communities and their syn
ergistic interactions are crucial for optimizing the valorization of LCB, 
thereby significantly impacting bioenergy production (Sharma et al., 
2023). This approach not only maximizes the degradation of diverse 
compounds within SCB but also shows the potential of microbial bio
processing as a sustainable solution for energy generation and waste 
management. As research progresses, SCB's role in the renewable energy 
landscape is likely to expand, offering a viable pathway toward sus
tainable energy solutions and enhanced waste valorization.

A microbial fuel cell (MFC) represents a promising and innovative 
approach for the biological valorization of LCB, which comprises a sig
nificant portion of organic waste. Extensive research has explored the 
biological anodic oxidation of various lignocellulosic substrates, 
revealing promising results in the conversion process (Pengadeth et al., 
2024; Shrivastava and Sharma, 2023; Wang et al., 2022). However, 
operating MFCs with LCB poses several challenges, primarily due to the 
complex structure of lignin, hemicellulose, and cellulose, necessitating 
effective pretreatment strategies before the initiation of MFC processes 
(Sani et al., 2021). To address the issue of pretreatment, a diverse array 
of methods has been implemented, each tailored to enhance the 
biochemical accessibility of cellulose. Effective pretreatment plays a 
vital role in breaking down the lignocellulosic matrix, thereby facili
tating greater cellulose accessibility to microorganisms responsible for 
biodegradation. This enhanced accessibility is crucial for successful 
hydrolysis, which subsequently leads to an increase in the yield of 
monomeric fermentable sugars, critical substrates for fermentation and 
energy production (Naik et al., 2026; Tapia Carpio and Simone de Souza, 
2019; Goud et al., 2012). Among the various pretreatment methods 
explored, physical, chemical, and biological techniques have shown 
varying degrees of efficacy. For instance, steam explosions and acidic 
pretreatments can effectively reduce the recalcitrant nature of the cell 
wall, promote the breakdown of lignin and hemicellulose and lead to a 
higher release of fermentable sugars. This release is subsequently fol
lowed by fermentation processes that can produce valuable end prod
ucts, operationally enriching the output of the MFC 
(Meenakshisundaram et al., 2021; Rezende et al., 2011; Taherzadeh and 
Karimi, 2008; Swaminathan et al., 2024). Through continuous ad
vancements in pretreatment techniques, the efficiency of MFCs in har
nessing LCB can be significantly enhanced, paving the way for 
sustainable energy solutions and the reduction of organic waste.

Various pretreatment methods are available for the delignification 
process, aimed at reducing the degree of polymerization and decreasing 
the crystallinity of cellulose. Among these, methods such as acid, alka
line, hydrothermal, enzymatic, steam explosion, ultrasonication, ionic 

liquids, and deep eutectic solvents have been extensively studied (Zhao 
et al., 2024; Achinivu et al., 2024; Bezerra and Ragauskas, 2016; Fan 
et al., 2024). However, acid, alkaline, and hydrothermal pre
treatments are identified as having distinct advantages over the other 
methods. Key considerations regarding energy input, chemical utiliza
tion, and the conversion efficiency of lignocellulosic materials into 
fermentable sugars contribute to the selection of appropriate pretreat
ment methods (Mittal et al., 2019; Rollag et al., 2020; Wu et al., 2021). 
The hydrolysis of bagasse leads to the release of saccharides and proteins 
in the hydrolysate, which subsequently enhances microbial activity. 
Previous studies have examined bioelectricity generation from SCB 
using various pretreatment methods, indicating that different tech
niques may be optimal under diverse operational conditions, including 
temperature, bacterial consortia, and organic content (Christwardana 
et al., 2021; Hiloidhari et al., 2018; Krishnaraj et al., 2015). A system
atic experimental study conducted under standardized operational 
conditions offers valuable insights into the selection of pretreatment 
methods and the generation of bioelectricity, alongside the assessment 
of conversion and valorization rates (Bansod et al., 2024).

The present study evaluates hydrolysate derived from SCB as a 
substrate for the generation of bioelectricity in MFCs. Three pretreat
ment methods, acid, alkaline, and hydrothermal techniques, were 
assessed to optimize sugar recovery from SCB. The hydrolysate, 
enriched with sugars, was employed as a substrate for bioelectricity 
production in a dual-chamber MFC. Additionally, the study investigates 
the stability of the MFC under diverse feeding conditions, where a 
combined treatment method was analysed to determine whether the 
simultaneous application of acid and alkaline pretreatment could 
decrease the chemical usage within the bioprocessing operation. The 
study not only compares the efficacy of various pretreatment methods 
but also focuses on the evaluation of two low-cost enhancement strate
gies: the utilization of sewage and pH neutralization via the combination 
of acid and alkaline hydrolysates. The study also employed another 
strategy parallelly where initially tap water was utilized to dilute the 
SCB hydrolysate during MFC operations; however, it was subsequently 
replaced with sewage. Ultimately, the results of the study demonstrate 
how the pretreatment of SCB can influence power output, as well as the 
significant role that replacing tap water with sewage (as co-substrate 
strategy) played in enhancing bioelectricity generation and facilitating 
SCB valorisation.

2. Materials and methods

2.1. Sugarcane bagasse (SCB) and pretreatment

Sugarcane bagasse (SCB) was sourced from a local juice vendor and 
processed using a mechanical roller technique. The biomass underwent 
a four-day air-drying process to reduce moisture content, which was 
measured at 55.7%, and was subsequently stored in airtight poly
ethylene bags to prevent fungal contamination. To facilitate the break
down of complex SCB biomolecules into simpler forms, various 
pretreatment methods, acid, alkaline, and hydrothermal were 
employed. These methods are crucial for optimizing the biomass for 
further applications, highlighting the importance of effective pretreat
ment in biomass utilization (Fig. 1). Fig. 2

2.1.1. Chemical and hydrothermal pretreatments
Sugarcane bagasse (SCB) was subjected to acid and alkaline pre

treatments to extract hydrolysates effectively. Fifteen grams of finely 
chopped SCB was treated with 250 mL of 10% sulfuric acid (H₂SO₄) for 
15 h, followed by hydrothermal processing at 121 ◦C and 15 psi for 30 
min using an autoclave. For alkaline pretreatment, the acid was 
substituted with 1 N sodium hydroxide (NaOH) under identical condi
tions. Post-treatment, hydrolysates were filtered through a coarse sieve 
and stored at 4 ◦C for subsequent experiments. Additionally, pulverized 
SCB was mixed with distilled water and subjected to similar 
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hydrothermal conditions before undergoing both acid and alkaline 
treatments (Naik and Mohanakrishna, 2024). The soluble chemical ox
ygen demand (sCOD) resulted from these pretreatments are detailed in 
Table 1, showing the efficacy of the methods employed.

2.1.2. Secondary pretreatment (Bio-hydrolysis)
Secondary pretreatment was conducted using anaerobic sludge. 

Although hydrothermal pretreatment reduces chemical usage, it re
stricts the efficient extraction of soluble organic content when compared 
to acid and alkaline pretreatment methods. Therefore, to improve sugar 
recovery further, the hydrolysate obtained from hydrothermal pre
treatment was subjected to microbial pretreatment by adding 20% (v/v) 
active anaerobic culture to the hydrolysate. This mixture was incubated 

Sugarcane bagasse
(SCB)

Cellulose

Hemicellulose

Lignin

SCB powder

Pulverization

Sieving

• Acid pretreatment
• Alkaline pretreatment
• Acid + Alkaline pretreatment
• Hydrothermal pretreatment
• Secondary pretreatment

Liquid fraction

Solid fraction
Filtration

• Dry weight of  SCB –60 g/L 
(before pretreatment)

• Dry weight of SCB -54.43 g/L 
(after pretreatment)

• Soluble fraction of biomass –
92.83 g/kg

• Insoluble fraction of biomass –
907.17 g/Kg

Substrate to biomass ratio

Hydrothermal 
hydrolysate 

+ 
anaerobic sludge

Pretreatment

Fig. 1. Influence of pretreatment methods on the disintegration of the complex structure of lignocellulosic biomass into simple fermentable sugars.
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Fig. 2. Bioelectrogenesis of sugarcane bagasse.

Table 1 
Soluble organic matter, pH and dissolved solids present in hydrolysates of sug
arcane bagasse.

Pretreatment COD (mg/ 
L)

pH Total dissolved solids 
(TDS) (mg/L)

Acid 15,600 1.20 - 1.50 715
Alkaline 24,600 12.20 - 

12.80
9900

Hydrothermal 6700 5.17 - 5.28 255
Hydrothermal + Bio- 

hydrolysis *
8860 6.50 - 6.57 368

*Secondary pretreatment was done for diluted hydrolysate. These values were 
normalized for the original hydrolysate.
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on a magnetic stirrer at 80 rpm for 48 h at room temperature (26±4 ◦C). 
After the incubation period, the pretreated mixture of anaerobic culture 
and hydrolysate was centrifuged, and the supernatant was collected for 
further experiments. The soluble COD of this hydrolysate is presented in 
Table 1.

2.2. Biocatalyst

Activated sludge used in the study was collected from sewage 
treatment plant (STP: 40 MLD capacity) located in Gabbur, Hubli, and 
was utilized as the microbial source (inoculum) for the anodic oxidation 
catalyst. The collected sludge was stored in an air-tight plastic container 
to preserve its integrity. Approximately 10% of the total volume of the 
anode chamber was inoculated with the culture. Prior to the initiation 
with SCB hydrolysate, all MFCs were initially operated with acetate (3 
g/L) as the substrate, in conjunction with sewage, to facilitate the for
mation of biofilm on the anode electrode surface. Sewage water, char
acterized by a chemical oxygen demand (COD) of 495 mg/L, total 
dissolved solids (TDS) of 820 mg/L, and a pH of 7.8, was likewise 
collected from the same STP to serve as a source of micronutrients, 
functioning as a co-substrate for the operation of the MFCs. In order to 
minimize the metabolic activity of indigenous bacteria present in the 
sewage, the sample was preserved at 4 ◦C until it was required for 
further experimental procedures.

2.3. MFC design and operation

2.3.1. Design
A membrane-embedded dual-chamber MFC was designed and 

fabricated using a ‘perplex’ material, and equal volumes were main
tained in both anode and cathode compartments. Each compartment has 
a total volume of 540 mL, optimized to 450 mL for operational effi
ciency, with the primary objective of assessing the bioelectricity gen
eration potential from SCB hydrolysate. The electrodes, made from solid 
graphite, were selected for their exceptional conductivity and stability, 
measuring 6 × 5 cm with a thickness of 1.2 cm, providing a substantial 
active surface area of 93 cm² for effective electron exchange. Strategi
cally positioned on either side of a proton exchange membrane (PEM), 
the electrodes are oriented vertically and maintain a consistent 2 cm 
distance from the membrane to enhance ion-transport and reduce in
ternal resistance. To further improve performance, the graphite elec
trodes underwent an activation process involving immersion in hot 
deionized water, which increased surface roughness and facilitated 
microbial adhesion. Nafion 117, chosen for its superior proton con
ductivity, was pretreated with sulfuric acid and hydrogen peroxide to 
optimize its performance, following established methodologies. This 
meticulous combination of materials and techniques aims to maximize 
the MFC's efficiency in converting biochemical energy from SCB hy
drolysate into electrical energy, showcasing a significant advancement 
in bioenergy technology (Venkata Mohan et al., 2008).

PEM pretreatment was carried out in a sequential manner using 3% 
H2O2 for 30 min, followed by immersion in deionized water (pH 7.0) 
overnight, and then treated with 1 N H2SO4 for 60 min before being 
transferred back to deionized water. Ports were installed at the top of 
both the anode and cathode compartments to facilitate feeding. Liquid 
samples were collected from the side wall port of the anode chamber. 
Additional provisions are located at the top for the placement of refer
ence electrodes and current collectors. For the cathode, the upper port 
aids in aeration. Leak-proof seals were applied at the joints to maintain 
an anaerobic microenvironment within the anodic compartment. The 
electrodes installed in both chambers were linked with stainless steel 
wire to assess electrochemical parameters.

2.3.2. Operation
The study initiated with the operation of MFCs initially with syn

thetic wastewater, which was subsequently transitioned to acid 

hydrolysate as the substrate in the anode chamber. All the MFCs were 
operated in fed-batch mode on a magnetic stirrer at a controlled speed 
(120 rpm) and room temperature for three consecutive cycles. The 
anodic compartment was inoculated with mixed microbial consortia, 
promoting the proliferation of biofilm and bacterial suspensions essen
tial for bioelectricity generation. In the cathodic chamber, tap water was 
introduced, with a continuous air supply to maintain dissolved oxygen 
levels, facilitating the oxygen reduction reaction (ORR). Magnetic stir
ring ensured effective substrate-microbe contact, enhancing the adap
tation of exoelectrogenic bacteria. Following the successful operation 
with acid hydrolysate, the study progressed to explore alkaline and 
hydrothermal hydrolysates as alternative substrates for MFC operation, 
indicating a systematic approach to optimizing microbial energy con
version processes highlighting the adaptability of MFCs in utilizing 
diverse organic substrates for sustainable energy production (Table 2). 
Operational conditions and the number of operating cycles were kept 
consistent with those in the acid hydrolysate experiments. Before 
feeding, the pH of the hydrolysates was modified to a suitable range for 
bioelectricity production. The pH of the alkaline hydrolysate was set to 
8, while those of the acid and hydrothermal hydrolysates were adjusted 
to pH 7. This pH level was chosen to reduce chemical use and create 
optimal conditions for MFC operation. The effectiveness of a combina
tion of acid and alkaline hydrolysates was analysed using data from 
previously conducted cycles with various hydrolysates. All hydrolysates 
were standardized to the same COD of 3350 mg/L by adding tap water. 
Additionally, another series of experiments was conducted by diluting 
the hydrolysates with sewage water. A slight increase in final COD was 
observed due to the organic content of the sewage. Nevertheless, the 
inlet COD values varied due to interference from sludge organics. Ex
periments involving sewage addition were carried out for 2 cycles for 
each variation (refer to Table 2). Furthermore, hydrothermal hydroly
sate underwent biological pretreatment as a secondary process. A sta
tistical evaluation was conducted to compare the data obtained from the 
different pretreatment methods. Liquid samples collected during the 
operations were kept at 4 ◦C until they were analysed further.

2.4. Analysis

Electrochemical measurements were conducted during every cycle 
of the MFC operation. The open-circuit voltage (OCV) and closed-circuit 
voltage were recorded four times daily. The closed-circuit voltage (CCV) 
was measured by connecting a 100 Ω external resistance with a digital 
multimeter. The manually obtained data throughout the operation with 
various pretreated hydrolysates were utilized to compute electro
chemical parameters such as current density (mA/cm²), power (mW), 
and power density (W/m²), normalized by the surface area of the anode 
electrode. Cyclic voltammograms (CV) were captured using CH 

Table 2 
Different hydrolysates and their combinations used for experimentation to 
evaluate the bioelectrogenesis from sugarcane bagasse through microbial fuel 
cells.

Cycle 
number

Pretreatment type Inlet COD 
(mg/L)*

1 - 3 Acid hydrolysate (AC) 3543
4 - 6 Alkaline hydrolysate (ALK) 3730
7 - 9 Hydrothermal hydrolysate (HTL) 3607
10 - 12 Mixture of acid and alkaline hydrolysate (AC+ALK) 3377
13 - 14 Secondary pretreatment on hydrothermal 

hydrolysate (HTL+BioHydro)
4430

15 − 16 Acid hydrolysate supplemented with sewage 
(AC+Sew)

3990

17 - 18 Alkaline hydrolysate supplemented with sewage 
(ALK+Sew)

4000

19 - 20 Hydrothermal hydrolysate supplemented with 
sewage (HTL+Sew)

4015

*Average values were presented herewith.
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Instruments (USA), scanned from a specific initial potential of − 1.0 V to 
an end potential of 1.0 V. The scan rate was kept at 5 mV/s. Liquid 
samples were collected from each cycle and hydrolysates from different 
pretreatment techniques were examined for biochemical parameters 
like pH, TDS, and VFA according to APHA (2017). COD analysis was 
performed using the closed reflux method, and results were obtained 
using a COD photometer testing kit (Lovibond, UK).

3. Results and discussion

3.1. Bioelectricity from chemically pretreated hydrolysates

Prior to initiating MFC operations using SCB hydrolysate as the 
substrate, the reactors were acclimated with the specified synthetic feed 
for six weeks to ensure stable MFC performance and create optimal 
conditions for the development of the electrogenic biofilm. The anodic 
compartment was subsequently filled with various pretreated SCB hy
drolysates, as outlined in Table 2. A 10% mixed microbial consortium 
was introduced as an inoculum, maintaining a substrate-to-inoculum 
ratio of 1:10 relative to the anodic working volume. Each hydrolysate 
type was subjected to three consecutive anaerobic cycles. During these 
batch-mode operations, exoelectrogenic bacteria within the electro
active biofilm oxidized the COD in the anolyte, facilitating electron 
release and generating anodic potential, thereby producing 
bioelectricity. The MFC's potential was periodically monitored at four- 
hour intervals. Notably, the MFC was evaluated under two distinct 
scenarios: one with sewage addition and another without, across all 
pretreated hydrolysates. This structured approach not only enhances 
understanding of bioelectricity generation from SCB hydrolysates but 
also provides insights into optimizing microbial interactions and oper
ational parameters for improved energy recovery in bio-electrochemical 
systems.

During phase I of the study, the efficacy of water as a diluting agent 
for SCB in MFCs was evaluated. The highest open circuit voltage (OCV) 
recorded was 571 mV, achieved with hydrolysate from alkaline (ALK) 
treatment, significantly surpassing the 477 mV from acid (AC) treatment 
and 427 mV from hydrothermal liquefaction (HTL). Current density 
measurements corroborated this trend, with ALK treatment yielding 405 
mA/m², compared to 330 mA/m² for AC and 308 mA/m² for HTL. The 
superior performance of ALK-treated MFCs can be attributed to the 
effective delignification and enhanced cellulose solubilization facili
tated by alkaline pretreatment. This process not only increases the 
biological accessibility of SCB but also fosters an optimal environment 
for microbial activity, thereby enhancing bioelectrogenesis. Conversely, 
acid treatment primarily degrades hemicellulose, producing monomers 
and oligosaccharides that can be digestible by microbial enzymes, do not 
match the substrate richness provided by alkaline hydrolysis.

The study's findings emphasize the enhanced redox functionality of 
MFCs under alkaline conditions, showcasing their capacity to optimize 
microbial activity for superior electricity generation. This research 
highlights the critical role of substrate pretreatment methods in maxi
mizing MFC performance, suggesting that alkaline hydrolysis tech
niques hold significant promise for future bioenergy applications. The 
implications of these results are profound, indicating a pathway for 
advancing sustainable energy solutions through optimized bioconver
sion processes. The study further elucidates the advantages of redox 
functioning in MFCs under alkaline conditions, highlighting the critical 
role of hydrolysate type in optimizing power generation. Given the 
extreme pH levels of both acid and alkaline hydrolysates, maintaining 
stable microbial activity within the MFC system was essential. This was 
achieved by adjusting the pH to a near-neutral range through the stra
tegic combination of acid and alkaline hydrolysates prior to MFC 
feeding. Remarkably, the MFCs utilizing the combined hydrolysates 
achieved a voltage of 605 mV and a current density of 412 mA/m², 
marking a significant improvement over the individual treatments of 
AC, ALK, and HTL. These findings emphasize the substantial advantages 

of employing a combined hydrolysate approach, particularly in elimi
nating the need for additional chemicals for pH adjustment. This not 
only streamlines the process but also enhances the efficiency of the bio- 
electrochemical system, paving the way for more sustainable energy 
generation from biomass sources.

In phase II of the study, a pivotal shift occurred in the performance of 
MFCs as the substrate diluting agent transitioned from tap water to 
nutrient-rich sewage. This strategic modification significantly enhanced 
MFC performance, attributed to the rich inorganic nutrient profile of 
sewage, which is essential for microbial proliferation and activity. The 
results revealed a substantial improvement in bioelectrogenesis across 
all MFCs in phase II compared to their phase I counterparts, which relied 
on hydrolysate diluted with water. Remarkably, the MFC operated with 
hydrolysate from ALK pretreatment achieved an impressive OCV of 619 
mV (430 mA/m2), the highest recorded throughout both phases, high
lighting the efficacy of alkaline pretreatment in optimizing electrical 
output. In contrast, MFCs employing hydrolysate from HTL and AC 
pretreatment of SCB yielded lower OCVs of 579 mV (401 mA/m2) and 
513 mV (355 mA/m2), respectively. These findings highlight the supe
riority of alkaline pretreatment in producing a hydrolysate that en
hances bioelectrogenesis. The study suggests that alkaline hydrolysate 
from SCB emerges as the most advantageous substrate for MFC perfor
mance. However, it is noteworthy that the enhancement in bio
electrogenesis was more evident in phase II in conjunction with sewage. 
This observation points to a complex synergy between substrate type 
and nutrient availability.

3.2. Bio-hydrolysis of HTL treated SCB (Bio-hydro)

To evaluate the effectiveness of microbial pretreatment on the 
extraction of fermentable sugars from SCB, a hydrothermally pretreated 
hydrolysate was inoculated with an anaerobic culture. Bio-hydrolysis 
significantly improved the extraction of sugars (COD), leading to the 
recovery of 1053 mg/L of additional sugars, increasing the total from 
3376 mg/L to 4430 mg/L within just two days of MFC operation. An 
increase in sugar concentration is critical as it provides a richer source of 
organic substrates for enhanced MFC performance. The rationale behind 
selecting hydrothermal pretreatment for subsequent bio-hydrolysis is 
attributed to two main factors. First, hydrothermal pretreatment effec
tively facilitates the extraction of sugars from SCB, unlocking complex 
polysaccharides that may not be adequately released through conven
tional methods. Second, the use of extreme pH conditions, as typically 
seen with acid or alkaline hydrolysates, can inhibit biological activity; 
thus, a hydrothermal approach offers a more conducive environment for 
anaerobic bacteria to thrive and optimize metabolic processes. This dual 
focus on sugar extraction and biological compatibility emphasizes the 
innovative strategy employed to maximize the potential of SCB as a 
sustainable resource for bioenergy production.

The hydrolysate obtained after the bio-hydrolysis, which involved 
biological methods, demonstrated a significant enhancement in both 
bioelectricity generation and substrate utilization compared to all other 
treatment variations examined. Specifically, the maximum OCV recor
ded was an impressive 641 mV, indicating a robust electrochemical 
response conducive to effective energy production. In addition, current 
density reached a remarkable 448 mA/m², while power density soared 
to 187 mW/m² both metrics were notably higher than those derived 
from any of the other pretreatment methods employed. This suggests a 
superior efficiency in bioelectricity generation from the hydrolysate 
after biological pretreatment. The underlying reason for these im
provements can be attributed to the unique metabolites produced during 
the biological pretreatment process, which likely transformed the sub
strates intomore biologically conducive to microbial activity and thus 
optimized for energy production. This resulted in a hydrolysate that not 
only enhances electrical output but also demonstrates an effective 
reduction in COD, highlighting the dual benefits of this biological 
approach (Fig. 3).
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Secondary biological pretreatment significantly enhanced the 
availability of sCOD compared to the other pretreatment methods 
employed for extracting hydrolysates. The average sCOD observed in 
secondary pretreated hydrolysates was an impressive 4430 mg/L, 
clearly indicating superior extraction efficiency over hydrolysates 
derived from alternative pretreatment techniques. During this process, a 
remarkable average COD removal of 2525 mg/L was achieved, which 
highlights the effectiveness of the secondary biological pretreatment in 
breaking down organic matter. In conjunction with this high COD 
removal, a significant concentration of volatile fatty acids (VFAs) was 
produced, averaging 1589 mg/L, indicating efficient fermentation and 
hydrolysis processes. Furthermore, the initial pH level of the secondary 
pretreated hydrolysate was measured at 6.50. However, during the 
operation of the MFC, this pH shifted to an average of 7.41, suggesting 
notable biochemical transformations occurring during the MFC opera
tion (as shown in Table 4). This change in pH could have implications for 
microbial activity and metabolic processes, further affecting the overall 
efficiency of the system.

Overall, the operation of the MFC (MFCHTL+BIO) utilizing sec
ondary pretreated hydrolysates yielded a 10% enhancement in current 
density and a 16% increase in power density when compared to other 
experimental configurations utilizing alkaline, acid, and hydrothermal 
liquefaction (HTL) pretreatments. The secondary biological treatment 
demonstrated several advantages, including efficient solubilization of 
SCB following hydrothermal pretreatment, the omission of chemical 
agents, and execution of the pretreatment process at ambient tempera
tures, thus eliminating the energy requirements associated with heating. 

Furthermore, the organic carbon present in the hydrolysates from sec
ondary biological treatment was more conducive to biological processes 
and readily available compared to hydrolysates derived from alkaline, 
acid, or HTL pretreatments, which correlated positively with VFA con
centrations and bioelectricity generation. It was elucidated that the 
biological pretreatment following the hydrothermal processing of SCB 
biomass likely facilitated the activity of hydrolytic enzymes present in 
the anaerobic consortium, thereby aiding in the extraction of soluble 
organic content into the hydrolysate.

3.3. Substrate utilization efficiency

The pretreatment methods utilized to extract hydrolysates and sub
sequently subject these hydrolysates as a substrate for MFC, demon
strated varying performance outcomes. The soluble substrate present in 
the hydrolysate serves as a carbon source for anaerobic anodic oxida
tion, which is essential for generating bioelectricity. Among the three 
types of hydrolysates evaluated, the alkaline hydrolysate exhibited the 
highest substrate utilization efficiency when compared to the acid and 
hydrothermal hydrolysates. In phase I, during the operation of the 
alkaline hydrolysate, 1960 mg/L of COD was effectively utilized in the 
first cycle, which increased to 2100 mg/L and 2160 mg/L in the sub
sequent second and third cycles, respectively. This enhancement can be 
attributed to the progressive adaptation of the MFC. Within the three 
cycles assessed, the maximum substrate utilization efficiency recorded 
was 60.80% (Table 3). In contrast, the acid hydrolysates demonstrated 
limited substrate utilization, ranging from 1510 mg/L to 1680 mg/L, 
resulting in a utilization efficiency of 44.44%. This reflects an 11.14% 
lower efficiency when compared to the alkaline hydrolysate. Further
more, the hydrothermal hydrolysate exhibited the lowest substrate uti
lization, ranging from 1190 to 1380 mg/L, with a corresponding 
utilization efficiency of 35.93%, which is 19.65% lower than that 
observed for the alkaline hydrolysate operation (Fig. 4a).

Hydrothermal hydrolysate Secondary pretreatment (48 h) After MFC
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Fig. 3. Performance of MFC with secondary hydrolysates (a) improvement in 
COD and change in pH due to the secondary pretreatment and (b) COD removal 
and its efficiency during MFC operation.

Table 3 
Influence of sewage on extended treatment and bioelectrogenesis in microbial 
fuel cells with sugarcane bagasse.

Types of 
pretreatment

Parameters Sugar cane 
bagasse 
(SCB)

SCB with 
sewage

Improvement

Acid Voltage (mV) 315.00 331.00 16.00
​ Current (mA) 3.15 3.31 0.16
​ Current density 

(mA/m2)
339.00 356.00 17.20

​ Power density 
(mW/m2)

107.00 118.00 11.11

​ pH 6.16 6.04 –
​ VFA (mg/L) 548.00 789.00 241.00
​ COD removal 

efficiency (%)
46.67 51.87 5.20

Alkaline Voltage (mV) 385.00 402.00 17.00
​ Current (mA) 3.85 4.02 0.17
​ Current density 

(mA/m2)
414.00 432.25 18.28

​ Power density 
(mW/m2)

159.38 173.77 14.39

​ pH 7.87 8.09 –
​ VFA (mg/L) 470.00 617.00 147.00
​ COD removal 

efficiency (%)
57.60 60.80 3.20

Hydrothermal Voltage (mV) 294.00 386.00 92.00
​ Current (mA) 2.94 3.86 0.92
​ Current density 

(mA/m2)
316.13 415.05 98.925

​ Power density 
(mW/m2)

92.94 160.21 67.27

​ pH 6.21 6.49 –
​ VFA (mg/L) 421.00 702.00 281.00
​ COD removal 

efficiency (%)
37.30 53.50 16.20
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In the realm of anaerobic bioprocesses, sewage emerges as a vital 
nutrient-rich source of inorganic compounds, significantly enhancing 
biodegradation conditions. In this study, the biodegradability and bio
electrogenesis of SCB hydrolysates, employing sewage as a diluting 
agent to attain specific COD targets were investigated. The findings 
demonstrates the beneficial impact of sewage supplementation across 
diverse bioprocesses and waste streams, as documented in previous 
research (Mohanakrishna et al., 2010, 2020 Nayak et al., 2018; Wang 
et al., 2022). In Phase II, the introduction of sewage led to a substrate 
utilization increase of up to 16.20%. Alkaline hydrolysates exhibited 
minimal enhancement (3.20%), while acid hydrolysates showed a more 
substantial improvement of 5.20%. HTL hydrolysates, however, 
demonstrated the most significant enhancement, achieving a 16.20% 
rise in utilization efficiency. Despite this, their maximum COD utiliza
tion efficiency remained inferior to that of acid hydrolysates. The 
experimental results demonstrate that the efficacy of sewage supple
mentation on biodegradability is contingent upon the nature of hydro
lysate, with hydrothermal hydrolysates benefiting the most. 
Furthermore, the integration of sewage into hydrolysate mixtures 
resulted in elevated total dissolved solids (TDS) in the anolyte, poten
tially facilitating enhanced electron transfer processes, thereby 
advancing the field of bioenergy production.

3.4. Metabolites of SCB treatment by MFC

pH is crucial for optimizing system performance in bio- 
electrochemical processes. Outlet samples were collected at the end of 

each cycle, and pH levels were analyzed to assess their impact on bio
electrogenesis and substrate degradation under various redox condi
tions. A decrease in anolyte pH towards acidity signals the production of 
VFAs. Elevated VFA concentrations can further lower the pH below 5.50, 
creating biologically unfavorable conditions that impede the meta
bolism of exoelectrogens, which are essential for efficient bioelectricity 
generation. As illustrated in Fig. 5, the observed pH drops correlate with 
VFA release. This decline may also result from the slow migration of 
protons, leading to a significant proton gradient in the anodic 
compartment, contributing to acidification. Throughout the bacterial 
degradation of substrate, there is a conversion of chemical energy into 
electrical energy, accompanied by a reduction in the organic content of 
the hydrolysate. In the present study, the pH of acid hydrolysates was 
initially maintained around 6.00 (ranging from 6.10 to 6.23) and 
increased to nearly neutral pH levels (6.88 to 7.25) by the end of the 
operation (Fig. 5a). Similarly, the pH of alkaline hydrolysates, initially 
adjusted to approximately 8.00 (between 7.80 and 7.93), experienced a 
decline to the range of 7.11 to 7.25. These pH changes in both acid and 
alkaline hydrolysates suggest that the bioelectrochemical process is 
progressing towards a near-neutral state by the conclusion of the oper
ational cycle.

Additionally, the hydrothermal hydrolysate was evaluated for its 
capacity for bioelectrogenesis, with an initial pH ranging from 5.17 to 
5.28, which was then adjusted to a pH of 6.00. During this process, the 
pH of the anolyte also shifted to a neutral range (from 6.90 to 7.14). 
Across experiments using three different hydrolysates, the outlet pH 
consistently stayed within a neutral range, indicating that the microbial 

Table 4 
Improvement in MFC performance due to the secondary pretreatment over hydrothermal alone and sewage-supplemented hydrolysate conditions.

Parameters Hydrothermal Hydrothermal +
sewage

Hydrothermal + biological 
pretreatment

Improvement (over 
hydrothermal)

Improvement (over hydrothermal 
+sewage)

Voltage (mV) 294.00 386.00 423.00 129.00 37.00
Current (mA) 2.94.00 3.86 4.23 1.29 1.29
Current density(mA/ 

m2)
316.13 415.05 454.84 138.71 39.79

Power density (mW/ 
m2)

92.94 160.21 192.40 99.46 99.46

pH (inlet/outlet) 6.31/7.14 6.54/7.28 6.57/7.48 - -
VFA (mg/L) 235.00 450.00 1589.00 1354.00 1139.00
COD removal efficiency 

(%)
37.30 53.50 58.47 21.17 4.97
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Fig. 4. Substrate utilization (COD) by individual MFC setups.
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communities in the anode chamber are operating under conditions that 
are favourable for biological activity. The inlet and outlet pH levels were 
observed to be influenced during the operation of the MFC, particularly 
as sewage was introduced in subsequent cycles as a diluent. Initially, the 
sewage exhibited a pH of 7.8. The incorporation of sewage into the 
hydrolysates led to alterations in pH (Fig. 5b). Sewage is known to 
enhance buffering capacity, thereby promoting stable bioprocesses. In 
phase II, bioelectricity generation was enhanced with sewage supple
mentation, which correlated with an increase in substrate utilization 
within the MFC (Table 3). In Phase II, hydrolysates supplemented with 
sewage demonstrated a significant pH shift, ranging from 7.10 to 7.70, 
in contrast to Phase I, where the pH was maintained between 6.50 and 
6.90. During Phase I, the outlet pH values for acid hydrolysates were 

recorded between 7.10 and 7.11, which were lower than those of the 
alkaline hydrolysate outlets, reported at 7.55 to 7.70. For hydrothermal 
hydrolysates combined with sewage, the outlet pH values ranged from 
7.21 to 7.28.

In anaerobic bioprocesses, the concentration of VFAs plays a pivotal 
role in shaping pH levels. Our recent study revealed exciting findings 
regarding VFA production, particularly during Phase II when we sup
plemented our experiments with sewage. Remarkably, we achieved an 
impressive peak VFA concentration of 450 mg/L when feeding the MFC 
with hydrolysate derived from hydrothermal liquefaction (HTL) and 
sewage. This marked a substantial increase of 215 mgVFA/L compared 
to the 235 mg VFA/L observed in Phase I, where no sewage was added. 
Furthermore, MFCs utilizing hydrolysate from acid pretreatment in 
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Phase II demonstrated a commendable VFA yield of 381 mg VFA/L, 
versus just 218 mg VFA/L from the same MFC operating without tap 
water during Phase I. The trend continued with MFCs using hydrolysate 
from alkaline pretreatment in Phase II, which produced a remarkable 
433 mg VFA/L, outshining the 344 mg VFA/L generated in Phase I with 
hydrolysate diluted with tap water. These findings, illustrated in 
Table 3, highlight not only the higher VFA production but also efficient 
COD utilization by MFC systems when sewage is employed as a diluting 
agent. The presence of micro and macronutrients from sewage appears 
to provide a significant advantage for biological processes in MFCs, as 
depicted in Fig. 6. This also strongly suggests that external nutrient 
supplementation during MFC operations may not be necessary, 
streamlining the bioprocess and enhancing overall efficiency.

3.5. Influence of combined acid + alkaline pretreatment

The combined acid and alkaline pretreatment achieved a maximum 
substrate utilization of 2100 mg/L, accompanied by a significant pro
duction of VFAs quantified at 368 mg/L. The initial pH of the hydroly
sate resulting from the combined acid and alkaline pretreatment was 
measured at 6.70, which increased to 6.86 during the operation of the 
MFC. Notably, when utilizing the combined hydrolysate, the substrate 
utilization efficiencies were enhanced, with an increase of 39.93% 
observed for acid-pretreated hydrolysate and 11.89% for alkaline- 
pretreated hydrolysate during MFC operation. The outlet pH levels for 
the combined acid and alkaline hydrolysates ranged from 6.80 to 6.90, 
which is lower compared to the pH levels recorded for the acid (6.88 to 
7.25) and alkaline hydrolysate outlets individually (from 7.11 to 7.25). 
The highest concentration of VFA (368 mg/L) was achieved during the 
operation with the combined hydrolysate, surpassing the 218 mg VFA/L 
obtained from acid pretreated hydrolysate and the 344 mg VFA/L from 
alkaline pretreated hydrolysate. This enhancement is due to the mild 
acidic conditions in the medium, which facilitate the degradation of 
biomass by removing hemicellulose and promoting the liberation of 
sugars from bagasse (Geddes et al., 2010). Consequently, the effect of 
the combined hydrolysate initially encourages the swelling of the sub
strate, influenced by the alkaline hydrolysate, leading to a decrease in 
cellulose crystallinity and aiding in the breakdown of ester and α-aryl 
ether linkages between lignin and polysaccharides (cellulose and 
hemicellulose) through increased cellulose content and delignification 
(Bezerra and Ragauskas, 2016; Maryana et al., 2014). The application of 
the combined pretreatment to the SCB demonstrated encouraging out
comes with improved process efficiency.

3.6. Cyclic voltammograms

The bioelectrochemical evaluation of anodic biofilms was conducted 
under steady-state conditions in a MFC, reaching peak power output 
during batch-mode operations utilizing three distinct basic hydrolysates. 
The cyclic voltammograms (CVs) recorded for each hydrolysate 
exhibited similar patterns; however, the intensity of the oxidation and 
reduction peaks varied according to the specific type of hydrolysate 
employed. The alkaline hydrolysate yielded the highest recorded 
oxidation and reduction peaks (oxidation: 15.1 mA; reduction: − 18.8 
mA), which correlates significantly with bioelectricity generation during 
the batch-mode operation. This was succeeded by the acid hydrolysate 
(oxidation: 13.8 mA; reduction: − 17.5 mA) and the hydrothermal hy
drolysate (oxidation: 12.0 mA; reduction: − 16.0 mA). Additionally, CVs 
obtained at a scan rate of 0.005 V/s revealed distinct redox couples 
across all three conditions, indicating the potential involvement of redox 
mediators or electroactive biofilms associated with the anode in the 
electron transfer process (Fig. 7). It is noteworthy that the utilization of 
carbon electrodes, along with wastewater in the anode chamber, com
plicates the clarity of the observed redox couples. In summary, the 
findings indicate that alkaline hydrolysate demonstrates superior per
formance in both cyclic voltammetry and bioelectricity generation.

3.7. Energy efficiency of MFC with SCB through different pretreatments

The feasibility of commercializing any energy generation process is 
contingent upon both the volumetric and quantitative aspects of energy 
production. The maximum power achieved during each cycle, along 
with the substrate (COD) supplied to the MFC during those cycles, are 
essential metrics for assessing volumetric power generation and specific 
power yield. A comprehensive evaluation of MFC performance utilizing 
SCB demonstrates significant potential for bioelectricity generation 
when extrapolated to larger-scale applications (Fig. 8). The compre
hensive analysis of the hydrolysates indicates that the combination of 
acid and alkaline hydrolysates yields the highest specific power output, 
recorded at 1011 W/kg COD when considering the COD supplied to the 
MFC in a batch setting. In comparison, the hydrothermal process uti
lizing secondary pretreated hydrolysate in conjunction with an alkaline 
hydrolysate derived from sewage achieved a specific power yield of 897 
W/kg COD. This finding suggests a favorable influence of sewage on 
overall system performance. Furthermore, the specific power yield for 
alkaline hydrolysate alone was measured at 883 W/kg COD, while hy
drothermal hydrolysate exhibited the lowest specific power yield at 533 
W/kg COD, likely attributable to its diminished capacity for 
bioelectricity generation. In addition to specific power yield, the MFC 
performance was assessed in terms of volumetric power density (W/m³). 
The highest volumetric power density was observed at 3.98 W/m³, 
succeeded by the acid plus sewage hydrolysate combination at 3.59 W/ 
m³, and the mixture of acid and alkaline hydrolysates at 3.41 W/m³. 
Conversely, the hydrothermal hydrolysates demonstrated the lowest 
volumetric power density at 1.92 W/m³. The present study employed a 
standard MFC design featuring non-catalyzed plain electrodes for the 
evaluations conducted. The utilization of metal-composite electrode 
materials has been shown to enhance specific power yield and volu
metric power densities in bioelectrochemical systems (BESs) (Naik et al., 
2025). The design of the MFC and the characteristics of the membrane 
play crucial roles in determining overall power output and efficiency. 
Optimizing these configurations is essential to address the practical 
challenges faced in MFC applications, such as scalability and stability. 
Recent advancements in MFC research indicate that the presence of 
enriched electroactive biofilms on the anode significantly boosts the 
electron transfer rate, which is critical for maximizing energy produc
tion. This improvement can be achieved through careful selection of 
electrode materials and surface modifications that promote biofilm 
growth and facilitate electron exchange. Such enhancements are dis
cussed in detail, with specific examples provided in Table 5. By focusing 
on these innovative approaches, MFC systems can be developed that not 

Fig. 7. Cyclic voltammograms representing anodic biofilm under three 
different substrates influence at a scan rate of 5 mV/S.
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only function effectively but are also viable for widespread practical use.

3.8. Exploration of different pretreatment impacts on substrate 
degradation

Various pretreatment methods are employed to facilitate the disin
tegration of waste biomass for enhanced bioenergy production. In this 
study, chemical pretreatment emerged as a particularly effective 
approach for the degradation of LCB. Specifically, diluting acid pre
treatment utilizing either sulfuric acid or phosphoric acid is beneficial in 
breaking down hemicellulose, which leads to the degradation of the 
complex biomass structure and promotes the release of fermentable 
sugars from materials such as bagasse (Geddes et al., 2010). However, 
while this method offers advantages, it also has notable drawbacks. The 
release of inhibitory substances during the dilute acid pretreatment 
process can significantly hinder the stability of subsequent fermentation 
processes and consequently result in reduced energy output (Maryana 
et al., 2014) . In contrast, hydrothermal pretreatment, conducted at 
121 ◦C and 15 psi for 20 min using an autoclave, has shown promising 
results. This process effectively reduces the particle size of the biomass 
by facilitating the solubilization of hemicellulose. The introduction of 
hydronium ions during the autoclaving process enables improved 
penetration into the biomass structure, promoting more effective 
saccharification and enhancing sugar recovery (Niju and Swathika, 
2019). This method not only optimizes the structural breakdown of 
biomass but also minimizes the formation of inhibitory compounds, 
thereby supporting more stable and productive fermentation processes.

The release of inhibitors such as furfural and organic acids during the 
hydrothermal pretreatment process can be significantly mitigated by 
neutralizing the pH. This adjustment can potentially eliminate the need 
for an additional detoxification step, streamlining the overall process 
(Alokika et al., 2021; Laser et al., 2002). One of the standout advantages 
of hydrothermal pretreatment is its cost-effectiveness and environmen
tally friendly nature, as it does not require chemical additives, thus 
minimizing the ecological footprint. However, a notable limitation of 
hydrothermal pretreatment is its relatively low level of delignification, 
which can hinder the efficiency of downstream processes. In contrast, 
alkaline pretreatment presents a more effective approach for the 
breakdown of LCB. It operates by facilitating the swelling of the sub
strate, which leads to a reduction in cellulose crystallinity. This alter
ation enhances the accessibility of enzymes and improves the 

degradation of ester and α-aryl ether linkages between lignin and the 
polysaccharides, specifically cellulose and hemicellulose. As a result, the 
cellulose content increases while delignification is also improved, 
leading to a more efficient conversion process (Bezerra and Ragauskas, 
2016). Additionally, alkaline pretreatment effectively removes acetyl 
groups and various substituents of uronic acid that are found in hemi
cellulose, further enhancing the overall structure of the biomass (Chen 
et al., 2012). Another advantage of alkaline pretreatment is its opera
tional flexibility; it can be executed under relatively low reaction pres
sures, temperatures, and concentrations compared to other 
pretreatment processes. This allows for a more energy-efficient and less 
costly approach in preparation for subsequent biochemical conversions 
(Bezerra and Ragauskas, 2016)..

3.9. Biorefinery route to utilize agricultural waste biomass

A biorefinery framework characterized by an integrated process and 
effective pretreatment demonstrates significant synergy, making it a 
critical factor for optimizing both economic viability and environmental 
sustainability. Various pretreatment methods have been systematically 
applied to SCB biomass to fractionate it effectively, resulting in the 
production of high-yield hydrolysates (Brondi et al., 2021). This 
carbon-rich hydrolysate derived from SCB presents remarkable bio
refinery opportunities, particularly when evaluated from both economic 
and ecological perspectives (Deeba et al., 2022; Morán-Aguilar et al., 
2024). In addition to SCB, other forms of agricultural waste biomass 
have been thoroughly explored for value addition, revealing numerous 
advantages that align with the principles of the biorefinery concept. 
Nonetheless, the application of pretreatment processes is essential, as it 
mitigates the need for energy-intensive and laborious strategies typically 
associated with achieving desired target products (Mary et al., 2025; 
Pereira et al., 2021). Efficient pretreatment techniques not only opti
mize the biomass conversion rates but also enhance the overall sus
tainability of the biorefinery process by reducing waste and energy 
consumption. Recent research has highlighted that the pretreatment of 
LCB plays a crucial role in establishing a sustainable closed loop bio
refinery system. This process significantly enhances the digestibility of 
complex agricultural waste biomass, which has garnered increasing 
attention due to its potential to improve the reuse and conversion rates 
of these materials. Focusing on operational efficiency, studies suggest 
that treating biomass at temperatures below 130 ◦C not only optimizes 
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Fig. 8. Volumetric power density and specific power yield of all the substrate variations studied with sugarcane bagasse.
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the biochemical breakdown but also reduces the operating costs, making 
the biorefinery concept more economically viable. This temperature 
threshold is essential as it helps to mitigate energy consumption while 
maintaining effective processing of the biomass. Moreover, pursuing a 
biorefinery strategy that aims for net-zero waste discharge is a pivotal 
contribution to the circular bioeconomy framework. By ensuring that all 
waste products are either reused or recycled back into the production 
cycle, biorefineries enhance their sustainability profile. In summary, 
these advancements provide biorefineries with strategic management 
opportunities that promote sustainable growth while addressing the 
growing concern over agricultural residue management. The ongoing 
interest in reprocessing agricultural by-products not only aligns with 

environmental goals but also supports the development of a more 
resilient and eco-friendlier agricultural sector (Katakojwala and Venkata 
Mohan, 2022; Morán-Aguilar et al., 2024).

4. Conclusions

The valorization of LCB is pivotal for advancing the transition from 
fossil fuels to renewable bioenergy systems. This study emphasizes the 
significance of pretreatment methods in optimizing biomass decon
struction, which is essential for liberating fermentable sugars and 
enhancing the availability of electron donors for bio-electrochemical 
conversion. The experimental results demonstrated the potential of 

Table 5 
Various biological valorisation methods being studied with sugarcane bagasse.

Substrate Biocatalyst/ biochemical 
catalyst

Parameters Value added 
product

Production rate/efficiency (%) Reference

SCB + Algae Sewage sludge Thermal pretreatment (algae); TS - 18.78 
g/L; VS - 13.49 g/L; C/N ratio - 17; pH - 
7.87; alkalinity - 2250 mg/L CaCO3; COD 
- 1897 mg/L; VFA - 740 mg/L

Biomethane 145 mL/g VS (Zongo et al., 
2023)

SCB Saccharomyces cerevisiae 
BY4743

Steam-assisted sequential salt-alkali 
pretreatment; temperature - 30 to 50 ◦C; 
agitation - 120 rpm

Bioethanol 3.12 g/L (Jugwanth et al., 
2020)

SCB Ruminiclostridium 
thermocellum strain ATCC 
31,924

Dilute acid (1% sulfuric acid) 
pretreatment; temperature - 55 ± 0.1 ◦C; 
pH - 8.0; agitation - 150 rpm for 144 h

Bioethanol 1.95 g/L (Singh et al., 
2019)

SCB – Alkaline (Na2CO3, Na2SO3 and 
CH3COONa) and hydrothermal 
pretreatment; temperature - 100 ◦C, 140 
and 180 ◦C

Methane, 
Ethanol

Methane - 239.7 ± 20.8 NmL CH4/g 
VS; Ethanol - 1.58±0.043 g/L

(Nosratpour 
et al., 2018)

SCB + Straw Candida tropicalis Supplemented with molasses and 
different concentration of sucrose; dilute 
acid hydrolysis (H2SO4); temperature - 30 
◦C, agitation - 200 rpm, pH - 5.5

Xylitol, 
Ethanol

Xylitol - 30.61 g/L;Ethanol - 
47.97 g/L

(de Souza 
Queiroz et al., 
2023)

SCB – Operation time- 349 ◦C for 70 min Biochar 16.67 wt% (Adeniyi et al., 
2021)

SCB S. cerevisiae Liquid fermentation (LF), COD reduced 
from 14,700 mg/L to 9355 mg/L; semi - 
solid state fermentation (S - SSF), COD 
reduced from 15,000 mg/L to 11,062 mg/ 
L

Bioelectricity 14.88 mW/m2 (LF) and 8.70 mW/m2 

(S-SSF)
(Christwardana 
et al., 2021)

SCB Co-culture of Acetobacter 
aceti and Gluconobacter 
roseus

Pretreatment was done using Oscillatoria 
annae; COD removal efficiency - 78%; 
three-chamber MFC

Bioelectricity Power density - 8.778 W/m3; current - 
20.95 A/m3

(Krishnaraj et al., 
2015)

SCB S. cerevisiae and enzyme 
glucose oxidase

COD removal efficiency - 75.04%; 
enzymatic microbial fuel cell (EMFC)

Bioelectricity Power density - 146.65 mW/m2 (Christwardana 
et al., 2023)

Sugarcane molasses Brevibacillus. borstelensis 
STRI1

Double chambered benthic Microbial fuel 
cell

Bioelectricity Voltage - 450 mV; power density - 63 
mW/m2; current - 0.4 mA

(Umar et al., 
2021)

SCB B. borstelensis STRI1 Alkaline pretreatment. 
COD removal - 1632 mg/L to 1440 mg/L; 
COD removal efficiency - 81.7%

Bioelectricity Maximum power - 188.45 mW/m2; 

Maximum current - 63mA/m2
(Hassan et al., 
2019)

SCB Xylitol production - Pichia 
guilliermondii RLV-04 
(MH588234.1); Ethanol 
production - 
S. cerevisiae

For xylitol production, Dilute acid 
pretreatment - 0.1 M H2SO4, 145 ◦C, and 
90 min); temp − 27±2 ◦C; pH 5.5; 
agitation rate - 120 rpm; fermentation 
period - 60 h; For ethanol production, 
Leftover solid residue -enzymatic 
pretreatment (crude cellulase); fermenter 
working volume - 1.5 L

Xylitol; 
Ethanol

1.15±0.03 g/L/h (Max. Nondetoxified 
hydrolysate); 0.82±0.21 g/L/h (Max. 
yeast biomass hydrolysate)

(Maryana et al., 
2014)

SCB (enzymatic and 
alkali 
pretreatment) and 
molasses

Rhodotorula pacifica INDKK Fermenter working volume - 300 mL; 
temperature - 30 ◦C; agitation − 200 rpm; 
pH - 5.4; aeration rate - 0.1, 0.5, 1 and 1.5 
vvm air; initial DO- 83.9, 95.5, 96.3 and 
115.6 g O2 /m3; fermentation period - 72 
h

​ Biodiesel -11.8 g/L; β-carotene - 210.4 
mg/L, animal feed -7.6 g; 
xylooligosaccharides - 20.4 g/L (from 
5% v/v: molasses - 35% v/v bagasse)

(Deeba et al., 
2022)

The present study 
(Sugarcane 
bagasse)

Mixed culture (anaerobic 
sludge)

Without supplementation of sewage andw 
ith the supplementation of sewage 
(Applicable to below mentioned 
pretreatment methods) 
*Acid pretreatment (pH adjusted to 7); 
alkaline pretreatment (pH adjusted to 8); 
hydrothermal pretreatment; 
acid+alkaline pretreatment; secondary 
pretreatment

Bioelectricity 250 kw/h from 100 kg sugarcane 
bagasse

Present study
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SCB hydrolysates as effective substrates for bioelectricity generation in 
MFCs. Furthermore, the integration of sewage with hydrolysate not only 
enhanced bioelectricity output but also contributes crucial buffering 
capacity, micronutrients, and improved ionic conductivity during MFCs 
operations. This innovative coupling exemplifies a circular economic 
approach, effectively combining agricultural waste valorization with 
wastewater reuse. The study also introduces a redox-controlled strategy 
that involves blending acid and alkaline hydrolysates, achieving in-situ 
pH stabilization without the addition of external chemicals. This opti
mization can lead to reduced operational costs and minimized reliance 
on chemical inputs, thereby promoting greater sustainability. The study 
provides a framework for integrating lignocellulosic waste valorization 
with bio-electrochemical technologies, supporting for sustainable bio
energy generation within the context of a circular economy.
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