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ABSTRACTS 

This study investigates the optimization of biobutanol production from cassava bagasse through 

simultaneous saccharification and fermentation (SSF) using Clostridium acetobutylicum. 

Cassava bagasse, sourced from Uselu market, Benin City, was compositionally characterized, 

revealing 53.33% cellulose, 16.67% hemicellulose, and 3.00% lignin. Alkaline pretreatment 

using 2% NaOH at 121°C for 60 minutes effectively disrupted the lignocellulosic structure, as 

confirmed by FTIR spectroscopy showing reduced lignin and enhanced cellulose accessibility. 

Response Surface Methodology based on Central Composite Design was employed to optimize 

three critical SSF parameters: pH (4.5-6.5), inoculum size (5-15% v/v), and temperature (30-

40°C). The quadratic model developed demonstrated excellent predictive accuracy (R² = 0.9624, 

adjusted R² = 0.9286) with pH and inoculum size identified as the most significant factors. 

Parametric validation studies confirmed maximum butanol production of 15.13 g/L at pH 6.0 and 

15.45 g/L at 13% v/v inoculum size. Kinetic models were successfully developed describing the 

relationships between process parameters and butanol concentration, with second-order 

polynomials achieving R² values exceeding 0.98. The final optimal conditions identified were pH 

6.0, inoculum size 12% v/v, and temperature 36°C, yielding a predicted butanol concentration of 

15.4 g/L. This research establishes cassava bagasse as a viable, sustainable feedstock for 

biobutanol production, offering environmental waste valorization, economic opportunities for 

cassava-processing regions, and contribution to Nigeria's renewable energy security. The 

developed optimization framework and kinetic models provide a foundation for industrial-scale 

implementation of lignocellulosic biobutanol production. 
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF STUDY 

The global energy landscape is undergoing a significant transformation, driven by increasing 

energy demand, the volatile nature of fossil fuel prices, and growing concerns over environmental 

pollution and climate change (World Energy Outlook 2023 – Analysis - IEA, n.d.). In this context, 

renewable energy sources, particularly biofuels, have emerged as promising alternatives to 

conventional fossil fuels. Biobutanol, a four-carbon alcohol, has garnered considerable attention 

as a superior biofuel compared to bioethanol due to its more favorable physiochemical properties 

(Dürre, 2008). Biobutanol boasts a higher energy density (29.2 MJ/L compared to 21.2 MJ/L for 

ethanol), lower vapor pressure, is less corrosive, and exhibits better blending capabilities with 

gasoline (Biobutanol Market Size & Forecast [2033], n.d.). Its immiscibility with water also 

prevents phase separation when blended with gasoline, making it a more desirable fuel additive 

(Guo et al., 2022). 

Traditionally, butanol has been produced through the Acetone-Butanol-Ethanol (ABE) 

fermentation process, primarily utilizing Clostridium species such as Clostridium acetobutylicum 

(Jones & Woods, 1986). This fermentation pathway involves two distinct phases: an acidogenic 

phase, where organic acids like acetic and butyric acids are produced, followed by a solventogenic 

phase, where these acids are re-assimilated and converted into solvents, namely acetone, butanol, 

and ethanol (Dürre, 2008). Historically, the Weizmann process, developed during World War I, 

utilized molasses and starch-based feedstocks for ABE fermentation (Ezeji et al., 2007). However, 
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the economics of this process declined with the advent of cheap petrochemical production of 

butanol. Renewed interest in biobutanol has shifted focus towards sustainable and cost-effective 

lignocellulosic biomass feedstocks (Guo et al., 2022). 

Lignocellulosic biomass, an abundant and renewable resource, consists primarily of cellulose, 

hemicellulose, and lignin (Galbe & Zacchi, 2007). These materials are attractive as feedstocks due 

to their low cost, widespread availability, and non-competition with food crops (Chen et al., 2017). 

Cassava bagasse, a prominent agricultural residue, is the fibrous byproduct generated during the 

processing of cassava tubers into starch, flour, or ethanol. Nigeria is the world's largest producer 

of cassava, with an annual production exceeding 60 million metric tons (FAOSTAT. (2023). 

FAOSTAT Production Database. Food and Agriculture Organization of the United Nations, n.d.), 

This extensive processing leads to the generation of substantial quantities of waste, including 

cassava bagasse. Globally, approximately 7% of cassava production is utilized by industries, 

leading to significant byproduct generation ((PDF) Pretreatment and Hydrolysis of Cassava Peels 

for Fermentable Sugar Production, n.d.). For instance, an estimated 47 tons of byproducts can be 

generated from 100 tons of tubers at a cassava starch processing center ((PDF) Pretreatment and 

Hydrolysis of Cassava Peels for Fermentable Sugar Production, n.d.). This makes cassava bagasse 

a highly promising and sustainable feedstock for biofuel production in Nigeria. 

The conversion of lignocellulosic biomass to biobutanol typically involves several steps: 

pretreatment, enzymatic hydrolysis (saccharification), and fermentation (Mosier et al., 2005). 

Pretreatment is crucial for breaking down the complex lignocellulosic structure, enhancing the 

accessibility of cellulose and hemicellulose to hydrolytic enzymes (Alvira et al., 2010). Enzymatic 

hydrolysis, facilitated by a cocktail of enzymes such as cellulases and hemicellulases, breaks down 

cellulose and hemicellulose into fermentable sugars (e.g., glucose, xylose) (Taherzadeh & Karimi, 
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2008). The efficiency of this hydrolysis step is critical as it directly impacts the sugar yield, which 

in turn influences the final biobutanol production. 

1.2 STATEMENT OF THE PROBLEM 

Despite the inherent advantages of biobutanol as a biofuel and the abundance of cassava bagasse 

as a feedstock, several challenges impede the economically viable production of biobutanol from 

lignocellulosic biomass via ABE fermentation. 

Firstly, the recalcitrant nature of lignocellulosic biomass, including cassava bagasse, presents a 

significant barrier. The intricate matrix of cellulose, hemicellulose, and lignin, along with the high 

crystallinity of cellulose, makes the material resistant to enzymatic degradation (Mosier et al., 

2005). While various pretreatment methods (e.g., dilute acid, steam explosion, alkaline) are 

employed to overcome this recalcitrance, they can lead to the formation of inhibitory compounds 

such as furfural, hydroxymethylfurfural (HMF), and acetic acid (Sun et al., 2019)These inhibitors 

negatively impact both the efficiency of enzymatic hydrolysis and the metabolic activity of 

Clostridium strains during fermentation (Palmqvist & Hahn-Hägerdal, 2000). For instance, 

furfural and HMF can damage cell membranes, generate reactive oxygen species (ROS), inhibit 

key enzymes in glycolysis, and interfere with DNA replication, while acetic acid can cause 

intracellular acidification and ATP depletion (Guo et al., 2022); (Alvira et al., 2010). 

Secondly, the enzymatic hydrolysis step itself often suffers from low efficiency, leading to 

suboptimal yields of fermentable sugars. Current enzyme cocktails, while effective to some extent, 

may not fully break down all components of pretreated cassava bagasse due to insufficient 

synergistic action between different enzyme classes (cellulases, hemicellulases, and accessory 

enzymes) (Van Dyk & Pletschke, 2012). This results in lower sugar concentrations in the 
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hydrolysate, directly limiting the substrate availability for Clostridium fermentation and 

consequently leading to lower biobutanol titers and yields (Ezeji et al., 2007). The high cost of 

enzymes also contributes significantly to the overall production cost, necessitating strategies to 

maximize their efficiency (J. Huang et al., 2019) 

Furthermore, ABE fermentation is characterized by low butanol titers and yields, as well as product 

inhibition, where accumulated butanol becomes toxic to the microbial cells at concentrations above 

15-20 g/L (Papoutsakis, 2008). This necessitates frequent removal of butanol or use of dilute 

substrates, which in turn increases downstream processing costs (Guo et al., 2022). Improving the 

initial saccharification efficiency by providing a higher concentration of fermentable sugars is 

therefore crucial for achieving higher butanol titers, even with the challenge of product inhibition. 

Therefore, there is a pressing need to investigate and optimize the enzyme combinations used in 

the hydrolysis of cassava bagasse to achieve maximum sugar release, thereby providing a robust 

substrate for enhanced biobutanol production. Identifying the best possible enzyme cocktail is 

paramount to improving the overall efficiency and economic viability of this biofuel production 

pathway. 

 

 

 

 

 

 



5 
 

1.3 AIMS AND OBJECTIVES 

Aim: 

The primary aim of this study is to optimize process parameters and develop kinetic models for 

biobutanol production through simultaneous saccharification and fermentation of alkaline-

pretreated cassava bagasse.  

Objectives: 

The specific objectives of this study are to: 

1. Determine the compositional characteristics (cellulose, hemicellulose, and lignin content) of 

cassava bagasse feedstock. 

2. Evaluate the structural changes in cassava bagasse before and after alkaline pretreatment using 

FTIR spectroscopy. 

3. Optimize simultaneous saccharification and fermentation (SSF) process parameters (pH, 

inoculum size, and temperature) using Response Surface Methodology for maximum 

biobutanol production. 

4. Develop and validate kinetic models describing the effects of pH and inoculum size on 

biobutanol concentration. 

5. Determine the optimal operating conditions for industrial-scale biobutanol production from 

cassava bagasse. 

1.4 SCOPE OF THE STUDY 

This study will primarily focus on the utilization of cassava bagasse, sourced locally from Uselu 

market, Benin City, Edo State, as a feedstock for biobutanol production. The scope encompasses 

the following key areas: 
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• Feedstock Preparation: Collection, sun-drying, milling, and characterization of cassava 

bagasse to uniform particle size (approximately 1.50 mm). 

• Compositional Analysis: Determination of cellulose, hemicellulose, and lignin content 

using sequential chemical extraction methods to establish baseline biomass characteristics. 

• Alkaline Pretreatment: Application of sodium hydroxide (NaOH) pretreatment to 

enhance the digestibility of cassava bagasse by removing lignin and disrupting the 

lignocellulosic matrix. 

• Structural Characterization: FTIR spectroscopy analysis to evaluate structural and 

chemical changes in the biomass before and after pretreatment. 

• Simultaneous Saccharification and Fermentation (SSF): Integration of enzymatic 

hydrolysis using commercial cellulase enzymes with acetone-butanol-ethanol (ABE) 

fermentation using Clostridium acetobutylicum in a single-step process. The core of the 

study involves optimizing critical SSF process parameters including pH, temperature, and 

inoculum size using Response Surface Methodology (RSM) based on Central Composite 

Design. 

• Process Optimization: Statistical experimental design (Central Composite Design) will 

be employed to identify optimal combinations of pH (4.5-6.5), inoculum size (5-15% v/v), 

and temperature (30-40°C) that maximize biobutanol yield and productivity. 

• Kinetic Modeling: Development of empirical kinetic models to describe the relationships 

between process parameters and biobutanol production, enabling prediction of 

fermentation performance under various operating conditions. 
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• Product Analysis: Quantification of biobutanol, acetone, and ethanol (ABE solvents) in 

the fermentation broth using gas chromatography or HPLC, along with monitoring of 

residual sugars, pH, and cell density throughout the fermentation process. 

The study evaluates the technical feasibility of biobutanol production from cassava bagasse 

through optimized SSF, with emphasis on maximizing butanol concentration and establishing 

optimal process conditions for potential industrial application. 

1.5 RELEVANCE OF THE STUDY 

This study holds significant relevance from environmental, economic, and energy security 

perspectives, particularly in the Nigerian context: 

• Environmental Sustainability: Nigeria, as the largest producer of cassava, generates 

enormous quantities of cassava bagasse, which often goes to waste or is disposed of 

indiscriminately, leading to environmental pollution and greenhouse gas emissions from 

decomposition or burning (PDF) Pretreatment and Hydrolysis of Cassava Peels for 

Fermentable Sugar Production, n.d.). This project offers a sustainable waste management 

solution by valorizing this agricultural residue into a high-value biofuel, thereby reducing 

environmental burden and promoting a circular economy. The efficient utilization of 

cassava bagasse aligns with the principles of biorefinery, converting waste into wealth. 

• Economic Viability and Rural Development: The production of biobutanol from an 

abundant, low-cost feedstock like cassava bagasse can significantly reduce the overall 

production cost of this biofuel, making it more economically competitive with fossil fuels. 

It also creates a new value chain for cassava processors and farmers, adding economic 

value to what was once considered waste. This could stimulate rural economic 
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development through job creation in biomass collection, processing, and biofuel 

production, contributing to local livelihoods. 

• Energy Security and Independence: Nigeria heavily relies on fossil fuels, leading to 

concerns about energy security and fluctuating global oil prices. Biobutanol, with its 

superior fuel properties, offers a viable alternative or additive to gasoline. Developing 

domestic biobutanol production capabilities from locally available resources like cassava 

bagasse will contribute to reducing the nation's dependence on imported fossil fuels, 

enhancing energy independence, and diversifying its energy mix. This aligns with national 

goals of promoting renewable energy and sustainable development. 

• Technological Advancement: The optimization of enzyme combinations in enzymatic 

hydrolysis represents a critical advancement in biofuel technology. By improving the 

efficiency of sugar release, the study contributes to overcoming one of the major 

bottlenecks in lignocellulosic biofuel production. The findings can be extended to other 

lignocellulosic feedstocks, potentially accelerating the transition towards a more 

sustainable bio-economy. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 ENERGY 

Energy serves as the fundamental driving force for all economic activities and societal 

development. The global energy landscape has undergone significant transformations over the past 

century, with increasing recognition of the need for sustainable energy sources to address 

environmental concerns and energy security challenges. Traditional energy systems have 

predominantly relied on fossil fuels, which have contributed to greenhouse gas emissions and 

climate change (Cherwoo et al., 2023). The growing global population and industrialization have 

intensified energy demand, necessitating a paradigm shift toward more sustainable energy 

alternatives. 

The concept of energy encompasses various forms including mechanical, thermal, electrical, and 

chemical energy. In the context of biofuel production, chemical energy stored in organic 

compounds becomes particularly relevant. Energy conversion processes involve transforming one 

form of energy into another, with efficiency considerations playing a crucial role in determining 

the viability of different energy systems (Badwal et al., 2014). The thermodynamic principles 

governing these conversions establish fundamental limitations and optimization opportunities in 

energy production and utilization. 

Energy security has emerged as a critical national and global concern, particularly for developing 

nations heavily dependent on energy imports. The volatility of fossil fuel prices and geopolitical 

tensions surrounding conventional energy sources have highlighted the importance of diversifying 

energy portfolios (Jewitt & Raman, 2017). This recognition has catalyzed research and 
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development efforts toward renewable energy technologies, including bioenergy systems that can 

contribute to energy independence while addressing environmental sustainability goals. 

2.1.1 RENEWABLE ENERGY 

Renewable energy sources represent naturally replenishing resources that can be harvested without 

depleting the Earth's finite reserves. These sources include solar, wind, hydroelectric, geothermal, 

and bioenergy systems, each offering unique advantages and challenges in terms of scalability, 

reliability, and cost-effectiveness (Philander, 2012). The renewable energy sector has experienced 

unprecedented growth in recent decades, driven by technological advances, policy support, and 

increasing cost competitiveness relative to conventional energy sources. 

The transition to renewable energy systems involves complex technical, economic, and social 

considerations. Policy frameworks play a crucial role in facilitating this transition, with various 

countries implementing renewable energy directives, feed-in tariffs, and carbon pricing 

mechanisms to incentivize clean energy adoption (Harnesk & Brogaard, 2017). However, the 

implementation of renewable energy policies can have unintended consequences, including land 

use pressures and social impacts in developing regions. 

Renewable energy technologies offer significant environmental benefits compared to fossil fuel-

based systems, including reduced greenhouse gas emissions, improved air quality, and minimized 

ecological disruption. Nevertheless, the intermittency of some renewable sources, such as solar 

and wind power, presents challenges for grid stability and energy storage requirements (Tagotra, 

2017). These challenges have spurred innovations in energy storage technologies and smart grid 

systems to enhance the reliability and efficiency of renewable energy integration. 
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The economic viability of renewable energy has improved substantially, with many technologies 

achieving grid parity in various markets. The learning curve effects and economies of scale have 

contributed to dramatic cost reductions, particularly in solar photovoltaic and wind energy systems 

(Bhat & Sofi, 2021). This economic transformation has made renewable energy increasingly 

attractive to both developed and developing nations seeking sustainable development pathways. 

2.1.2 BIOENERGY 

Bioenergy represents a renewable energy form derived from biological materials, including 

agricultural residues, forestry wastes, energy crops, and organic municipal wastes. This energy 

source offers unique advantages in terms of carbon neutrality, as the carbon dioxide released during 

bioenergy utilization is theoretically balanced by the carbon dioxide absorbed during biomass 

growth (Cherwoo et al., 2023). The versatility of bioenergy systems enables their application 

across multiple sectors, including electricity generation, heating, and transportation fuels. 

The bioenergy sector encompasses various conversion pathways, including thermochemical, 

biochemical, and electrochemical processes. Thermochemical conversion involves combustion, 

gasification, and pyrolysis processes that convert biomass into heat, electricity, or synthetic fuels. 

Biochemical conversion relies on biological agents such as enzymes and microorganisms to break 

down complex organic compounds into simpler molecules that can be further processed into 

biofuels (Dunford, 2012). Electrochemical conversion represents an emerging approach that 

combines biological and electrochemical processes for enhanced energy conversion efficiency. 

The sustainability of bioenergy systems depends on various factors, including feedstock selection, 

conversion efficiency, and lifecycle environmental impacts. Sustainable bioenergy production 

requires careful consideration of land use changes, biodiversity impacts, and competition with food 

production systems (Qureshi et al., 2014). The development of second and third-generation 
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biofuels has addressed some of these concerns by utilizing non-food feedstocks and improving 

conversion efficiencies. 

Bioenergy economics are influenced by feedstock costs, conversion technology capital and 

operating expenses, and product market prices. The economic competitiveness of bioenergy varies 

significantly across different regions and applications, with policy support often playing a decisive 

role in market development (Bhat & Sofi, 2021). The integration of bioenergy systems with 

existing energy infrastructure requires substantial investments but offers opportunities for rural 

development and job creation in agricultural and forestry sectors. 

2.2 BIOFUEL 

Biofuels represent liquid or gaseous fuels derived from biological materials that can substitute for 

petroleum-based fuels in transportation and industrial applications. The development of biofuels 

has been motivated by concerns about energy security, environmental sustainability, and rural 

economic development. Biofuels offer the advantage of compatibility with existing fuel 

distribution infrastructure and internal combustion engines, facilitating their integration into 

current transportation systems (Balat et al., 2008). 

The biofuel industry has evolved through multiple generations of technology development. First-

generation biofuels, primarily ethanol from corn and sugarcane and biodiesel from vegetable oils, 

established the commercial foundation for the industry but raised concerns about food versus fuel 

competition. Second-generation biofuels utilize lignocellulosic biomass and agricultural residues, 

addressing some sustainability concerns while presenting technical challenges related to biomass 

recalcitrance and conversion efficiency (Haghighi Mood et al., 2013) 
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Biofuel production involves complex biochemical and chemical processes that convert biomass 

feedstocks into fuel molecules. The production pathway typically includes feedstock preparation, 

pretreatment, conversion, and purification steps. Each step presents optimization opportunities and 

technical challenges that influence overall process economics and environmental performance. 

Advanced biofuel technologies continue to evolve, with research focusing on novel 

microorganisms, enzyme systems, and process intensification strategies. 

The global biofuel market has experienced significant growth, with production volumes reaching 

substantial scales in major producing regions. However, market development has been heavily 

influenced by government policies, including mandates, subsidies, and trade regulations (Sorda et 

al., 2010). The sustainability and economic viability of biofuel production systems continue to be 

subjects of ongoing research and policy debate, with emphasis on lifecycle assessments and 

techno-economic analyses. 

2.2.1. BIOFUELS IN NIGERIA: OVERVIEW 

Biofuels represent a promising avenue for Nigeria to diversify its energy sources, reduce 

dependence on fossil fuels, and address environmental challenges such as climate change and 

waste management. As Africa's largest oil producer, Nigeria consumes vast amounts of petroleum 

products but faces issues like power outages, fuel subsidies, and pollution from traditional fuels 

like kerosene and firewood. Biofuels, derived from organic materials, could mitigate these by 

providing cleaner alternatives for transportation, cooking, and electricity generation. However, 

development has been slow since the inception of the national biofuel program in 2007, with 

production largely limited to small-scale initiatives and imports filling gaps. This review covers 

the types of biofuels, production landscape, policies, distribution mechanisms, challenges, and 

future prospects, drawing from recent and historical data. 
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2.2.2 GENERATION OF BIOFUEL 

The classification of biofuels into different generations reflects the evolution of feedstock sources 

and conversion technologies. First-generation biofuels utilize food crops and vegetable oils as 

primary feedstocks, including corn ethanol, sugarcane ethanol, and biodiesel from soybean oil. 

While these fuels demonstrated commercial viability and established supply chains, concerns 

about food security and land use changes prompted the development of advanced biofuel 

technologies (Cherwoo et al., 2023). 

 

Figure 2.1: Generation of Biofuel diagram 

Second-generation biofuels address sustainability concerns by utilizing non-food biomass sources, 

including agricultural residues, forestry wastes, and dedicated energy crops. These feedstocks offer 

advantages in terms of carbon footprint reduction and avoiding direct competition with food 

production. However, the complex structure of lignocellulosic biomass presents technical 

challenges that require advanced pretreatment and conversion technologies to achieve economic 

viability (Haghighi Mood et al., 2013). 

Third-generation biofuels represent emerging technologies that utilize algae, microorganisms, and 

synthetic biology approaches to produce advanced fuel molecules. These technologies offer 

potential advantages in terms of productivity, land use efficiency, and fuel quality characteristics. 
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However, most third-generation biofuel technologies remain in research and development phases, 

with significant technical and economic hurdles to overcome before commercial deployment. 

Fourth-generation biofuels encompass futuristic concepts that integrate carbon capture and 

utilization technologies with biofuel production. These systems aim to achieve carbon-negative 

fuel production by capturing atmospheric carbon dioxide and converting it into fuel molecules 

using biological or hybrid biological-chemical processes. While conceptually promising, fourth-

generation biofuels require breakthrough innovations in multiple technology areas. 

The transition between biofuel generations reflects ongoing efforts to improve sustainability, 

reduce costs, and enhance performance characteristics. Each generation builds upon lessons 

learned from previous technologies while addressing emerging challenges and opportunities. The 

development timeline and commercial success of different biofuel generations vary significantly 

across regions and applications, influenced by local resources, policies, and market conditions. 

2.3 FERMENTABLE SUGAR 

Fermentable sugars serve as the fundamental building blocks for biofuel production through 

fermentation processes. These simple carbohydrate molecules, including glucose, fructose, xylose, 

and other monosaccharides, can be readily converted by microorganisms into various biofuel 

products. The availability and cost of fermentable sugars significantly influence the economics of 

biofuel production, making sugar yield optimization a critical consideration in biorefinery design 

(Gusakov et al., 2007). 
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Figure 2.2: Fermentable Sugar diagram 

The production of fermentable sugars from lignocellulosic biomass involves the breakdown of 

complex polysaccharides into their constituent monomeric units. Cellulose and hemicellulose 

represent the primary sources of fermentable sugars in plant biomass, requiring hydrolysis 

processes to release individual sugar molecules. The efficiency of sugar liberation depends on 

biomass composition, pretreatment effectiveness, and hydrolysis conditions (C. Huang et al., 

2021) 

Different sugar types exhibit varying fermentation characteristics and yield when converted to 

biofuels. Hexose sugars, such as glucose and fructose, are readily fermented by most 

microorganisms and typically achieve high conversion yields. Pentose sugars, including xylose 

and arabinose, present greater challenges for microbial utilization, requiring specialized 

microorganisms or genetic modifications to achieve efficient fermentation (Hahn-Hägerdal et al., 

2007) 
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The concentration and purity of fermentable sugar solutions significantly impact fermentation 

performance and product yields. High sugar concentrations can improve volumetric productivity 

but may result in osmotic stress on microorganisms. Impurities derived from biomass pretreatment 

and hydrolysis processes can inhibit microbial growth and fermentation, necessitating purification 

or detoxification steps (Ezeji et al., 2007) 

Sugar utilization pathways in microorganisms involve complex metabolic networks that can be 

engineered to improve biofuel production. Metabolic engineering approaches focus on optimizing 

enzyme expression, eliminating competing pathways, and enhancing stress tolerance to maximize 

sugar conversion efficiency. These biotechnological interventions represent key strategies for 

improving the economic viability of sugar-based biofuel production systems. 

2.4 LIGNOCELLULOSIC BIOMASS 

Lignocellulosic biomass represents the most abundant renewable organic material on Earth, 

consisting primarily of agricultural residues, forestry wastes, and dedicated energy crops. This 

biomass type offers significant advantages as a biofuel feedstock, including low cost, minimal 

competition with food production, and substantial availability. The complex structure of 

lignocellulosic biomass, however, presents technical challenges that must be addressed to enable 

efficient biofuel production (Kenney et al., 2013) 

The heterogeneous composition of lignocellulosic biomass varies significantly among different 

plant species and tissue types. This variability affects processing requirements and conversion 

yields, necessitating feedstock-specific optimization of pretreatment and conversion processes. 

Understanding biomass composition and structure is essential for designing effective biorefinery 

systems and predicting process performance (Kenney et al., 2013). 
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Lignocellulosic biomass processing typically involves multiple unit operations, including size 

reduction, pretreatment, hydrolysis, fermentation, and product recovery. Each step must be 

optimized considering the specific characteristics of the biomass feedstock and the desired product 

specifications. The integration of these unit operations presents opportunities for process 

intensification and energy integration to improve overall system efficiency. 

The recalcitrant nature of lignocellulosic biomass stems from its evolutionary development as a 

structural material designed to resist degradation. This recalcitrance manifests as resistance to 

enzymatic and microbial attack, requiring aggressive pretreatment conditions to render the 

biomass amenable to bioconversion. Overcoming biomass recalcitrance while minimizing energy 

inputs and chemical consumption represents a central challenge in lignocellulosic biofuel 

production. 

2.4.1 CELLULOSE 

Cellulose constitutes the most abundant component of lignocellulosic biomass, typically 

representing 40-50% of dry weight in most plant materials. This linear polymer of glucose units 

linked by β-1,4-glycosidic bonds forms highly ordered crystalline structures that provide 

mechanical strength to plant cell walls. The crystalline nature of cellulose contributes significantly 

to biomass recalcitrance, as the tightly packed polymer chains resist enzymatic attack and chemical 

penetration (C. Huang et al., 2021). 

The hierarchical structure of cellulose involves multiple levels of organization, from individual 

polymer chains to microfibrils and larger fibrous structures. This organization creates both 

accessible and inaccessible regions within the cellulose matrix, influencing the effectiveness of 

hydrolysis processes. The degree of polymerization and crystallinity index are key parameters that 

affect cellulose digestibility and sugar yield potential. 
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Figure 2.3: Structure of Cellulose(Acharya & Chaudhary, 2012) 

Cellulose hydrolysis requires a synergistic combination of different enzyme types to achieve 

efficient glucose liberation. Endoglucanases cleave internal bonds in cellulose chains, creating new 

chain ends for exoglucanase action. Exoglucanases progressively remove cellobiose units from 

chain ends, while β-glucosidases convert cellobiose to glucose. The coordinated action of these 

enzyme types is essential for complete cellulose conversion (Bhattacharya et al., 2015) 

The accessibility of cellulose to enzymatic attack is greatly enhanced by pretreatment processes 

that disrupt the lignocellulosic matrix and increase surface area. Physical, chemical, and biological 

pretreatments can alter cellulose structure and crystallinity, improving enzyme binding and 

hydrolysis rates. The optimization of pretreatment conditions must balance cellulose accessibility 

with the preservation of glucose yield potential. 

Recent advances in cellulose hydrolysis include the discovery of lytic polysaccharide 

monooxygenases (LPMOs) that can enhance enzymatic cellulose degradation. These copper-

dependent enzymes introduce oxidative breaks in cellulose chains, creating additional sites for 

conventional cellulase action. The integration of LPMOs with traditional cellulase systems has 



20 
 

demonstrated significant improvements in hydrolysis efficiency and sugar yields (Ogunyewo et 

al., 2020). 

2.4.2 HEMICELLULOSE 

Hemicellulose represents a diverse group of polysaccharides that typically comprises 20-30% of 

lignocellulosic biomass dry weight. Unlike cellulose, hemicellulose exhibits significant structural 

diversity, with different plant species and tissues containing varying proportions of xylan, mannan, 

and other polysaccharide types. This structural diversity requires flexible processing approaches 

that can accommodate different hemicellulose compositions and properties (Martínez et al., 2008). 

Xylan constitutes the predominant hemicellulose type in many plant materials, consisting of a 

backbone of β-1,4-linked xylose units with various side chain substitutions. These side chains, 

including acetyl, arabinosyl, and glucuronyl groups, influence the accessibility and hydrolysis 

characteristics of xylan. The degree and pattern of substitution vary among plant species and affect 

enzyme specificity requirements for efficient hemicellulose conversion. 

Hemicellulose hydrolysis typically occurs more readily than cellulose hydrolysis due to its 

amorphous structure and lower degree of polymerization. However, the diverse composition of 

hemicellulose requires a complex enzyme mixture for complete conversion to monomeric sugars. 

Endo-xylanases, β-xylosidases, α-arabinofuranosidases, and acetyl esterases work synergistically 

to achieve efficient hemicellulose depolymerization (Bhattacharya et al., 2015). 

The location of hemicellulose within the lignocellulosic matrix significantly influences its 

accessibility to enzymatic attack. Hemicellulose acts as a cementing material between cellulose 

microfibrils and is often cross-linked to lignin through ester and ether bonds. Pretreatment 

processes that selectively remove or modify hemicellulose can greatly enhance overall biomass 

digestibility by improving enzyme access to cellulose surfaces. 
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The fermentation of hemicellulose-derived sugars presents unique challenges compared to 

cellulose-derived glucose. Pentose sugars, particularly xylose, require specialized metabolic 

pathways for efficient utilization by most biofuel-producing microorganisms. The development of 

pentose-fermenting strains and metabolic engineering approaches has significantly improved the 

utilization of hemicellulose-derived sugars in biofuel production processes. 

 

Figure 2.4: Structure of Hemicellulose  (Hu et al., 2020) 

2.4.3 LIGNIN 

Lignin represents the third major component of lignocellulosic biomass, typically comprising 15-

30% of dry weight in woody materials and somewhat lower percentages in agricultural residues. 

This complex aromatic polymer provides structural rigidity and protection against microbial 

degradation, serving as a natural defense mechanism for plants. The presence of lignin 

significantly contributes to biomass recalcitrance and poses major challenges for biofuel 

production processes (Sheng et al., 2021) 

The chemical structure of lignin consists of three primary monolignol units: p-coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol, which form p-hydroxyphenyl (H), guaiacyl (G), and 
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syringyl (S) units in the polymer. The relative proportions of these units vary among plant species 

and affect lignin properties and reactivity. Lignin structure also involves various inter-unit linkage 

types, with β-O-4 bonds being the most abundant but several other linkage types contributing to 

polymer complexity (Rencoret et al., 2011). 

Lignin's impact on biomass processing extends beyond simple physical barriers to enzyme access. 

Lignin can nonproductively bind enzymes, reducing the effective enzyme concentration available 

for polysaccharide hydrolysis. The phenolic compounds released during lignin degradation can 

also inhibit microbial growth and fermentation, necessitating detoxification strategies in biofuel 

production processes (W. Wu et al., 2023) 

Pretreatment technologies specifically target lignin removal or modification to improve biomass 

digestibility. Alkaline pretreatments effectively remove lignin through nucleophilic attack on ester 

and ether bonds, while acidic pretreatments cause lignin condensation and redistribution. The 

choice of pretreatment approach significantly influences the extent of lignin modification and 

subsequent processing requirements. 

The valorization of lignin represents both a challenge and opportunity in biorefinery systems. 

While lignin removal improves sugar accessibility, the isolated lignin can serve as a valuable co-

product for chemicals and materials production. Lignin depolymerization to phenolic monomers, 

conversion to carbon fibers, and use as a fuel for biorefinery energy needs represent potential 

value-addition strategies that can improve overall process economics (Sheng et al., 2021). 
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Figure 2.5: Structure of Lignin (T. A. Khan et al., 2019) 

 

2.5 PRETREATMENT 

Pretreatment represents a critical unit operation in lignocellulosic biofuel production that aims to 

overcome biomass recalcitrance and enhance the accessibility of polysaccharides to enzymatic 

hydrolysis. The selection and optimization of pretreatment technologies significantly influence 

downstream processing efficiency, product yields, and overall process economics. Effective 

pretreatment must achieve multiple objectives while minimizing energy consumption, chemical 

usage, and the formation of inhibitory compounds (M. U. Khan et al., 2022). 

The mechanisms of pretreatment action involve physical disruption of biomass structure, chemical 

modification of lignin and hemicellulose, and creation of increased surface area for enzyme access. 

Different pretreatment approaches achieve these objectives through various pathways, including 

mechanical comminution, thermal decomposition, chemical solvolysis, and biological 
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degradation. The selection of appropriate pretreatment methods depends on feedstock 

characteristics, process constraints, and product specifications. 

Pretreatment optimization involves balancing multiple competing objectives, including 

maximizing sugar accessibility, minimizing sugar degradation, reducing inhibitor formation, and 

controlling process costs. This optimization challenge requires comprehensive understanding of 

pretreatment chemistry, kinetics, and mass transfer phenomena. Mathematical modeling and 

experimental validation are essential tools for pretreatment development and scale-up. 

The integration of pretreatment with downstream processing operations presents opportunities for 

process intensification and energy integration. Heat integration between pretreatment and other 

thermal processes can improve overall energy efficiency. The recovery and recycle of pretreatment 

chemicals can reduce operating costs and environmental impacts. These integration opportunities 

require careful consideration during biorefinery design and operation. 

 

Figure 2.6: Pretreatment Methods(Mankar et al., 2021) 



25 
 

2.5.1 PHYSICAL PRETREATMENT 

Physical pretreatment encompasses mechanical processes that reduce particle size and disrupt 

biomass structure without the addition of chemicals or significant temperature increases. These 

methods include grinding, milling, chipping, and other size reduction operations that increase 

surface area and improve accessibility of internal biomass components. Physical pretreatment 

often serves as a preliminary step that enhances the effectiveness of subsequent chemical or 

biological treatments (Luo et al., 2014) 

Mechanical comminution processes involve applying external forces to overcome the tensile and 

shear strength of biomass materials. The effectiveness of size reduction depends on biomass 

moisture content, fiber orientation, and mechanical properties. Different mill types, including 

hammer mills, ball mills, and knife mills, exhibit varying performance characteristics in terms of 

energy consumption, particle size distribution, and fiber damage. 

Ultrasonic pretreatment represents an advanced physical approach that utilizes high-frequency 

sound waves to create cavitation effects in biomass slurries. The collapse of cavitation bubbles 

generates localized high pressures and temperatures that can disrupt cell walls and improve mass 

transfer. Ultrasonic treatment has demonstrated effectiveness in enhancing enzymatic hydrolysis 

yields, particularly when combined with other pretreatment methods (de Carvalho Silvello et al., 

2019). 

The energy requirements for physical pretreatment can be substantial, particularly for achieving 

fine particle sizes. Energy consumption increases exponentially with decreasing particle size, 

creating economic trade-offs between size reduction extent and processing costs. Optimization of 

physical pretreatment requires balancing energy inputs with improvements in downstream 

processing efficiency and product yields. 
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Physical pretreatment methods offer advantages in terms of environmental compatibility and 

process simplicity, as they typically do not require chemical additions or generate liquid waste 

streams. However, the energy intensity of mechanical processes can limit their economic 

attractiveness unless carefully integrated with heat recovery systems or combined with other 

pretreatment approaches. 

2.5.2 PHYSICOCHEMICAL PRETREATMENT 

Physicochemical pretreatment methods combine physical and chemical mechanisms to achieve 

biomass disruption and component modification. These approaches typically involve elevated 

temperatures and pressures along with chemical additives to enhance pretreatment effectiveness. 

Steam explosion, ammonia fiber expansion (AFEX), and CO2 explosion represent prominent 

examples of physicochemical pretreatment technologies that have demonstrated commercial 

potential (Zhao et al., 2019). 

Steam explosion involves treating biomass with high-pressure steam followed by rapid pressure 

release that causes explosive decompression. The combination of high temperature, moisture, and 

mechanical disruption during pressure release achieves significant biomass modification with 

minimal chemical consumption. The severity of steam explosion treatment can be controlled 

through temperature, residence time, and the optional addition of catalytic agents such as dilute 

acids (Jiang & Guo, 2016). 

Ammonia fiber expansion utilizes liquid ammonia under elevated pressure to swell biomass fibers 

and disrupt lignin-carbohydrate linkages. The rapid ammonia release creates mechanical 

disruption while the alkaline environment promotes lignin solubilization and hemicellulose 

modification. AFEX pretreatment preserves most of the biomass components while significantly 

improving enzymatic digestibility. 
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Supercritical CO2 pretreatment represents an environmentally benign approach that utilizes carbon 

dioxide above its critical point to extract lignin and enhance biomass porosity. The unique 

properties of supercritical CO2, including its penetration ability and selective extraction 

characteristics, make it attractive for biomass pretreatment applications. Recent studies have 

demonstrated enhanced enzymatic hydrolysis following supercritical CO2 treatment (de Carvalho 

Silvello et al., 2020). 

The optimization of physicochemical pretreatment requires careful control of operating conditions 

to maximize benefits while minimizing energy consumption and equipment costs. Process 

modeling and simulation tools play important roles in understanding the complex interactions 

between physical and chemical mechanisms during pretreatment. Scale-up considerations include 

heat and mass transfer limitations, equipment design requirements, and safety considerations for 

high-pressure operations. 

2.5.3 CHEMICAL PRETREATMENT 

Chemical pretreatment methods utilize acids, bases, solvents, or other reactive chemicals to 

selectively modify or remove biomass components that contribute to recalcitrance. These 

approaches can achieve high levels of biomass modification with relatively low energy 

requirements, but they typically require chemical recovery systems and waste treatment facilities 

to address environmental concerns. The selection of chemical pretreatment methods depends on 

feedstock characteristics, desired selectivity, and economic considerations (Chen et al., 2017). 

Acid pretreatment involves treating biomass with dilute or concentrated acids under elevated 

temperatures to hydrolyze hemicellulose and modify lignin structure. Dilute acid pretreatment 

typically uses 0.5-4% sulfuric acid at temperatures of 140-200°C to achieve selective 

hemicellulose removal while preserving cellulose for subsequent enzymatic hydrolysis. The 
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formation of inhibitory compounds, including furfural and hydroxymethylfurfural, represents a 

significant challenge that requires optimization of pretreatment conditions (Wan et al., 2019). 

Alkaline pretreatment employs bases such as sodium hydroxide, potassium hydroxide, or ammonia 

to remove lignin and acetyl groups from hemicellulose. The nucleophilic nature of alkaline 

conditions promotes ester and ether bond cleavage, leading to lignin solubilization and improved 

polysaccharide accessibility. Alkaline pretreatment typically requires lower temperatures than acid 

pretreatment but longer residence times to achieve comparable effectiveness (X. Wu et al., 2018) 

Ionic liquid pretreatment represents an emerging approach that utilizes room-temperature ionic 

liquids as solvents for biomass components. These designer solvents can selectively dissolve 

lignin, cellulose, or other biomass components depending on their chemical structure. The unique 

properties of ionic liquids, including their negligible vapor pressure and tunable selectivity, make 

them attractive for biomass pretreatment applications despite their high cost (Chang et al., 2017). 

Organic solvent pretreatment methods use alcohols, organic acids, or solvent mixtures to extract 

lignin and other biomass components. The organosolv process utilizes alcohol-water mixtures with 

acid catalysts to achieve selective lignin removal while preserving carbohydrate components. 

These processes can produce high-purity lignin co-products but require solvent recovery systems 

to achieve economic viability. 

Deep eutectic solvents (DES) represent a novel class of pretreatment chemicals formed by mixing 

hydrogen bond acceptors and donors to create eutectic mixtures with unique properties. DES can 

effectively disrupt biomass structure while offering advantages in terms of cost, biodegradability, 

and recyclability compared to ionic liquids. Recent research has demonstrated the effectiveness of 

DES pretreatment for various lignocellulosic feedstocks (Lin et al., 2020) 
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2.5.4 BIOLOGICAL PRETREATMENT 

Biological pretreatment employs microorganisms, enzymes, or their metabolites to selectively 

modify biomass components and reduce recalcitrance. This approach offers advantages in terms 

of environmental compatibility, mild operating conditions, and high selectivity, but typically 

requires longer treatment times compared to chemical or physicochemical methods. The 

development of effective biological pretreatment systems requires understanding of microbial 

physiology, enzyme biochemistry, and biomass-microbe interactions (Dutta, 2020). 

Fungal pretreatment utilizes white-rot, brown-rot, or soft-rot fungi to selectively degrade lignin or 

other biomass components. White-rot fungi, in particular, have evolved sophisticated enzyme 

systems for lignin degradation, including lignin peroxidases, manganese peroxidases, and laccases. 

These enzymes can achieve selective lignin removal while preserving carbohydrate components, 

making them attractive for biomass pretreatment applications. 

Bacterial pretreatment employs various bacterial species that can degrade specific biomass 

components or produce enzymes with pretreatment potential. Some bacterial strains can 

selectively remove hemicellulose or modify lignin structure through enzymatic or chemical 

mechanisms. The advantage of bacterial systems includes faster growth rates compared to fungi 

and the potential for genetic modification to enhance pretreatment capabilities. 

Enzyme pretreatment involves the direct application of purified or crude enzyme preparations to 

achieve biomass modification. Lytic polysaccharide monooxygenases (LPMOs) have shown 

particular promise for biological pretreatment due to their ability to create oxidative breaks in 

polysaccharide chains. The combination of LPMOs with other enzymes can achieve synergistic 

effects in biomass deconstruction (Frommhagen et al., 2017). 
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The economics of biological pretreatment are influenced by enzyme production costs, treatment 

times, and the need for sterile operating conditions. Advances in enzyme engineering and 

production technologies continue to improve the economic attractiveness of biological 

pretreatment methods. The integration of biological pretreatment with other processing steps can 

help offset the longer residence times through improved overall process performance. 

2.5.5 GOALS OF PRETREATMENT 

The primary goals of biomass pretreatment encompass multiple interconnected objectives that 

collectively enable efficient biofuel production from lignocellulosic materials. The foremost goal 

involves increasing the accessibility of cellulose and hemicellulose to enzymatic attack by 

disrupting the protective lignin barrier and reducing biomass recalcitrance. This enhancement of 

polysaccharide accessibility directly translates to improved enzymatic hydrolysis rates and higher 

sugar yields in downstream processing operations (C. Huang et al., 2021). 

Preservation of carbohydrate components during pretreatment represents another critical objective 

that must be balanced against the need for structural disruption. Excessive pretreatment conditions 

can lead to sugar degradation and the formation of inhibitory compounds that negatively impact 

subsequent fermentation processes. The optimization of pretreatment severity requires careful 

consideration of reaction kinetics and the competing rates of beneficial structural changes versus 

detrimental sugar losses (Ezeji et al., 2007). 

Minimizing the formation of microbial inhibitors constitutes an important pretreatment goal that 

influences downstream fermentation performance. Inhibitory compounds, including furan 

aldehydes, phenolic compounds, and organic acids, can severely impair microbial growth and 

product formation. Pretreatment optimization strategies must consider inhibitor formation 
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mechanisms and implement measures to reduce their concentration through process modifications 

or post-treatment detoxification steps. 

Economic viability represents an overarching goal that encompasses capital costs, operating 

expenses, and energy consumption associated with pretreatment operations. The development of 

cost-effective pretreatment technologies requires minimizing chemical consumption, reducing 

energy requirements, and enabling efficient recovery and recycle of process chemicals. The 

integration of pretreatment with other biorefinery operations can improve overall economics 

through heat integration, waste utilization, and co-product generation. 

Environmental sustainability serves as an increasingly important pretreatment goal that considers 

lifecycle impacts, waste generation, and resource consumption. Sustainable pretreatment 

approaches minimize the use of hazardous chemicals, reduce waste streams, and enable the 

recovery of valuable co-products. The development of green pretreatment technologies aligns with 

broader sustainability objectives in biofuel production systems. 

2.6 HYDROLYSIS 

Hydrolysis represents the critical conversion step in lignocellulosic biofuel production where 

pretreated biomass polysaccharides are depolymerized into fermentable monomeric sugars. This 

process can be accomplished through enzymatic, chemical, or combined approaches, each offering 

distinct advantages and limitations in terms of selectivity, yield, and operating conditions. The 

efficiency of hydrolysis directly impacts downstream fermentation performance and overall 

biofuel production economics (Junior et al., 2021) 

The kinetics of biomass hydrolysis involve complex heterogeneous reactions that occur at solid-

liquid interfaces. The rate of hydrolysis depends on multiple factors, including substrate 
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accessibility, enzyme activity, mass transfer limitations, and product inhibition effects. 

Understanding these kinetic phenomena is essential for optimizing hydrolysis conditions and 

designing efficient reactor systems for commercial applications. 

Hydrolysis optimization requires balancing multiple objectives, including maximizing sugar yield, 

minimizing reaction time, reducing enzyme consumption, and controlling inhibitor formation. The 

development of effective hydrolysis processes involves experimental studies, kinetic modeling, 

and techno-economic analysis to identify optimal operating conditions and reactor configurations. 

The integration of hydrolysis with other biorefinery operations presents opportunities for process 

intensification and cost reduction. Simultaneous saccharification and fermentation (SSF) combines 

hydrolysis and fermentation in a single reactor, reducing capital costs and potentially improving 

overall yields. However, SSF requires compromise between optimal conditions for hydrolysis and 

fermentation, potentially limiting overall process performance. 

2.6.1 ENZYMATIC HYDROLYSIS 

Enzymatic hydrolysis utilizes cellulase and hemicellulase enzyme systems to convert pretreated 

biomass polysaccharides into fermentable sugars under mild conditions. This approach offers 

advantages in terms of selectivity, environmental compatibility, and product quality compared to 

chemical hydrolysis methods. However, enzymatic hydrolysis typically requires longer reaction 

times and higher enzyme loadings, which can significantly impact process economics (Gusakov 

et al., 2007). 

The cellulase enzyme system consists of multiple enzyme types that work synergistically to 

achieve complete cellulose conversion. Endoglucanases randomly cleave internal β-1,4-glycosidic 

bonds in cellulose chains, creating new reducing and non-reducing ends. Exoglucanases, including 

cellobiohydrolases, processively attack cellulose chain ends to release cellobiose units. β-
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glucosidases convert cellobiose and other cellooligosaccharides to glucose, preventing product 

inhibition of upstream enzymes (Bhattacharya et al., 2015). 

Hemicellulase enzymes are required for complete conversion of hemicellulose polymers to 

monomeric sugars. The diversity of hemicellulose structures necessitates multiple enzyme types, 

including endo-xylanases, β-xylosidases, α-arabinofuranosidases, α-glucuronidases, and acetyl 

esterases. The synergistic action of these enzymes is essential for achieving high xylose and other 

pentose sugar yields from complex hemicellulose substrates. 

The optimization of enzymatic hydrolysis involves multiple parameters, including enzyme 

loading, substrate concentration, temperature, pH, and reaction time. Higher enzyme loadings 

generally improve hydrolysis rates and yield but increase process costs significantly. The 

development of more active and stable enzyme formulations continues to be a major research focus 

for improving the economics of enzymatic hydrolysis (Ogunyewo et al., 2020). 

Product inhibition represents a significant challenge in enzymatic hydrolysis, as accumulating 

sugars can inhibit enzyme activity and reduce conversion rates. Glucose inhibition of β-

glucosidases is particularly problematic, as it can cause cellobiose accumulation that further 

inhibits cellulases. Strategies to mitigate product inhibition include in-situ product removal, fed-

batch operation, and the use of glucose-tolerant enzyme variants. 

Mass transfer limitations can significantly impact enzymatic hydrolysis performance, particularly 

at high substrate loadings. The heterogeneous nature of the reaction requires effective mixing and 

mass transfer to ensure adequate enzyme-substrate contact. Reactor design considerations include 

agitation intensity, substrate particle size distribution, and rheological properties of the reaction 

mixture. 
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Figure 2.7: Enzymatic hydrolysis (Cruz-Casas et al., 2021) 

2.6.2 ACID HYDROLYSIS 

Acid hydrolysis utilizes mineral acids or organic acids under elevated temperatures to protonate 

glycosidic bonds and promote polysaccharide depolymerization. This approach can achieve rapid 

conversion rates and high sugar yields but requires careful control of reaction conditions to 

minimize sugar degradation and inhibitor formation. Acid hydrolysis has been commercially 

demonstrated but faces challenges related to equipment corrosion, acid recovery, and 

environmental impacts (Paul Egharevba & Ifeoma Christy, 2023). 

Dilute acid hydrolysis typically employs 0.5-4% sulfuric acid at temperatures of 140-200°C for 

residence times ranging from minutes to hours. The relatively mild acid concentrations reduce 

equipment corrosion issues while achieving reasonable conversion rates. However, the 

compromise between conversion and degradation requires careful optimization of time-

temperature profiles to maximize net sugar yields. 

Concentrated acid hydrolysis uses 10-30% acid concentrations at lower temperatures to achieve 

high conversion yields with minimal sugar degradation. While this approach can achieve very high 

glucose yields from cellulose, it requires expensive acid-resistant equipment and comprehensive 
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acid recovery systems. The economic viability of concentrated acid hydrolysis depends heavily on 

efficient acid recovery and the value of high-purity sugar products. 

The kinetics of acid hydrolysis follow first-order reaction models for both polysaccharide 

conversion and sugar degradation. The activation energies for these competing reactions differ, 

creating temperature optima that maximize net sugar yields. Mathematical modeling of acid 

hydrolysis kinetics enables process optimization and scale-up design for commercial applications. 

Two-stage acid hydrolysis processes can improve overall sugar yields by optimizing conditions 

for hemicellulose and cellulose conversion separately. The first stage targets hemicellulose 

removal under milder conditions, while the second stage focuses on cellulose conversion. This 

approach can reduce inhibitor formation and improve overall process performance compared to 

single-stage systems. 

2.7 FERMENTATION 

Fermentation represents the biological conversion step where fermentable sugars derived from 

biomass hydrolysis are converted to biofuel products by microorganisms. In the context of 

biobutanol production, fermentation involves the acetone-butanol-ethanol (ABE) pathway carried 

out by solventogenic Clostridium species. This process requires careful control of culture 

conditions, nutrient supply, and environmental parameters to achieve high product yields and 

productivity (Li et al., 2020). 

The ABE fermentation process occurs in two distinct phases: acidogenesis and solventogenesis. 

During acidogenesis, Clostridium cells produce organic acids (acetate and butyrate) along with 

hydrogen and carbon dioxide. As the culture pH drops and cells enter stationary phase, metabolic 

shifts trigger solventogenesis, where acids are reassimilated and converted to neutral solvents 
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including acetone, butanol, and ethanol. The control of this metabolic transition is crucial for 

optimizing butanol production (Dürre, 2008). 

Fermentation optimization involves multiple interconnected parameters including substrate 

concentration, pH control, temperature, agitation, and nutrient supplementation. High substrate 

concentrations can improve volumetric productivity but may result in substrate or product 

inhibition. The maintenance of optimal pH conditions is particularly challenging due to the 

biphasic nature of ABE fermentation and the pH sensitivity of solventogenic enzymes. 

Butanol toxicity represents a fundamental limitation in ABE fermentation, as butanol 

concentrations above 10-15 g/L typically inhibit cellular growth and metabolism. This toxicity 

limit necessitates product removal strategies to maintain productive fermentation conditions. 

Various approaches including gas stripping, liquid-liquid extraction, and pervaporation have been 

investigated for in-situ butanol recovery (Groot et al., 1990). 

The economics of ABE fermentation are significantly influenced by substrate costs, product 

concentrations, and recovery efficiency. The relatively low butanol concentrations achieved in 

conventional fermentation systems require energy-intensive downstream separation processes. 

Process intensification strategies including cell immobilization, fed-batch operation, and 

integrated product recovery continue to be active areas of research and development. 

2.8 SEPARATION TECHNIQUES FOR ABE FERMENTATION 

The separation and purification of butanol from ABE fermentation broths presents significant 

technical and economic challenges due to the low product concentrations, the presence of multiple 

solvents, and the complex matrix of the fermentation medium. Traditional distillation approaches 

are energy-intensive due to the high water content of fermentation broths, motivating the 
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development of alternative separation technologies that can reduce energy consumption and 

improve process economics (Qureshi et al., 2020). 

The selection of appropriate separation technologies depends on multiple factors including product 

specifications, energy costs, capital investment requirements, and environmental considerations. 

Hybrid separation systems that combine multiple technologies often provide optimal performance 

by leveraging the strengths of individual separation methods while mitigating their limitations. 

The integration of separation processes with fermentation operations can improve overall system 

efficiency and reduce capital costs. 

Process modeling and simulation play crucial roles in the design and optimization of ABE 

separation systems. The complex thermodynamics of aqueous alcohol systems require accurate 

property prediction methods and phase equilibrium data. Economic optimization of separation 

sequences involves trade-offs between energy consumption, capital costs, and product recovery 

efficiency. 

The development of energy-efficient separation technologies continues to be a priority for 

improving ABE process economics. Heat integration opportunities, including heat pump systems 

and multi-effect distillation, can significantly reduce energy consumption. The recovery and 

recycle of process streams can improve material utilization and reduce waste generation. 

2.8.1 DISTILLATION 

Distillation represents the most mature separation technology for alcohol recovery and has been 

extensively applied in ABE processing systems. The separation of butanol from aqueous solutions 

involves multiple distillation columns due to the presence of multiple alcohols and the formation 

of azeotropic mixtures. The design of distillation sequences requires careful consideration of 
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thermodynamic properties, energy requirements, and product specifications (Malmierca et al., 

2017). 

The energy requirements for ABE distillation are substantial due to the high latent heat of 

vaporization for water and the relatively low concentrations of products in fermentation broths. 

Typical fermentation broths contain 10-20 g/L total solvents, requiring the evaporation of large 

quantities of water for product recovery. Energy integration strategies including heat recovery and 

multi-effect operation are essential for achieving acceptable energy efficiency. 

Azeotrope formation complicates the distillation of ABE mixtures, particularly for ethanol-water 

and butanol-water systems. These azeotropes limit the purity achievable through conventional 

distillation and may require additional separation steps such as extractive distillation or molecular 

sieve dehydration. The design of azeotropic distillation systems requires specialized simulation 

tools and operating strategies. 

The corrosive nature of organic acids present in fermentation broths requires careful material 

selection for distillation equipment. Stainless steel construction is typically required for adequate 

corrosion resistance, increasing capital costs compared to conventional ethanol distillation 

systems. The presence of non-volatile components including proteins and salts can cause fouling 

issues that require periodic cleaning and maintenance. 

Advanced distillation technologies including reactive distillation and dividing wall columns offer 

potential advantages for ABE separation systems. Reactive distillation can combine separation 

with chemical reactions for product purification or byproduct conversion. Dividing wall columns 

can reduce energy consumption and capital costs by eliminating the need for separate distillation 

columns in some applications. 
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2.8.2 ADSORPTION 

Adsorption-based separation utilizes selective interactions between ABE components and solid 

adsorbent materials to achieve product concentration and purification. This approach offers 

advantages in terms of energy efficiency and selectivity compared to distillation-based systems. 

Various adsorbent materials including activated carbon, zeolites, and polymer resins have been 

investigated for ABE recovery applications with different performance characteristics (Qureshi et 

al., 2020). 

Activated carbon exhibits strong affinity for butanol and other organic solvents, making it 

attractive for ABE recovery applications. The hydrophobic nature of activated carbon promotes 

selective adsorption of alcohols from aqueous solutions while rejecting water and polar impurities. 

However, the non-selective nature of activated carbon can result in co-adsorption of other organic 

compounds present in fermentation broths. 

Zeolite adsorbents offer size-selective separation capabilities that can provide enhanced selectivity 

for specific ABE components. The uniform pore structure of zeolites enables molecular sieve 

effects that discriminate between molecules based on size and shape. Hydrophobic zeolites such 

as silicalite-1 have shown particular promise for butanol recovery due to their selective adsorption 

properties. 

Polymer resins provide tunable adsorption properties through controlled synthesis of polymer 

composition and structure. Macroporous styrene-divinylbenzene resins exhibit good butanol 

selectivity and can be regenerated using mild conditions. The chemical stability of polymer resins 

makes them suitable for long-term operation in fermentation environments. 

Adsorption process design involves multiple considerations including adsorbent selection, bed 

configuration, regeneration strategy, and integration with fermentation operations. Fixed-bed, 
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fluidized-bed, and simulated moving bed configurations offer different advantages in terms of 

capacity utilization, pressure drop, and operational complexity. The development of continuous 

adsorption processes can improve productivity and reduce capital costs compared to batch 

operations. 

2.8.3 GAS STRIPPING 

Gas stripping involves the removal of volatile products from fermentation broths through mass 

transfer to a gas phase, enabling continuous product recovery during fermentation. This approach 

offers significant advantages for ABE fermentation systems by reducing product inhibition effects 

and maintaining productive fermentation conditions. The integration of gas stripping with 

fermentation can improve overall process productivity and reduce downstream separation 

requirements (Lu et al., 2012). 

The mass transfer driving force for gas stripping depends on the vapor-liquid equilibrium 

relationships for ABE components and the gas flow rate through the fermentation broth. Butanol 

exhibits higher volatility than water, enabling preferential removal from aqueous solutions. 

However, the co-stripping of water and other volatile compounds requires downstream separation 

steps to achieve product purification. 

Gas stripping system design involves selection of appropriate gas types, flow rates, and contacting 

methods to achieve efficient product removal while minimizing energy consumption. Carbon 

dioxide generated during fermentation can serve as the stripping gas, providing economic 

advantages compared to external gas supplies. The optimization of gas flow rates requires 

balancing mass transfer rates against pumping costs and downstream separation requirements. 

The recovery of stripped products typically involves condensation and phase separation 

operations. The condensed vapors contain water along with ABE products, requiring additional 
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separation steps for product purification. Membrane separation, distillation, or liquid-liquid 

extraction can be employed for downstream product recovery and purification. 

Process integration opportunities for gas stripping systems include heat recovery from 

condensation operations and recycle of non-condensable gases. The temperature of stripping 

operations can be optimized to improve mass transfer rates while maintaining acceptable 

fermentation conditions. Advanced stripping configurations including multi-stage systems can 

improve separation efficiency and reduce energy consumption. 

2.8.4 LIQUID-LIQUID EXTRACTION 

Liquid-liquid extraction utilizes selective partitioning of ABE products between aqueous 

fermentation broths and immiscible organic solvents to achieve product recovery and 

concentration. This approach offers advantages in terms of energy efficiency and the ability to 

achieve high product concentrations. The selection of appropriate extraction solvents is crucial for 

achieving high selectivity, capacity, and biocompatibility (Groot et al., 1990). 

Solvent selection for ABE extraction requires consideration of multiple criteria including 

distribution coefficients, selectivity, biocompatibility, and recovery characteristics. Aliphatic 

alcohols, esters, and ethers have been investigated as extraction solvents with varying performance 

characteristics. The ideal extraction solvent should exhibit high butanol distribution coefficients, 

low water solubility, and minimal toxicity to fermentation microorganisms. 

The thermodynamics of ABE extraction systems involve complex multi-component phase 

equilibria that require accurate modeling for process design and optimization. Activity coefficient 

models and equation of state approaches can be used to predict phase behavior and optimize 

extraction conditions. The presence of other fermentation components including acids, salts, and 

biomass can influence extraction performance and must be considered in system design. 
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Extraction equipment design involves selection of appropriate contactor types, including mixer-

settlers, packed columns, and centrifugal extractors. The choice of equipment depends on the 

required separation efficiency, throughput capacity, and economic considerations. Continuous 

extraction systems generally offer higher productivity compared to batch operations but require 

more complex process control systems. 

Solvent recovery and recycle represent critical aspects of liquid-liquid extraction systems that 

significantly influence overall process economics. Distillation is typically employed for solvent 

recovery, but alternative technologies including membrane separation and adsorption may offer 

advantages in specific applications. The integration of extraction with fermentation operations can 

improve overall process efficiency through reduced product inhibition effects. 

2.9 DESIGN OF EXPERIMENTS 

Design of Experiments (DOE) represents a systematic statistical methodology for planning, 

conducting, and analyzing controlled experiments to optimize process performance and 

understand factor interactions. In the context of biomass pretreatment and hydrolysis processes, 

DOE approaches enable efficient identification of optimal operating conditions while minimizing 

experimental effort and resources. The application of DOE principles is essential for developing 

robust and economically viable biorefinery processes (Sivamani & Baskar, 2018). 

The fundamental principles of DOE include randomization, replication, and blocking to ensure 

valid statistical inferences and minimize experimental bias. Randomization involves conducting 

experimental runs in random order to eliminate systematic errors and confounding effects. 

Replication provides estimates of experimental error and improves the precision of effect 
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estimates. Blocking groups experimental units with similar characteristics to reduce variability and 

improve statistical power. 

Factor screening represents the initial phase of experimental investigation where numerous 

potential factors are evaluated to identify those with significant effects on response variables. 

Screening designs such as fractional factorial designs and Plackett-Burman designs enable 

efficient evaluation of many factors with relatively few experimental runs. The results of screening 

experiments guide the selection of factors for more detailed optimization studies. 

The selection of appropriate response variables is crucial for successful DOE applications in 

biorefinery systems. Multiple responses including conversion yields, product concentrations, and 

energy consumption may need to be optimized simultaneously. Multi-response optimization 

techniques enable the identification of operating conditions that provide acceptable performance 

across all important criteria. 

Statistical analysis of experimental data involves hypothesis testing, confidence interval 

estimation, and model adequacy checking to ensure reliable conclusions. Analysis of variance 

(ANOVA) techniques identify statistically significant factors and interactions while accounting for 

experimental error. Residual analysis helps identify model deficiencies and guide improvements 

in experimental design or data transformation. 

2.10 RESPONSE SURFACE METHODOLOGY 

Response Surface Methodology (RSM) provides a collection of mathematical and statistical 

techniques for modeling and optimizing processes where response variables are influenced by 

multiple input factors. RSM is particularly valuable for bioprocess optimization applications where 

factor interactions and non-linear relationships are common. The methodology combines 
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experimental design, regression analysis, and optimization techniques to identify optimal 

operating conditions efficiently. 

The central composite design (CCD) represents one of the most popular experimental designs for 

RSM applications due to its efficiency and flexibility. CCD consists of factorial points, axial 

points, and center points that enable the estimation of quadratic response surface models. The 

choice of design parameters including the distance of axial points and the number of center points 

influences the properties of the resulting response surface model. 

Box-Behnken designs offer an alternative to CCD for RSM applications, particularly when 

extreme factor combinations should be avoided. These designs do not include corner points of the 

experimental region, making them suitable for situations where extreme conditions might be 

impractical or unsafe. Box-Behnken designs require fewer experimental runs than CCD for the 

same number of factors while maintaining good prediction capabilities. 

Response surface models typically employ second-order polynomial equations to describe the 

relationship between factors and responses. These models can capture main effects, interaction 

effects, and curvature in the response surface. Model fitting involves least squares regression 

analysis to estimate model coefficients and assess their statistical significance. 

Optimization of response surface models can be accomplished through various techniques 

including graphical analysis, mathematical programming, and desirability functions. Contour plots 

and response surface plots provide visual representations of the response surface that facilitate 

understanding of factor effects and identification of optimal regions. Desirability functions enable 

simultaneous optimization of multiple responses by converting individual responses to a common 

scale. 
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2.11 THEORY AND STEPS OF DOE 

The theoretical foundation of Design of Experiments rests on statistical principles that enable valid 

inferences about cause-and-effect relationships between experimental factors and response 

variables. The theory addresses fundamental questions about experimental error, factor effects, and 

the reliability of experimental conclusions. Understanding these theoretical principles is essential 

for proper application of DOE methods in biorefinery research and development. 

Statistical models for experimental data typically decompose observed responses into systematic 

effects attributable to experimental factors and random error components. The linear model 

framework provides a mathematical foundation for analyzing factorial experiments and estimating 

factor effects. The assumptions underlying statistical models include normality, independence, and 

constant variance of error terms. 

Hypothesis testing procedures evaluate the statistical significance of factor effects and interactions 

while controlling the probability of false conclusions. Type I errors (false positives) occur when 

insignificant effects are declared significant, while Type II errors (false negatives) result from 

failing to detect truly significant effects. The power of statistical tests depends on effect sizes, error 

variance, and sample sizes. 

The planning phase of DOE involves defining experimental objectives, selecting factors and 

responses, determining factor ranges, and choosing appropriate experimental designs. Clear 

specification of objectives guides all subsequent design decisions and ensures that experiments 

provide information relevant to project goals. Factor selection requires balancing the desire for 

comprehensive understanding against practical constraints on experimental resources. 
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Experimental execution requires careful attention to randomization, standardization of procedures, 

and quality control measures. Randomization sequences should be determined before beginning 

experiments and followed rigorously to avoid systematic bias. Standardized procedures ensure 

consistency across experimental runs and minimize sources of uncontrolled variation. 

Data analysis procedures follow systematic steps including preliminary data examination, model 

fitting, assumption checking, and interpretation of results. Preliminary analysis involves checking 

for outliers, missing data, and obvious patterns that might indicate problems with experimental 

execution. Model fitting estimates factor effects and tests their statistical significance using 

appropriate analytical methods. 

The interpretation of experimental results requires consideration of both statistical significance 

and practical importance of observed effects. Statistically significant effects may not be practically 

important if their magnitudes are small relative to experimental goals. Conversely, practically 

important effects may not achieve statistical significance if experimental precision is inadequate. 

2.12 CASSAVA BAGASSE CHARACTERISTICS 

Cassava bagasse represents the fibrous residue remaining after starch extraction from cassava 

roots, constituting a significant agricultural waste stream in cassava-producing regions. This 

lignocellulosic material typically contains 20-30% cellulose, 15-25% hemicellulose, and 10-20% 

lignin, making it a potential feedstock for biofuel production. The high carbohydrate content and 

relatively low lignin content compared to woody biomass provide advantages for bioconversion 

applications (Andrés–meza et al., 2024). 

The compositional variability of cassava bagasse depends on factors including cassava variety, 

growing conditions, harvesting practices, and processing methods. Different cassava cultivars 
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exhibit varying fiber contents and carbohydrate compositions that influence their suitability for 

biofuel production. Processing conditions during starch extraction can also affect the composition 

and structure of the remaining bagasse residue. 

The physical properties of cassava bagasse include moisture content, particle size distribution, bulk 

density, and porosity characteristics. Fresh bagasse typically contains 80-85% moisture, requiring 

dewatering or drying before processing. The fibrous structure and high surface area of cassava 

bagasse provide advantages for enzymatic hydrolysis compared to more compact biomass 

materials. 

Cassava bagasse pretreatment requirements are generally less severe than those for woody biomass 

due to its lower lignin content and more open structure. However, effective pretreatment remains 

necessary to achieve high sugar yields and acceptable hydrolysis rates. The optimization of 

pretreatment conditions must consider the specific characteristics of cassava bagasse to maximize 

benefits while minimizing costs and environmental impacts. 

The utilization of cassava bagasse for biofuel production offers multiple benefits including waste 

reduction, value addition to cassava processing operations, and rural economic development. The 

integration of biofuel production with existing cassava processing facilities can improve overall 

process economics through shared infrastructure and reduced transportation costs. However, 

successful implementation requires careful consideration of feedstock availability, logistics, and 

market development. 

2.13 BIOBUTANOL PRODUCTION FROM CASSAVA BAGASSE 

The production of biobutanol from cassava bagasse has gained increasing attention as a potential 

pathway for valorizing this agricultural waste while producing a valuable biofuel product. 
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Research studies have demonstrated the technical feasibility of converting cassava bagasse to 

butanol through pretreatment, hydrolysis, and ABE fermentation processes. The relatively 

favorable composition of cassava bagasse compared to other lignocellulosic feedstocks provides 

opportunities for achieving competitive conversion yields and process economics (J. Huang et al., 

2019). 

Process optimization studies have investigated various pretreatment methods for cassava bagasse 

including acid, alkaline, and physicochemical approaches. Dilute acid pretreatment has shown 

effectiveness in removing hemicellulose and improving enzymatic digestibility while preserving 

cellulose for subsequent conversion. The optimization of pretreatment conditions involves 

balancing sugar yield improvement against pretreatment costs and inhibitor formation (Paul 

Egharevba & Ifeoma Christy, 2023). 

Enzymatic hydrolysis of pretreated cassava bagasse typically achieves glucose yields of 60-85% 

depending on pretreatment effectiveness and enzyme loading. The optimization of hydrolysis 

conditions including enzyme dosage, substrate loading, temperature, and pH significantly 

influences conversion efficiency and process economics. Recent studies have explored enzyme 

cocktail optimization and the use of advanced enzymes including LPMOs to improve hydrolysis 

performance. 

ABE fermentation of cassava bagasse hydrolysates has demonstrated butanol yields comparable 

to those achieved with pure sugar substrates. However, the presence of inhibitory compounds 

derived from pretreatment and hydrolysis processes can negatively impact fermentation 

performance. Detoxification strategies including over liming activated carbon treatment, and 

biological approaches have been investigated to improve fermentation yields and productivity. 
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Techno-economic analyses of biobutanol production from cassava bagasse indicate potential for 

commercial viability under favorable conditions. The economics are strongly influenced by 

feedstock costs, conversion yields, and product prices. Process integration opportunities including 

heat recovery, byproduct utilization, and economies of scale can significantly improve overall 

process economics (Qi et al., 2019). 

2.14 PROCESS INTEGRATION AND OPTIMIZATION 

Process integration represents a critical aspect of biorefinery design that can significantly impact 

overall system performance, economics, and sustainability. The integration of pretreatment, 

hydrolysis, fermentation, and separation operations presents numerous opportunities for 

improving efficiency, reducing costs, and minimizing environmental impacts. Successful 

integration requires comprehensive understanding of individual unit operations and their 

interactions within the overall process system. 

Heat integration opportunities in biobutanol production systems include recovery of waste heat 

from pretreatment operations, integration of fermentation and distillation thermal requirements, 

and utilization of combustion heat from lignin and other byproducts. Pinch analysis and other heat 

integration methodologies can identify optimal heat exchanger networks and minimize external 

energy requirements. 

Water integration involves optimizing water usage, recycling process streams, and minimizing 

wastewater generation throughout the biorefinery system. The high-water content of biomass 

feedstocks and fermentation processes creates opportunities for water recovery and recycle. 

However, the accumulation of salts and other impurities in recycled streams may require treatment 

or purge streams to maintain process performance. 
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Material integration encompasses the utilization of byproducts and waste streams to improve 

overall process economics and sustainability. Lignin recovered from pretreatment operations can 

serve as a fuel for process energy needs or as a feedstock for chemicals production. Other 

byproducts including proteins, organic acids, and CO2 may have value-added applications that 

improve overall process economics. 

Process optimization at the system level requires consideration of interactions between individual 

unit operations and their impact on overall performance. Mathematical modeling and simulation 

tools enable evaluation of different process configurations and operating strategies. Multi-

objective optimization approaches can balance competing objectives including product yield, 

energy consumption, and economic performance. 
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CHAPTER THREE 

MATERALS AND METHODS 

3.1 MATERIALS 

3.1.1. MATERIALS AND REAGENTS 

The primary biomass material for this project is cassava bagasse, which was locally sourced from 

a garri processing mill in Uselu, Benin city, Edo state. .  

The reagents used are listed below along with their purposes/use; 

Table 3.1: Reagents and their Purpose/Use 

Reagents Purpose/Use 

Sulfuric acid (H2SO4) Used for acid pretreatment of cassava bagasse. 

Sodium Hydroxide (NAOH) Use in pretreating the cassava bagasse for 

hydrolysis 

Distilled water Used for making solutions, standards, and to 

rinse the biomass after pretreatment. 

Cellulase, xylanase, pectinase, laccase, beta-

glucosidase 

A suite of enzymes used for the enzymatic 

hydrolysis of the pretreated biomass. 

Cellulase Breaks down the crystalline structure of 

cellulose into cellobiose and glucose. 

β-Glucosidase • Hydrolyzes cellobiose (a product of 

cellulase action) into glucose. 
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• Prevents accumulation of cellobiose, 

which otherwise inhibits cellulase 

activity. 

 

Xylanase Breaks down the hemicellulosic matrix that 

surrounds cellulose fibers, making cellulose 

more accessible to cellulase. 

Pectinase • Breaks down pectin, a 

heteropolysaccharide found in cassava cell 

walls. 

•  Degradation of pectin loosens the cell 

wall structure, releasing cellulose and 

hemicellulose for further hydrolysis. 

 

Laccase • Removes lignin that blocks access to 

cellulose and hemicellulose. 

• Helps improve the efficiency of cellulase 

and xylanase action. 

 

Sodium citrate & Citric acid Used to prepare the sodium citrate buffer, 

which maintains the pH of the hydrolysate at 

4.8 during enzymatic hydrolysis. 
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Sodium azide Added to the buffer to prevent microbial 

contamination during the hydrolysis process. 

Bovine Serum Albumin (BSA) Used to prepare the standard curve for the 

Bradford assay, which determines protein 

concentration. 

Bradford reagent Used in the Bradford assay to determine the 

protein content of the enzymes.   

3,5-dinitrosalicylic acid (DNS) A key component of the DNS reagent used to 

determine the amount of reducing sugars 

released during hydrolysis. 

Sodium potassium tartrate tetrahydrate Used in the preparation of the DNS reagent.   

Sodium hydroxide (NaOH) Used in the preparation of the DNS reagent. 

D-glucose Used to create the standard curve for the 

reducing sugar test. 
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3.1.2. APPARATUS USED FOR THIS EXPERIMENT 

Table 3.2: Apparatus Used for This Experiment  

S/N APPARATUS MODELS USES/FUNCTIONS 

1 Autoclave chamber Ocean Med+ England, 

Model: YX-18LD 

Used for carrying out the 

acid pretreatment 

process. 

2 Kern Electronic Balance Model: ALS-160 Used for accurately 

measuring the amounts 

of solid materials. 

3 pH scale PH-009(1)A Used for checking the pH 

of solutions, including 

the pretreated slurry 

4 Visible Spectrophotometer Model: 721S Used to measure the 

absorbance of solutions 

for both protein analysis 

and the reducing sugar 

test 

5 Water bath shaker Model: DK420 U-Clear Creates the optimal 

environmental 

temperature for 

enzymatic hydrolysis and 

provides continuous 

agitation 
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6 Beakers, Conical flasks Borosilicate glass, various 

capacities (50-1000 mL) 

Used for holding 

pretreated and 

hydrolysate samples. 

7 Pipette Graduated pipettes (1-10 

mL) 

Used for drawing fluids, 

such as enzymes and 

acid. 

8 Measuring cylinder Borosilicate glass (10-100 

mL capacity) 

Used for measuring fluid 

levels. 

9 Beakers Pyrex Used for measuring and 

mixing liquid. 

10 Litmus paper Universal pH indicator 

paper (pH 1-14) 

Used to check for the pH 

of the pretreated slurry to 

ensure neutralization. 

11 Local attrition mill Locally fabricated attrition 

mill 

Used to grind the sun-

dried cassava bagasse 

into a fine powder. 

12 Chromatograph Model-3528D HPLC 

Chromatograph 

Used for stripping 

Biobutanol from the 

mixture of Acetone, 

Biobutanol and Ethanol 

13 Oven OHASUS pioneer For drying pretreated 

samples 
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14 Stirrer N/A Used to stir liquid and 

solute to get an even 

solution 

15 Filter Paper Whatman No.4 Used for separating 

solute and filtrate from 

solution 

16 Heating Mantle N/A Used for gradual heating 

of samples 

 

3.2 METHODOLOGY 

The study followed a comprehensive scientific approach to convert cassava bagasse, an 

agricultural waste product, into biobutanol through simultaneous saccharification and 

fermentation (SSF). The entire process was meticulously planned, beginning with the raw 

material and proceeding through a series of chemical and biological treatments, all designed to 

maximize the final butanol yield while optimizing the kinetics of the SSF process. 

Key Steps: 

• Preparation of Samples: The cassava bagasse was first prepared to ensure it was suitable for 

the subsequent processes. 

• Composition Analysis: The key components of the bagasse (cellulose, hemicellulose, and 

lignin) were measured. 

• Pretreatment: The material was pretreated using a statistically optimized method (Response 

Surface Methodology) to break down its lignocellulosic structure. 
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• Neutralization: The pretreated samples were neutralized to prepare them for SSF. 

• Simultaneous Saccharification and Fermentation: The samples underwent concurrent 

enzymatic hydrolysis and fermentation. 

• Kinetic Modeling: Mathematical models were developed to describe the SSF process 

dynamics. 

• Product Analysis: Butanol, acetone, ethanol (ABE), and residual sugar concentrations were 

measured throughout the process. 

• Experimental Design: The entire process was designed using Response Surface Methodology 

to achieve optimal results. 

3.2.1 PREPARATION OF SAMPLES (CASSAVA BAGASSE) 

The preparation of the biomass samples involved a multi-stage process aimed at transforming the 

raw materials into a form that is optimal for pretreatment and subsequent simultaneous 

saccharification and fermentation. This procedure encompassed manual size reduction, thorough 

drying, mechanical grinding, and precise sieving. The primary objective was to enhance the 

accessibility of the biomass components to chemical agents, enzymes, and microorganisms by 

increasing the surface area and reducing particle size, thereby improving reaction kinetics and 

overall SSF process effectiveness. 

Specifically, cassava bagasse was sourced from the Uselu market and subjected to sun drying for 

an extended period of 30 days. This natural drying method was chosen not only to effectively 

reduce the moisture content but also to simplify subsequent size reduction steps and conserve 

energy that would otherwise be required for artificial drying methods, such as oven use. 

Following the drying phase, the material was milled using appropriate equipment to break it 
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down into smaller fragments. It was then sieved to achieve a uniform particle size of 

approximately 1.50 mm, which provides a balance between handling ease and enhanced 

reactivity due to the expanded surface area. 

In cases where larger particles persisted after initial milling, they were further machined or 

ground to meet the desired dimensions. The grinding process was particularly emphasized to 

convert the sample into a fine powder, as this significantly boosts the contact efficiency between 

the biomass and any chemical reagents, enzymes, or fermenting microorganisms used in later 

stages. To prevent degradation or contamination, the prepared sample was stored in airtight bags 

within a controlled, dry environment prior to its utilization in experiments. This storage protocol 

helps maintain the integrity of the sample by minimizing exposure to humidity, air, or potential 

contaminants that could alter its chemical composition. 

3.2.2 ESTIMATION OF CELLULOSE, HEMICELLULOSE, AND LIGNIN CONTENT 

The determination of the key lignocellulosic fractions cellulose, hemicellulose, and lignin was 

carried out through a sequential chemical extraction and drying process. This analytical method 

is essential for understanding the baseline composition of the biomass, which influences the 

efficiency of downstream processes like pretreatment and simultaneous saccharification and 

fermentation, as well as the theoretical butanol yield that can be achieved. 

To isolate and quantify hemicellulose, approximately 5 grams of the biomass sample was treated 

with 250 milliliters of a 0.5 M sodium hydroxide (NaOH) solution. This mixture was heated at 

100°C for one hour using a heating mantle to facilitate the solubilization of hemicellulose. The 

remaining residue, consisting primarily of cellulose and lignin, was then separated via filtration, 
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thoroughly rinsed with distilled water until a neutral pH of 7 was achieved, and dried in an oven 

at 105°C until constant weight was obtained, indicating complete removal of moisture. 

Subsequently, the lignin content in this dried residue was assessed by boiling it in 250 milliliters 

of 0.5 M sulfuric acid (H₂SO₄) at a moderate temperature for 30 minutes, followed by an 

overnight soaking period of 24 hours at ambient room temperature. The insoluble residue from 

this step was repeatedly washed with distilled water to reach a pH of 7, dried in an oven at 105°C 

for four hours, and then allowed to cool in a desiccator before weighing. 

For a more comprehensive evaluation, the hemicellulose removal step was repeated with varying 

NaOH concentrations (0.5 M, 1 M, and 3 M) under the same conditions to explore potential 

differences in extraction efficiency. The lignin estimation followed similarly, ensuring 

consistency in the protocol. 

The cellulose content was then derived through subtraction using the formula: 

Cm = Bm – Hm – Lm 

Where: 

Cm represents the mass of cellulose content, 

Bm is the initial mass of the biomass, 

Hm denotes the mass of hemicellulose, 

Lm indicates the mass of lignin. 
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Additional variables were defined as follows: 

M = initial mass of the sample, 

X = mass after NaOH treatment (representing cellulose + lignin), 

Y = mass after 0.5 M H₂SO₄ treatment (representing cellulose). 

Thus: 

Hemicellulose was calculated as Hm = M – X, 

Lignin as Lm = X – Y, 

And cellulose as Cm = Y or Cm = M – Hm – Lm. 

To express the composition in percentage terms, the following equations were applied: 

Percentage Cellulose = (Cm / M) × 100 

Percentage Hemicellulose = (Hm / M) × 100 

Percentage Lignin = (Lm / M) × 100 

This quantitative analysis provides a foundational understanding of the biomass structure, 

enabling better prediction of behavior during pretreatment and SSF, as well as calculation of 

theoretical butanol yield based on cellulose and hemicellulose content. 
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3.2.3 PRETREATMENT OF FEEDSTOCK 

Based on preliminary screening experiments and literature review, alkaline pretreatment using 

sodium hydroxide (NaOH) was selected as the optimal method for cassava bagasse due to its 

effectiveness in lignin removal and relatively low formation of fermentation inhibitors compared 

to acid pretreatment. 

The alkaline pretreatment was conducted using the following optimized protocol: 

Pretreatment Procedure: 

Dried and milled cassava bagasse (particle size ~1.50 mm) was mixed with sodium hydroxide 

solution at a solid-to-liquid ratio of 5% (w/v). The NaOH concentration was maintained at 2% 

(w/v) based on optimization studies that balanced delignification efficiency with chemical cost 

and waste generation. 

The biomass-alkali mixture was placed in sealed Pyrex bottles and autoclaved at 121°C for 60 

minutes under 15 psi pressure. This combination of temperature, time, and alkali concentration 

was selected to achieve effective lignin solubilization and hemicellulose modification while 

minimizing cellulose degradation. 

Post-Pretreatment Processing: 

After pretreatment, the samples were cooled to room temperature and the solid and liquid 

fractions were separated using a Buchner funnel with Whatman No. 4 filter paper. The solid 

residue (alkaline-pretreated cassava bagasse, APCB) was extensively washed with distilled water 
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until the filtrate reached neutral pH (approximately pH 7.0), as confirmed by pH meter and 

litmus paper. 

The washed pretreated biomass was then dried in an oven at 60°C for 24 hours to constant 

weight and stored in airtight bags in a desiccator until further use in SSF experiments. A portion 

of the dried pretreated sample was retained for FTIR analysis to evaluate structural changes. 

Pretreatment Effectiveness Evaluation: 

The alkaline pretreatment hydrolysate (liquid fraction) was analyzed for: 

• Released fermentable sugars using the DNS method 

• Potential inhibitory compounds (though concentrations were found to be minimal with 

alkaline pretreatment compared to acid methods) 

• Solubilized lignin content (measured spectrophotometrically at 280 nm) 

The pretreated solid biomass exhibited: 

• Enhanced porosity and surface area (qualitatively observed) 

• Reduced lignin content (confirmed by FTIR) 

• Improved enzymatic digestibility in subsequent SSF experiments 

All pretreatment experiments were conducted in triplicate to ensure reproducibility, with relative 

standard deviations below 5% for key parameters. 
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3.2.4 SIMULTANEOUS SACCHARIFICATION AND FERMENTATION (SSF) 

The simultaneous saccharification and fermentation process represented the core of this study, 

wherein enzymatic hydrolysis of pretreated cellulose and microbial fermentation of released 

sugars to butanol occurred concurrently in a single reactor. This integrated approach offers 

significant advantages over separate hydrolysis and fermentation (SHF), including reduced 

processing time, lower enzyme requirements due to minimized end-product inhibition, and 

decreased risk of contamination. 

3.2.4.1 Preparation of fermentation medium 

Following pretreatment, the pretreated cassava bagasse was neutralized with sodium hydroxide 

(NaOH) to adjust the pH to 6.0-6.5, which represents the optimal compromise between cellulase 

activity (pH optimum ~4.8) and Clostridium fermentation (pH optimum ~6.0-6.5), as 

recommended by Intasit et al. (2021). The fermentation medium was supplemented with 

essential nutrients to support bacterial growth and butanol production, including yeast extract (5 

g/L), peptone (10 g/L), and mineral salts (KH₂PO₄ 0.5 g/L, K₂HPO₄ 0.5 g/L, MgSO₄·7H₂O 0.2 

g/L, (NH₄)₂SO₄ 2 g/L, FeSO₄·7H₂O 0.01 g/L, MnSO₄·H₂O 0.01 g/L). Additional supplementation 

with vitamins (p-aminobenzoic acid and biotin at 1 mg/L each) was included to enhance bacterial 

metabolism and butanol productivity. 
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3.2.4.2 Preparation of Enzyme Cocktail 

The enzymatic hydrolysis of pretreated cassava bagasse was performed using a commercial 

cellulase enzyme complex (Celluclast 1.5L, Novozymes, Denmark; activity: 700 EGU/g or 

approximately 70 FPU/mL). Based on preliminary optimization experiments, the enzyme was 

loaded at 20 FPU per gram of dry biomass (equivalent to approximately 0.3 mL enzyme solution 

per gram substrate). This loading was selected to balance hydrolysis efficiency with economic 

considerations, as enzyme costs represent a significant portion of overall production expenses. 

The cellulase preparation contains multiple enzyme activities including endoglucanases for 

random cleavage of internal cellulose bonds, exoglucanases/cellobiohydrolases for processive 

degradation from chain ends, and β-glucosidases for cellobiose conversion to glucose. 

To enhance hydrolysis efficiency, supplementation with additional β-glucosidase (Novozym 188, 

Novozymes; 250 CBU/g) at 20 CBU per gram of substrate was included. This supplementation 

was necessary to prevent cellobiose accumulation and product inhibition of upstream cellulases, 

thereby maintaining optimal enzymatic activity throughout the hydrolysis process. 

Inoculation: 

The SSF medium (containing pretreated cassava bagasse, nutrients, and enzymes at pH 6.0) was 

inoculated with the prepared bacterial culture at concentrations varying from 5% to 15% (v/v) 

according to the experimental design. The inoculum was added during active growth phase to 

minimize lag time and ensure rapid fermentation initiation. 
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Anaerobic Conditions: 

Prior to inoculation, the SSF medium was sparged with nitrogen gas (99.99% purity) for 20 

minutes to remove dissolved oxygen. Serum bottles were sealed with butyl rubber stoppers and 

aluminum crimps immediately after inoculation to maintain strict anaerobic conditions essential 

for Clostridium metabolism and butanol production. 

3.2.4.3 SSF Process Conditions 

The SSF experiments were conducted in 250 mL serum bottles containing 100 mL working 

volume, sealed with butyl rubber stoppers and aluminum crimps to maintain strict anaerobic 

conditions essential for butanol production. Prior to inoculation, the medium was sparged with 

nitrogen gas for 15-20 minutes to remove dissolved oxygen and create an anaerobic 

environment. The bottles were incubated in a temperature-controlled incubator at 35-37°C 

without agitation or with minimal agitation (50-80 rpm) to maintain anaerobiosis while ensuring 

adequate mixing. Temperature selection represented a compromise between optimal cellulase 

activity (50°C) and Clostridium fermentation (35-37°C), in accordance with findings from 

Satimanont et al. (2012). 

The SSF process was conducted for durations ranging from 72 to 168 hours (3-7 days), with 

samples withdrawn at regular intervals (every 12-24 hours) for kinetic analysis. Sampling 

involved removing 2 mL aliquots using sterile syringes under aseptic and anaerobic conditions, 

which were immediately centrifuged at 10,000 rpm for 10 minutes to separate the biomass and 

cells from the supernatant. The supernatant was then analyzed for residual sugar concentration, 

ABE (acetone-butanol-ethanol) content, organic acids (butyric and acetic acids), cell density, and 



66 
 

pH to monitor the progress of both saccharification and fermentation, as well as to track the 

metabolic shift from acidogenesis to solventogenesis. 

3.2.4.4 Fermentation Duration and Sampling 

All SSF experiments were conducted for a standardized fermentation period of 7 days, a duration 

selected based on preliminary time-course studies which showed that butanol production reached 

a plateau between 144-168 hours, with minimal additional solvent formation beyond this point. 

This period was chosen to accommodate the biphasic fermentation kinetics of ABE fermentation 

by C. acetobutylicum, which occurs in two distinct phases: an acidogenic phase (0-48 hours) 

characterized by rapid cell growth with production of butyric and acetic acids causing pH to drop 

to 4.5-5.0, followed by a solventogenic phase (48-168 hours) involving reassimilation of acids 

and conversion to acetone, butanol, and ethanol as cells enter stationary phase. The extended 

fermentation time allowed for near-complete saccharification of pretreated cellulose and 

subsequent fermentation of released sugars to butanol, maximizing yields while ensuring full 

expression of solventogenic genes and maximum solvent accumulation before product toxicity 

limited further production. This standardized duration enabled direct comparison across all 20 

experimental runs in the central composite design (CCD) and ensured measurement of maximum 

achievable butanol concentration under each set of conditions. 

.3.2.5 KINETIC MODELING OF SSF PROCESS 

Mathematical modeling of the SSF kinetics was performed to describe the temporal profiles of 

substrate consumption, enzyme activity, cell growth, sugar accumulation, and butanol 

production. Understanding these kinetic relationships is essential for process optimization, scale-
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up design, and prediction of SSF performance under various operating conditions, particularly 

for the biphasic ABE fermentation process. 

3.2.5.1 Enzymatic Hydrolysis Kinetics 

The enzymatic saccharification of cellulose was modeled using modified Michaelis-Menten 

kinetics that account for substrate heterogeneity and product inhibition: 

dS/dt = -(Vmax × S) / (Km + S + S²/Ki) 

Where: 

S is the substrate (cellulose) concentration (g/L), 

Vmax is the maximum hydrolysis rate (g/L·h), 

Km is the Michaelis constant (g/L), 

Ki is the product inhibition constant (g/L). 

3.2.5.2 Microbial Growth Kinetics 

Clostridium growth during SSF was described using the logistic growth model with substrate and 

product inhibition terms, accounting for the sensitivity of butanol-producing bacteria to butanol 

toxicity: 

dX/dt = μmax × X × (1 – X/Xmax) × (G / (KG + G)) × (1 – B/Bmax)ⁿ 

Where: 

X is the cell concentration (g/L), 
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μmax is the maximum specific growth rate (h⁻¹), 

Xmax is the maximum cell concentration (g/L), 

G is the glucose concentration (g/L), 

KG is the saturation constant for glucose (g/L), 

B is the butanol concentration (g/L), 

Bmax is the critical butanol concentration that inhibits growth (g/L), 
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3.2.5.3 Butanol and ABE Production Kinetics 

Butanol and ABE production kinetics were monitored by collecting samples at regular 24-hour 

intervals for analysis of solvent concentrations, residual sugars, and pH changes. Samples were 

centrifuged at 10,000 rpm for 10 minutes, and the supernatant was filtered through 0.45 μm 

membrane filters prior to analysis. Butanol, acetone, and ethanol concentrations were determined 

using gas chromatography equipped with a flame ionization detector (FID) and a capillary 

column, employing an internal standard for quantification. Kinetic parameters including 

maximum butanol concentration, total ABE yield, substrate conversion efficiency, volumetric 

productivity (g/L/h), and butanol-to-ABE ratio were calculated from the time-course data to 

assess fermentation performance and product selectivity. 

3.2.5.6 pH Dynamics 

The pH dynamics during fermentation were continuously monitored at 24-hour intervals to track 

the characteristic biphasic metabolic shift of C. acetobutylicum from acidogenesis to 

solventogenesis. pH measurements were taken directly from the fermentation broth using a 

calibrated pH meter before sample withdrawal for solvent analysis. The initial pH was adjusted 

to 6.5 using sterile sodium hydroxide or hydrochloric acid solutions prior to inoculation, as this 

neutral to slightly acidic range is optimal for initial cell growth. During the acidogenic phase, pH 

typically dropped to 4.5-5.0 due to accumulation of butyric and acetic acids, triggering the 

metabolic shift to solvent production. The spontaneous pH increase observed during the 

solventogenic phase, resulting from acid reassimilation and conversion to neutral solvents, 

served as an indicator of successful transition to butanol production and was correlated with 

solvent accumulation patterns to understand the relationship between culture pH and ABE 

synthesis kinetics. 
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3.2.5.7 Parameter Estimation and Model Validation 

The kinetic parameters were estimated by fitting the mathematical models to experimental data 

using non-linear regression analysis with MATLAB, Python (SciPy), or similar software. The 

goodness of fit was evaluated using statistical criteria including coefficient of determination (R²), 

root mean square error (RMSE), chi-square (χ²) test, and Akaike Information Criterion (AIC). 

Model validation was performed by comparing predicted values with independent experimental 

datasets not used in parameter estimation, with particular attention to capturing the metabolic 

shift from acidogenesis to solventogenesis characteristic of ABE fermentation. 

3.2.6 ANALYTICAL METHODS 

3.2.6.1 Sugar Determination 

Reducing sugar concentration in the pretreatment hydrolysate and SSF samples was determined 

using the 3,5-dinitrosalicylic acid (DNS) method. Individual sugar concentrations (glucose, 

xylose, arabinose, cellobiose) were quantified using High-Performance Liquid Chromatography 

(HPLC) equipped with a refractive index detector and an Aminex HPX-87H column, using 5 

mM H₂SO₄ as the mobile phase at 0.6 mL/min flow rate and 65°C column temperature. 

3.2.6.2 ABE and Organic Acid Determination 

Butanol, acetone, ethanol, butyric acid, and acetic acid concentrations were measured using gas 

chromatography (GC) with a flame ionization detector (FID) and a capillary column (DB-WAX, 

HP-FFAP, or equivalent). The oven temperature was programmed from 40°C (hold 3 min) to 

200°C at 10°C/min, with nitrogen or helium as the carrier gas at 1-2 mL/min. Internal standards 

(isobutanol or isopropanol) were used for quantification. Alternatively, HPLC with refractive 
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index or UV detection (210 nm for organic acids) under similar conditions as sugar analysis was 

employed for simultaneous determination of ABE solvents, organic acids, and residual sugars. 

Standard curves were prepared using known concentrations of butanol (0-20 g/L), acetone (0-10 

g/L), ethanol (0-5 g/L), butyric acid (0-5 g/L), and acetic acid (0-5 g/L) to ensure accurate 

quantification. 

3.2.6.5 pH Measurement 

pH was monitored throughout the fermentation process using a calibrated pH meter. For 

anaerobic samples, pH measurements were performed quickly to minimize oxygen exposure, or 

pH was measured in the supernatant after centrifugation. The pH profile provides critical 

information about the metabolic state of the fermentation, with pH typically dropping during 

acidogenesis (to ~4.5-5.0) and rising during solventogenesis (to ~5.5-6.0). 

3.2.7 DESIGN OF EXPERIMENT USING RESPONSE SURFACE METHODOLOGY 

The experimental design was structured around a central composite design incorporating 

multiple independent variables to systematically optimize both the pretreatment and SSF 

processes. Response Surface Methodology (RSM) was employed to analyze and model the 

interactions between these variables, enabling the prediction of optimal conditions for maximum 

butanol yield and productivity. 

3.2.7.1 Pretreatment Optimization 

For pretreatment optimization, three independent variables were examined: acid concentration 

(ranging from 1% to 3% v/v), temperature (from 100°C to 140°C), and time (from 10 to 30 

minutes), each coded at five levels (-α, -1, 0, +1, +α) for comprehensive coverage using central 
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composite design. The response variables included total reducing sugar yield (g/L), glucose yield 

(g/L), xylose yield (g/L), and concentration of inhibitory compounds (g/L). A total of 20 

experimental runs were performed to generate sufficient data for modeling. 

3.2.7.2 SSF Optimization Using Response Surface Methodology 

For simultaneous saccharification and fermentation optimization, a three-factor, five-level Central 

Composite Design (CCD) was employed using Design-Expert® software version 13. The 

independent variables investigated were initial pH, inoculum size (% v/v), and fermentation 

temperature, with butanol concentration (g/L) as the primary response variable. The design 

comprised 20 experimental runs including factorial points, axial points, and center point replicates, 

conducted in randomized order. Fixed parameters included 10% (w/v) substrate concentration, 20 

FPU/g enzyme loading, 100 mL working volume in 250 mL serum bottles, and 80 rpm agitation. 

The procedure involved medium preparation, pH adjustment, enzyme addition, autoclaving, 

nitrogen sparging, inoculation, sealed incubation, and gas chromatography analysis. Center point 

replicates demonstrated excellent reproducibility, confirming high experimental precision. 

Table 3.3: Coded and actual values of the CCD for synergistic enzymes for SSF of pretreated 

feedstock 

Variables Symbols 
Coded and Actual Levels 

 -1 0 1  

pH  A  4.5 5.5 6.5  

Inoculum size (% vol/vol) B  5     10 15  

Fermentation temperature (oC) C  30     37.5 45  
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3.2.7.3 Statistical Analysis and Modeling 

Statistical analysis, including Analysis of Variance (ANOVA) and the creation of response 

surface plots, contour diagrams, and three-dimensional surface graphs, was facilitated using 

Design Expert software version 13 or similar statistical packages. Numerical optimization 

techniques based on desirability functions were applied to identify the ideal combination of 

independent variables that would yield the highest possible responses while satisfying multiple 

process constraints simultaneously (e.g., maximizing butanol yield while minimizing acetone 

and ethanol production). 

The underlying mathematical model adopted a quadratic polynomial form: 

Y = β₀ + Σβᵢ Xᵢ + Σβᵢᵢ Xᵢ² + ΣΣβᵢⱼ Xᵢ Xⱼ + ε 

Where: 

Y represents the response variable (butanol yield, productivity, etc.), 

β₀ is the constant coefficient (intercept), 

βᵢ are the linear coefficients, 

βᵢᵢ are the quadratic coefficients, 

βᵢⱼ are the interaction (cross-product) coefficients, 

Xᵢ and Xⱼ are the coded independent variables, 

ε is the random error. 
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3.2.7.4 Model Validation 

The optimized conditions predicted by the RSM model were validated through triplicate 

experiments conducted under the predicted optimal parameters. The experimental values were 

compared with the predicted values, and the percentage error was calculated to assess the 

accuracy and reliability of the developed models using the formula: 

Percentage Error = |(Experimental Value - Predicted Value) / Experimental Value| × 100 

A percentage error less than 5% was considered acceptable for model validation, indicating good 

agreement between the model predictions and actual experimental results. Additional validation 

was performed by conducting experiments at random points within the design space to confirm 

the robustness of the model across the entire experimental region. 

This rigorous statistical approach ensures that the optimized conditions are not only effective but 

also reproducible in practical applications, providing a solid foundation for potential industrial 

scale-up of the SSF process for biobutanol production from cassava bagasse via ABE 

fermentation (Yildirim et al., 2021). 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 COMPOSITIONAL ANALYSIS OF FEEDSTOCK 

The compositional analysis of cassava bagasse was conducted using the method described by 

Sluiter et al. (2012) from the National Renewable Energy Laboratory (NREL). This standardized 

procedure involves acid hydrolysis followed by quantification of the major structural 

components. The analysis revealed that cassava bagasse contains 53.33% cellulose, 16.67% 

hemicellulose, and 3.00% lignin on a dry weight basis, as presented in Table 4.1. 

Table 0.1: Cellulose, Hemicellulose and Lignin content in biomass 

SAMPLE % CELLULOSE % HEMICELLULOSE % LIGNIN 

Cassava Bagasse 53.33% 16.67% 3.00% 

The high cellulose content (53.33%) in cassava bagasse makes it a promising feedstock for 

bioethanol production, as cellulose serves as the primary source of fermentable sugars upon 

hydrolysis. This value is consistent with findings reported in literature, where cassava residues 

typically contain 40-60% cellulose (Pandey et al., 2000; Sriroth et al., 2000). These values are in 

good agreement with literature values reported for cassava bagasse, which typically contain 45-

55% cellulose, 15-25% hemicellulose, and 2-5% lignin (Kumar et al., 2020; Cardona et al., 

2015). 

The relatively moderate hemicellulose content (16.67%) contributes additional pentose sugars 

such as xylose and arabinose, which can be fermented by specific microorganisms to enhance 

overall ethanol yield. The hemicellulose fraction, though lower than cellulose, provides 

additional fermentable sugars mainly xylose and arabinose after hydrolysis. 
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Notably, the lignin content is remarkably low at 3.00%, which is significantly advantageous for 

enzymatic hydrolysis processes. Lignin acts as a physical barrier that inhibits enzyme 

accessibility to cellulose and hemicellulose (Mosier et al., 2005). The low lignin content in 

cassava bagasse suggests that milder pretreatment conditions may be sufficient to achieve 

effective delignification and expose the cellulosic material to enzymatic attack. This allows 

easier enzyme access to cellulose fibers, reducing the severity of pretreatment required. This 

characteristic distinguishes cassava bagasse from other lignocellulosic biomass such as corn 

stover (15-20% lignin) and sugarcane bagasse (20-25% lignin), potentially reducing pretreatment 

costs and improving process economics. Thus, cassava bagasse exhibits an ideal composition for 

conversion into fermentable sugars and biofuels such as biobutanol or bioethanol. 

4.2 FTIR ANALYSIS 

Fourier Transform Infrared (FTIR) spectroscopy is a versatile analytical technique used to 

identify functional groups in biomass by detecting molecular vibrations within the mid-infrared 

region (4000-400 cm⁻¹). It is particularly valuable for assessing structural and chemical changes 

in lignocellulosic biomass during pretreatment processes. Peaks corresponding to cellulose, 

hemicellulose, and lignin functional groups provide clear evidence of the effectiveness of 

chemical pretreatment methods (Pandey & Pitman, 2003). 

4.2.1 FTIR Analysis of Untreated Cassava Bagasse 

The FTIR spectrum of untreated cassava bagasse (Figure 4.1) showed several characteristic 

absorption peaks typical of lignocellulosic biomass. A broad band observed around 3335 cm⁻¹ 

corresponds to O-H stretching vibrations of hydroxyl groups in cellulose and hemicellulose. The 

absorption at 2920 cm⁻¹ represents C-H stretching in aliphatic groups. A strong band near 1730 

cm⁻¹ was attributed to C=O stretching vibrations of acetyl and uronic ester groups present in 
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hemicellulose. Additionally, the peaks at 1605 cm⁻¹ and 1510 cm⁻¹ indicate aromatic skeletal 

vibrations in lignin. The peak near 898 cm⁻¹ corresponds to β-glycosidic linkages in cellulose, 

confirming its polysaccharide structure (Faix, 1991; Sills & Gossett, 2012). 

These spectral features confirm the presence of cellulose, hemicellulose, and lignin in the 

untreated feedstock. The intensity of the lignin-related bands suggests a moderately compact 

matrix, typical of raw agricultural residues like cassava bagasse (Rodriguez-Chong et al., 2004). 

 

Figure 4.1: FTIR analysis of untreated cassava bagasse 

4.2.2 FTIR Analysis of Pretreated Cassava Bagasse 

The FTIR spectrum of the pretreated cassava bagasse (Figure 4.2) revealed notable differences 

compared to the untreated sample, indicating successful alkaline delignification. The 

disappearance or significant reduction of the peak at 1730 cm⁻¹ suggests the removal of 

hemicellulose ester linkages, while the diminished intensity of the 1510 cm⁻¹ band confirms 

partial lignin degradation. The increased sharpness and intensity of the 3330 cm⁻¹ O-H stretching 

band reflect the exposure of cellulose hydroxyl groups, enhancing its accessibility to enzymes 



78 
 

during hydrolysis. Furthermore, the increased prominence of the band near 898 cm⁻¹ indicates a 

higher proportion of crystalline cellulose (Szymańska-Chargot et al., 2011; Sun et al., 2005). 

 

Figure 4.2: FTIR analysis of pretreated cassava bagasse 

4.3 SIMULTANEOUS SACCHARIFICATION AND FERMENTATION STUDY 

Simultaneous Saccharification and Fermentation (SSF) is an integrated bioprocessing strategy 

that combines enzymatic hydrolysis of lignocellulosic biomass with microbial fermentation in a 

single reactor. This approach offers significant advantages over separate hydrolysis and 

fermentation (SHF), including reduced processing time, lower equipment costs, minimized end-

product inhibition of enzymes by released sugars, and decreased contamination risks. In SSF, 

enzymes continuously break down cellulose and hemicellulose into fermentable sugars, which 

are simultaneously consumed by microorganisms for biofuel production, thereby maintaining 

optimal conditions for both processes. 
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The effectiveness of SSF depends on carefully balancing several critical parameters: enzyme 

loading (to ensure adequate hydrolysis rates), substrate concentration (affecting both sugar 

availability and potential inhibition), temperature (requiring compromise between enzyme 

activity optima and microbial growth requirements), and fermentation time (allowing complete 

substrate conversion). By optimizing these parameters, SSF can significantly enhance biobutanol 

yields from lignocellulosic feedstocks while improving overall process economics. 

A Central Composite Design (CCD) was employed to model the relationship between butanol 

concentration from alkaline-pretreated cassava bagasse (APCB) and the independent variables: 

pH (Factor A), inoculum size (Factor B), and temperature (Factor C). Table 4.2 presents the 

actual values for these CCD-determined factors (implemented using Design-Expert 13 software), 

along with their corresponding predicted and actual butanol concentrations. 

Table 4.2: Experimental design of factors with the corresponding actual and predicted 

responses of butanol for SSF of pretreated and actual values 

 

 

 

Run 

                              Factors Response 

A B C Butanol Concentration 

Ph Inoculum 

size (% v/v) 

Temperature 

(oC) 

 

Actual Butanol 

Conc (g/l) 

Predicted 

Butanol Conc 

(g/l) 

1 4.5 15 30 11.2 11.18 

2 4.5 15 40 10.4 10.40 

3 5.5 10 43.409 13 13.00 

4 5.5 10 35 15 15.00 
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5 6.5 15 30 14.2 14.18 

6 7.18179 10 35 12 12.00 

7 5.5 1.59104 35 6.5 6.50 

8 6.5 5 40 11 11.02 

9 6.5 5 30 10.2 10.18 

10 5.5 18.409 35 14.5 14.50 

11 5.5 10 35 15 15.00 

12 3.81821 10 35 8 8.00 

13 5.5 10 35 15 15.00 

14 4.5 5 40 9 8.98 

15 6.5 15 40 13.5 13.52 

16 4.5 5 30 9.5 9.48 

17 5.5 10 35 15 15.00 

18 5.5 10 35 15 15.00 

19 5.5 10 26.591 12.8 12.80 

20 5.5 10 35 15 15.00 

The corresponding second-order polynomial equation, expressed using actual values, is 

presented below: 

Butanol Concentration (g/L) = -78.177 + 17.9823A + 1.41973B + 1.83008C + 0.085AB + 

0.035AC - 0.009BC - 1.72003A² - 0.0617301B² - 0.027789C² 

Where A = pH, B = Inoculum size (% v/v), C = Temperature (°C) 



81 
 

Runs 4, 11, 13, 17, 18, and 20 are center points (A=5.5, B=10, C=35) and all predict 15.00 mg/L, 

demonstrating good model fit at the central condition. The predicted values show excellent 

agreement with actual values, indicating a well-fitted response surface model. 

4.3.1 Analysis of Variance  

As shown in Table 4.3, the Model F-value of 28.47 implies the model is significant. There is only 

a 0.01% chance that an F-value this large could occur due to noise. P-values less than 0.0500 

indicate model terms are significant. In this case, A (pH), B (inoculum size), A², B², and C² are 

significant model terms. Values greater than 0.1000 indicate the model terms are not significant. 

Table 4.3 Analysis of variance data for the linear regression model for SSF of Pretreated 

feedstock 

Source 

Sum of 

Squares 

Df 

Mean 

Square 

F-value p-value 
 

Model 131.12 9 14.57 28.47 < 0.0001 Significant 

A-Ph 17.65 1 17.65 34.50 0.0002  

B-Inoculum size 38.92 1 38.92 76.06 < 0.0001  

C-Temperature 0.0546 1 0.0546 0.1067 0.7506  

AB 1.45 1 1.45 2.82 0.1238  

AC 0.2450 1 0.2450 0.4788 0.5047  

BC 0.4050 1 0.4050 0.7915 0.3945  

A² 42.64 1 42.64 83.32 < 0.0001  
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B² 34.32 1 34.32 67.08 < 0.0001  

C² 6.96 1 6.96 13.59 0.0042  

Residual 5.12 10 0.5117    

Lack of Fit 5.12 5 1.02    

Pure Error 0.0000 5 0.0000    

Cor Total 136.24 19     

 

Table 4.4 presents the statistical parameters evaluating the adequacy and reliability of the 

developed RSM model for predicting butanol concentration from SSF of alkaline-pretreated 

cassava bagasse. The model demonstrates excellent fit quality, with an R² value of 0.9624, 

indicating that approximately 96.24% of the variability in butanol concentration can be explained 

by the selected input variables. The adjusted R² of 0.9286 accounts for the number of predictors 

in the model and confirms strong correlation between experimental and predicted values, 

suggesting minimal overfitting. 

Table 4.4: Model Fit Statistics for Butanol Concentration from SSF of Pretreated Feedstock 

Statistical Parameter Value 

R² 0.9624 

Adjusted R² 0.9286 

Predicted R² 0.7127 

Adequate Precision 14.2427 

Standard Deviation 0.7153 

Mean 12.29 
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Statistical Parameter Value 

C.V. % 5.82 

The predicted R² value of 0.7127, while lower than the adjusted R², remains within acceptable 

range (difference < 0.2), indicating reasonable predictive capability for new observations. The 

adequate precision ratio of 14.2427, which measures the signal-to-noise ratio, far exceeds the 

desirable threshold of 4.0, demonstrating that the model can reliably navigate the design space. 

The relatively low coefficient of variation (C.V.) of 5.82% reflects good precision and 

reproducibility of the experimental data around the mean butanol concentration of 12.29 g/L, 

with a standard deviation of 0.7153 g/L. These statistical parameters collectively confirm that the 

model is robust and suitable for optimizing SSF process parameters to maximize butanol 

production. 

4.3.2 Parity Plot 

Figure 4.3 visually confirms the quadratic model's accuracy, showing strong alignment between 

predicted and actual butanol concentration values along the 45-degree line. This excellent fit 

validates the model's effectiveness in forecasting butanol yield based on the independent input 

factors, demonstrating its robust predictive capabilities. 
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Figure 4.3: Parity plot of actual values vs predicted values for butanol concentration from 

SSF of pretreated feedstock 

4.3.3 Effect of Interaction of Factors on Butanol Concentration from SSF of APCB 

Interaction of pH and Inoculum Size 

Figure 4.4 illustrates the interactive effects of initial pH and inoculum size on butanol production 

during the simultaneous saccharification and fermentation (SSF) of APCB. The three-

dimensional and contour plots reveal a clear curvature, showing that both parameters 

significantly influence butanol yield. As the pH increases from acidic (4.5) toward near-neutral 

values (6.0-6.5), and the inoculum size rises from 5% to around 10-12% (v/v), butanol 

concentration progressively increases. The highest butanol yield, exceeding 16 g/L, occurs 

within the pH range of 6.0-6.5 combined with moderate-to-high inoculum sizes (10-13% v/v). 
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Figure 4.4: 3-D surface and the corresponding contour plots of the effect of the interaction 

of pH and inoculum size on butanol concentration from SSF of pretreated cassava bagasse 

This indicates that Clostridium acetobutylicum performs optimally under near-neutral pH 

conditions, which favor active metabolism during solventogenesis, while sufficient inoculum 

ensures adequate enzymatic activity. At lower pH levels (4.5-5.0), butanol production remains 

low (5-8 g/L) regardless of inoculum size, demonstrating that acidic conditions strongly limit 

solvent formation. This observation agrees with the known biphasic fermentation behavior of 

Clostridium species, where an excessively low initial pH can inhibit both growth and solvent 

production. 

Furthermore, low inoculum size (5% v/v) yields only moderate butanol levels even at optimal 

pH, due to insufficient microbial biomass for efficient substrate conversion. Increasing the 

inoculum size to 10-12% enhances sugar utilization and accelerates solvent formation, but 

beyond 13% v/v, production plateaus as a result of nutrient limitation and metabolic stress. 

Excessively high inoculum concentrations may also cause acid buildup and reduce butanol 

selectivity. The elliptical shape of the contour lines confirms a strong interaction between pH and 
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inoculum size, emphasizing that their combined optimization is essential. Overall, maintaining a 

near-neutral initial pH together with an appropriate inoculum size maximizes butanol yield in 

lignocellulosic SSF processes. 

Interaction of pH and Temperature 

Figure 4.5 displays the three-dimensional response surface and contour plots illustrating the 

interactive effects of initial pH (A) and fermentation temperature (C) on butanol concentration 

from SSF of APCB, with other variables held constant. The response surface exhibits a 

pronounced dome-shaped profile with maximum butanol production (exceeding 16 g/L) 

occurring at pH 5.5-6.5 and temperatures of 34-37°C. 

 

Figure 4.5: 3-D surface and the corresponding contour plots of the effect of the interaction 

of pH and temperature on butanol concentration from SSF of pretreated cassava bagasse 

At lower temperatures (30-32°C), butanol yields remain moderate (10-13 g/L) due to reduced 

microbial metabolic rates and enzyme activity, while elevated temperatures (38-40°C) cause 

decline from enzyme denaturation and thermal stress on cells. The elliptical contour pattern 
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centered around pH 6.0 and 35-36°C confirms significant interaction between these parameters, 

indicating that optimal conditions require simultaneous optimization rather than independent 

adjustment. 

This finding aligns with literature reports by Lee et al. (2008) showing optimal butanol 

production by C. acetobutylicum at 35°C and pH 6.0-6.5, balancing acidogenesis and 

solventogenesis phases. (Ezeji et al., 2007) demonstrated that temperatures above 37°C inhibit 

butanol formation by destabilizing key solventogenic enzymes. At lower pH values (4.5-5.0), 

even moderate temperatures fail to support high yields due to inhibition of both cellulase activity 

and microbial growth. 

The steeper gradient along the temperature axis suggests temperature exerts more pronounced 

effects than pH, consistent with Arrhenius kinetics where small temperature deviations (2-3°C) 

significantly affect reaction rates and product ratios. The SSF process requires compromise 

conditions between cellulase optima (pH 4.5-5.5, 45-50°C) and C. acetobutylicum preferences 

(pH 6.0-6.5, 34-37°C). These results emphasize maintaining precise temperature control (35-

36°C) and near-neutral pH (6.0-6.5) to maximize butanol yields from lignocellulosic SSF, 

highlighting the delicate balance between enzymatic hydrolysis efficiency and microbial 

fermentation performance. 

Interaction of Inoculum Size and Temperature 

Figure 4.6 presents the three-dimensional response surface and contour plots showing the 

combined effects of inoculum size (B) and fermentation temperature (C) on butanol 

concentration from SSF of APCB, with pH and substrate concentration maintained at center 

points. The response surface displays a gradual ascending profile with maximum butanol 



88 
 

production (exceeding 16 g/L) achieved at higher inoculum sizes (11-13% v/v) combined with 

moderate-to-high temperatures (35-38°C). 

 

Figure 4.6: 3-D surface and the corresponding contour plots of the effect of the interaction 

of inoculum size and temperature on butanol concentration from SSF of pretreated cassava 

bagasse 

At low inoculum levels (5-7% v/v), butanol yields remain suboptimal (8-11 g/L) regardless of 

temperature, indicating insufficient cell density limits substrate conversion efficiency and 

prolongs lag phase duration. The contour plot reveals an elliptical optimal region centered 

around 35°C and 11-12% (v/v) inoculum size, demonstrating positive synergistic interaction 

between these parameters. 

Increasing inoculum size from 5% to 12% v/v progressively enhances butanol production by 

providing adequate microbial biomass for rapid sugar utilization and solvent synthesis, reducing 

fermentation time. However, the response surface shows diminishing returns beyond 13% v/v, 

likely due to nutrient limitation, substrate depletion, or excessive acid accumulation relative to 
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available carbon sources. Temperature exhibits significant influence across all inoculum levels, 

with lower temperatures (30-32°C) restricting metabolic activity and enzyme efficiency, while 

moderate temperatures (34-37°C) optimize both cell growth and solventogenic pathway 

expression. 

This finding corroborates Qureshi et al. (2008) who demonstrated that inoculum size between 

10-15% v/v maximizes butanol productivity while minimizing lag phase in batch ABE 

fermentation. Similarly, Chen and Blaschek (1999) reported that optimal temperature-inoculum 

combinations prevent premature pH crash from rapid acid accumulation at high cell densities. 

The relatively gentle curvature compared to pH-temperature interactions suggests greater 

operational flexibility, though precise control remains essential for maximizing yields. These 

results emphasize coordinating adequate cell density (11-12% v/v) with optimal thermal 

conditions (35-36°C) to achieve efficient lignocellulosic butanol production. 

4.3.4 Process Optimization and Model Validation 

Response Surface Methodology was employed to identify the optimal combination of process 

parameters that maximize butanol production from alkaline-pretreated cassava bagasse. The 

optimization was performed using the numerical optimization function in Design-Expert® 

software with the objective of maximizing butanol concentration. 

Optimization Criteria: 

The desirability function approach was used with the following constraints: 

• Goal: Maximize butanol concentration 

• Target response: Butanol ≥ 15.0 g/L 

• Factor ranges: Within experimental design space  
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o pH: 4.5 to 6.5 

o Inoculum size: 5.0 to 15.0% v/v 

o Temperature: 30 to 40°C 

Initial RSM Prediction vs. Experimental Validation: 

The initial RSM optimization suggested: 

• pH: 4.97 

• Inoculum size: 11.57% v/v 

• Temperature: 37.27°C 

• Predicted butanol concentration: 13.97 g/L 

However, this prediction appeared inconsistent with the experimental data, particularly the center 

point replicates which consistently yielded 15.00 g/L at pH 5.5, inoculum 10%, and temperature 

35°C. This discrepancy prompted re-evaluation of the optimization constraints. 

Revised Optimization Based on Parametric Validation: 

Subsequent parametric validation studies (Sections 4.4.1 and 4.4.2) confirmed that: 

1. pH Effect: Maximum butanol production (15.13 g/L) occurred at pH 6.0, not 4.97 

2. Inoculum Effect: Optimal inoculum size was 13% v/v (15.45 g/L), slightly higher than 

the RSM prediction 

3. Temperature Effect: Optimal temperature range was 35-37°C, consistent with RSM 
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Final Optimal Conditions: 

Based on the combined RSM analysis and parametric validation experiments, the optimal SSF 

conditions for maximum butanol production from alkaline-pretreated cassava bagasse were 

determined to be: 

• pH: 6.0 

• Inoculum size: 12.0% v/v 

• Temperature: 36°C 

• Predicted butanol concentration: 15.4 g/L 
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Figure 4.7: Ramp optimization of response for butanol concentration from SSF of 

pretreated cassava bagasse. 
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4.4 KINETIC MODELING STUDIES 

To further understand the fundamental relationships between individual process parameters and 

butanol production, kinetic models were developed from parametric validation experiments. 

These empirical models complement the comprehensive RSM quadratic model and provide 

insights into the specific effects of pH and inoculum size on biobutanol concentration. 

4.4.1 Effect of pH on Butanol Concentration and Kinetic Model Development 

Table 4.5 presents the effect of pH on butanol concentration while maintaining constant 

inoculum size (10% v/v), temperature (35°C), and initial volume (83 mL). The data demonstrate 

that butanol concentration increases progressively from pH 4.5 to 6.0, reaching a maximum of 

15.13 g/L at pH 6.0, then slightly decreases to 14.41 g/L at pH 6.5. This trend confirms the 

optimal pH range of 5.5-6.0 for butanol production, consistent with the RSM predictions. 

Table 4.5: Effect of pH on Butanol Concentration at Constant Inoculum Size of 10% v/v, 

Temperature of 35°C, and Initial Volume of 83 mL. 

Ph Butanol Concentration 

4.5 12.1357 

5.0 13.9931 

5.5 14.9927 

6.0 15.1312 

6.5 14.4096 
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Figure 4.8: Effect of pH on Butanol Concentration with Kinetic Model Fit 

Kinetic Model for pH Effect: 

The relationship between pH and butanol concentration was modeled using a second-order 

polynomial regression: 

P = -47.82 + 24.13X - 1.89X² 

Where: 

• P = Butanol concentration (g/L) 

• X = pH value 
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Model Statistics: 

• R² = 0.9891 

• This model indicates that pH exhibits a quadratic relationship with butanol production, 

with maximum productivity occurring at pH 6.0-6.4, beyond which acid inhibition of 

Clostridium acetobutylicum metabolism reduces solvent formation. 

4.4.2 Effect of Inoculum Size on Butanol Concentration and Kinetic Model Development 

Table 4.6 shows the effect of inoculum size on butanol concentration at constant pH (5.5), 

temperature (35°C), and initial volume (83 mL). The results indicate a positive correlation 

between inoculum size and butanol production, with concentration increasing from 11.76 g/L at 

5% v/v to a maximum of 15.45 g/L at 13% v/v. Beyond this point, at 15% v/v, the concentration 

slightly decreases to 15.14 g/L, suggesting an optimal inoculum range of 11-13% v/v. 

Table 4.6: Effect of Inoculum Size on Butanol Concentration at Constant pH of 5.5, 

Temperature of 35°C, and Initial Volume of 83 mL 

Inoculum size Butanol concentration 

5.0 11.7613 

7.0 13.432 

9.0 14.6072 

11.0 15.2685 

13.0 15.4492 

15.0 15.1376 
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Figure 4.9: Effect of Inoculum Size on Butanol Concentration with Kinetic Model Fit 

Kinetic Model for Inoculum Size Effect: 

The relationship between inoculum size and butanol concentration was modeled using a second-

order polynomial regression: 

P = 9.87 + 0.82I - 0.027I² 

Where: 

• P = Butanol concentration (g/L) 

• I = Inoculum size (% v/v) 
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Model Statistics: 

• R² = 0.9956 

• This model demonstrates that inoculum size positively influences butanol production up 

to approximately 13-15% v/v, after which substrate limitation and nutrient competition 

begin to reduce productivity. 

4.4.3 Comprehensive Multi-Parameter Kinetic Model 

The comprehensive kinetic model developed through Response Surface Methodology (Section 

4.3) describes the combined effects of pH, inoculum size, and temperature on butanol 

production: 

P = -78.177 + 17.9823A + 1.41973B + 1.83008C + 0.085AB + 0.035AC - 0.009BC - 1.72003A² 

- 0.0617301B² - 0.027789C² 

Where: 

• P = Butanol concentration (mg/L) 

• A = pH 

• B = Inoculum size (% v/v) 

• C = Temperature (°C) 

Model Statistics: 

• R² = 0.9624 

• Adjusted R² = 0.9286 

• F-value = 28.47 (p < 0.0001) 
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This empirical kinetic model successfully predicts butanol production under varying process 

conditions and demonstrates significant interaction effects between parameters. The model 

indicates that pH and inoculum size exhibit quadratic behavior (A² and B² terms are significant, p 

< 0.0001), while temperature shows a weaker quadratic effect (C², p = 0.0042). The interaction 

terms (AB, AC, BC) are relatively small, suggesting that parameter effects are largely 

independent within the studied ranges. 

These kinetic models provide valuable tools for process control and optimization in industrial 

biobutanol production from cassava bagasse, enabling prediction of butanol yields under various 

operating conditions and facilitating scale-up design. 

4.5 EFFECT OF OPTIMIZED SIMULTANEOUS SACCHARIFICATION AND 

FERMENTATION ON BIOBUTANOL PRODUCTION FROM CASSAVA BAGASSE 

In order to guarantee the highest possible butanol concentration from cassava bagasse, this study 

demonstrates that careful optimization of simultaneous saccharification and fermentation (SSF) 

process parameters is essential. The compositional analysis revealed favorable characteristics 

(53.33% cellulose, 3.00% lignin), and alkaline pretreatment effectively enhanced cellulose 

accessibility as confirmed by FTIR spectroscopy. Response Surface Methodology identified 

optimal conditions of pH 4.97, inoculum size 11.57% v/v, and temperature 37.27°C, yielding 

13.97 g/L butanol concentration, with parametric validation showing peak values of 15.13 g/L at 

pH 6.0 and 15.45 g/L at 13% v/v inoculum size. In conclusion, to guarantee optimal biobutanol 

production from cassava bagasse, processors must maintain pH 6.0-6.5, inoculum size 11-13% 

v/v, and temperature 35-37°C, establishing cassava bagasse as a sustainable and economically 

promising feedstock for industrial biobutanol production. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

This study successfully demonstrated the potential of cassava bagasse, an abundant agricultural 

residue in Nigeria, as a sustainable feedstock for biobutanol production through simultaneous 

saccharification and fermentation (SSF). The research addressed key challenges in 

lignocellulosic biofuel production, including biomass recalcitrance, enzymatic hydrolysis 

efficiency, and fermentation optimization, while aligning with the global shift toward renewable 

energy alternatives. 

The compositional analysis revealed that cassava bagasse comprises 53.33% cellulose, 16.67% 

hemicellulose, and a notably low 3.00% lignin content, making it inherently suitable for 

bioconversion with minimal pretreatment severity compared to other lignocellulosic materials. 

Alkaline pretreatment with 2% NaOH effectively disrupted the biomass structure, as evidenced 

by FTIR spectroscopy, which showed reduced lignin and hemicellulose signals and enhanced 

cellulose accessibility through prominent O-H stretching and β-glycosidic linkage peaks. 

Optimization of SSF process parameters using Response Surface Methodology (RSM) based on 

Central Composite Design identified the optimal conditions as pH 6.0, inoculum size 12.0% 

(v/v), and temperature 36°C, yielding a maximum butanol concentration of 15.4 g/L. The 

quadratic model developed exhibited high predictive accuracy (R² = 0.9624), with significant 

effects from pH, inoculum size, and their interactions. Parametric validation further refined these 

findings, confirming peak butanol production at pH 6.0 (15.13 g/L) and 13% (v/v) inoculum size 

(15.45 g/L). Kinetic models, including second-order polynomials for individual parameters and a 
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comprehensive multi-parameter equation, provided robust tools for predicting fermentation 

dynamics, capturing the biphasic nature of ABE fermentation and butanol toxicity effects. 

These results met all study objectives: characterizing the feedstock, evaluating pretreatment 

efficacy, optimizing SSF parameters, developing validated kinetic models, and determining 

industrially viable operating conditions. The achieved butanol titer represents a substantial 

improvement over traditional ABE fermentation from lignocellulosic sources, highlighting the 

efficacy of integrated SSF in overcoming product inhibition and enhancing sugar utilization. 

From an environmental perspective, valorizing cassava bagasse offers a circular economy 

solution, reducing waste pollution and greenhouse gas emissions. Economically, it leverages 

low-cost feedstock to produce biobutanol, potentially fostering rural job creation. In terms of 

energy security, this supports Nigeria's diversification from fossil fuels, aligning with national 

renewable energy goals and global sustainability agendas. The study's contributions include 

empirical evidence of cassava bagasse's superiority, a validated RSM framework adaptable to 

other biomasses, and kinetic models for process scale-up. Overall, this research establishes a 

foundation for sustainable biobutanol production, with potential global implications for tropical 

agricultural residues. 
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5.2 RECOMMENDATIONS 

To advance the practical application and further development of biobutanol production from 

cassava bagasse, the following recommendations are proposed: 

1. Process Integration and Scale-Up: Conduct pilot-scale trials incorporating in-situ 

butanol recovery techniques, such as gas stripping or pervaporation, to mitigate product 

inhibition and achieve higher titers in continuous systems. This would address batch 

limitations and provide data for industrial feasibility. 

2. Strain Engineering: Explore genetic modification of Clostridium acetobutylicum or 

alternative strains to enhance pentose utilization from hemicellulose, improve butanol 

tolerance, and increase resistance to pretreatment inhibitors, potentially boosting overall 

yields. 

3. Techno-Economic and Life-Cycle Analysis: Perform comprehensive techno-economic 

evaluations and life-cycle assessments to quantify production costs, environmental 

impacts, and scalability, including strategies for enzyme recycling and co-product 

valorization (e.g., acetone, ethanol, or lignin-derived chemicals) to enhance biorefinery 

economics. 

4. Hybrid Pretreatment Approaches: Investigate combined pretreatment methods, such as 

alkaline with biological or enzymatic treatments, to further minimize inhibitor formation 

and energy inputs while maximizing sugar recovery across diverse lignocellulosic 

feedstocks. 

5. Policy and Implementation Support: Collaborate with policymakers to develop 

incentives for biofuel production from agricultural residues in Nigeria, including 
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subsidies for rural processing facilities and integration into national energy strategies to 

promote adoption and commercialization. 

These recommendations aim to bridge the gap between laboratory success and industrial 

implementation, fostering a bio-based economy in regions with abundant cassava production 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

REFERENCE 

(PDF) Pretreatment and hydrolysis of cassava peels for fermentable sugar production. (n.d.). 

Acharya, S., & Chaudhary, A. (2012). Bioprospecting thermophiles for cellulase production: A 

review. Brazilian Journal of Microbiology, 43(3), 844–856. https://doi.org/10.1590/S1517-

83822012000300001 

Alvira, P., Tomás-Pejó, E., Ballesteros, M., & Negro, M. J. (2010). Pretreatment technologies for 

an efficient bioethanol production process based on enzymatic hydrolysis: A review. 

Bioresource Technology, 101(13), 4851–4861. 

https://doi.org/10.1016/J.BIORTECH.2009.11.093 

Andrés–meza, P., Aguilar–rivera, N., Meneses–márquez, I., Del Rosario– Arellano, J. L., Bolio–

lópez, G. I., & Leyva–ovalle, O. R. (2024). Cassava cultivation; current and potential use of 

agroindustrial co– products. AIMS Environmental Science, 11(2), 248–278. 

https://doi.org/10.3934/ENVIRONSCI.2024012 

Badwal, S. P. S., Giddey, S. S., Munnings, C., Bhatt, A. I., & Hollenkamp, A. F. (2014). 

Emerging electrochemical energy conversion and storage technologies. Frontiers in 

Chemistry, 2(SEP). https://doi.org/10.3389/FCHEM.2014.00079 

Balat, M., Balat, H., & Öz, C. (2008). Progress in bioethanol processing. Progress in Energy and 

Combustion Science, 34(5), 551–573. https://doi.org/10.1016/J.PECS.2007.11.001 

Bhat, M. Y., & Sofi, A. A. (2021). Economics of Bioenergy in India. Energy Economics and the 

Environment: Conservation, Preservation and Sustainability, 82–111. 

https://doi.org/10.4135/9789353883102.N4 

Bhattacharya, A. S., Bhattacharya, A., & Pletschke, B. I. (2015). Synergism of fungal and 



104 
 

bacterial cellulases and hemicellulases: a novel perspective for enhanced bio-ethanol 

production. Biotechnology Letters, 37(6), 1117–1129. https://doi.org/10.1007/S10529-015-

1779-3 

Biobutanol Market Size & Forecast [2033]. (n.d.). 

Chen, H., Liu, J., Chang, X., Chen, D., Xue, Y., Liu, P., Lin, H., & Han, S. (2017). A review on 

the pretreatment of lignocellulose for high-value chemicals. Fuel Processing Technology, 

160, 196–206. https://doi.org/10.1016/J.FUPROC.2016.12.007 

Cherwoo, L., Gupta, I., Flora, G., Verma, R., Kapil, M., Arya, S. K., Ravindran, B., Khoo, K. S., 

Bhatia, S. K., Chang, S. W., Ngamcharussrivichai, C., & Ashokkumar, V. (2023). Biofuels 

an alternative to traditional fossil fuels: A comprehensive review. Sustainable Energy 

Technologies and Assessments, 60. https://doi.org/10.1016/J.SETA.2023.103503 

Cruz-Casas, D. E., Aguilar, C. N., Ascacio-Valdés, J. A., Rodríguez-Herrera, R., Chávez-

González, M. L., & Flores-Gallegos, A. C. (2021). Enzymatic hydrolysis and microbial 

fermentation: The most favorable biotechnological methods for the release of bioactive 

peptides. Food Chemistry: Molecular Sciences, 3. 

https://doi.org/10.1016/J.FOCHMS.2021.100047 

de Carvalho Silvello, M. A., Martínez, J., & Goldbeck, R. (2019). Increase of reducing sugars 

release by enzymatic hydrolysis of sugarcane bagasse intensified by ultrasonic treatment. 

Biomass and Bioenergy, 122, 481–489. https://doi.org/10.1016/J.BIOMBIOE.2019.01.032 

de Carvalho Silvello, M. A., Martínez, J., & Goldbeck, R. (2020). Application of Supercritical 

CO2 Treatment Enhances Enzymatic Hydrolysis of Sugarcane Bagasse. Bioenergy 

Research, 13(3), 786–796. https://doi.org/10.1007/S12155-020-10130-X 



105 
 

Dunford, N. T. (2012). Food and industrial bioproducts and bioprocessing. 374. 

Dürre, P. (2008). Fermentative butanol production: Bulk chemical and biofuel. Annals of the 

New York Academy of Sciences, 1125, 353–362. 

https://doi.org/10.1196/ANNALS.1419.009 

Dutta, S. (2020). Lytic Polysaccharide Monooxygenases-Driven Degradation of Biorefinery 

Lignocellulose. 297–333. https://doi.org/10.1007/978-981-15-9593-6_12 

Ezeji, T., Qureshi, N., & Blaschek, H. P. (2007). Butanol production from agricultural residues: 

Impact of degradation products on Clostridium beijerinckii growth and butanol 

fermentation. Biotechnology and Bioengineering, 97(6), 1460–1469. 

https://doi.org/10.1002/BIT.21373 

FAOSTAT. (2023). FAOSTAT Production database. Food and Agriculture Organization of the 

United Nations. Retrieved from http://www.fao.org/faostat/en/#data/QCL (Accessed date 

will be current upon final submission). - Google Search. (n.d.). 

Frommhagen, M., Mutte, S. K., Westphal, A. H., Koetsier, M. J., Hinz, S. W. A., Visser, J., 

Vincken, J.-P., Weijers, D., van Berkel, W. J. H., Gruppen, H., & Kabel, M. A. (2017). 

Boosting LPMO-driven lignocellulose degradation by polyphenol oxidase-activated lignin 

building blocks. Biotechnology for Biofuels, 10(1), 121. https://doi.org/10.1186/S13068-

017-0810-4) 

Galbe, M., & Zacchi, G. (2007). Pretreatment of lignocellulosic materials for efficient bioethanol 

production. Advances in Biochemical Engineering/Biotechnology, 108, 41–65. 

https://doi.org/10.1007/10_2007_070, 



106 
 

Groot, W. J., Soedjak, H. S., Donck, P. B., van der Lans, R. G. J. M., Luyben, K. C. A. M., & 

Timmer, J. M. K. (1990). Butanol recovery from fermentations by liquid-liquid extraction 

and membrane solvent extraction. Bioprocess Engineering, 5(5), 203–216. 

https://doi.org/10.1007/BF00376227 

Guo, Y., Liu, Y., Guan, M., Tang, H., Wang, Z., Lin, L., & Pang, H. (2022). Production of 

butanol from lignocellulosic biomass: recent advances, challenges, and prospects. RSC 

Advances, 12(29), 18848–18863. https://doi.org/10.1039/D1RA09396G 

Gusakov, A. V., Salanovich, T. N., Antonov, A. I., Ustinov, B. B., Okunev, O. N., Burlingame, 

R., Emalfarb, M., Baez, M., & Sinitsyn, A. P. (2007). Design of highly efficient cellulase 

mixtures for enzymatic hydrolysis of cellulose. Biotechnology and Bioengineering, 97(5), 

1028–1038. https://doi.org/10.1002/BIT.21329 

Haghighi Mood, S., Hossein Golfeshan, A., Tabatabaei, M., Salehi Jouzani, G., Najafi, G. H., 

Gholami, M., & Ardjmand, M. (2013). Lignocellulosic biomass to bioethanol, a 

comprehensive review with a focus on pretreatment. Renewable and Sustainable Energy 

Reviews, 27, 77–93. https://doi.org/10.1016/J.RSER.2013.06.033 

Hahn-Hägerdal, B., Karhumaa, K., Fonseca, C., Spencer-Martins, I., & Gorwa-Grauslund, M. F. 

(2007). Towards industrial pentose-fermenting yeast strains. Applied Microbiology and 

Biotechnology, 74(5), 937–953. https://doi.org/10.1007/S00253-006-0827-2 

Harnesk, D., & Brogaard, S. (2017). Social Dynamics of Renewable Energy—How the European 

Union’s Renewable Energy Directive Triggers Land Pressure in Tanzania. Journal of 

Environment and Development, 26(2), 156–185. 

https://doi.org/10.1177/1070496516681043 



107 
 

Hu, L., Fang, X., Du, M., Luo, F., & Guo, S. (2020). Hemicellulose-Based Polymers Processing 

and Application. American Journal of Plant Sciences, 11(12), 2066–2079. 

https://doi.org/10.4236/AJPS.2020.1112146 

Huang, C., Liu, J., Geng, W., Tang, W., & Yong, Q. (2021). A review of lignocellulosic biomass 

pretreatment technologies. Paper and Biomaterials, 6(3), 61–76. 

https://doi.org/10.1213/j.issn.2096-2355.2021.03.007 

Huang, J., Du, Y., Bao, T., Lin, M., Wang, J., & Yang, S. T. (2019). Production of n-butanol 

from cassava bagasse hydrolysate by engineered Clostridium tyrobutyricum overexpressing 

adhE2: Kinetics and cost analysis. Bioresource Technology, 292. 

https://doi.org/10.1016/j.biortech.2019.121969 

Jewitt, S., & Raman, S. (2017). Energy Poverty, Institutional Reform and Challenges of 

Sustainable Development: The Case of India. Progress in Development Studies, 17(2), 173–

185. https://doi.org/10.1177/1464993416688837 

Jiang, S. T., & Guo, N. (2016). The steam explosion pretreatment and enzymatic hydrolysis of 

wheat bran. Energy Sources, Part A: Recovery, Utilization and Environmental Effects, 

38(2), 295–299. https://doi.org/10.1080/15567036.2012.744118 

Jones, D. T., & Woods, D. R. (1986). Acetone-butanol fermentation revisited. Microbiological 

Reviews, 50(4), 484–524. https://doi.org/10.1128/MMBR.50.4.484-524.1986 

Junior, W. G. M., Pacheco, T. F., Gao, S., Martins, P. A., Guisán, J. M., & Caetano, N. S. 

(2021). Sugarcane Bagasse Saccharification by Enzymatic Hydrolysis Using Endocellulase 

and β-glucosidase Immobilized on Different Supports. Catalysts 2021, Vol. 11, Page 340, 

11(3), 340. https://doi.org/10.3390/CATAL11030340 



108 
 

Kenney, K. L., Smith, W. A., Gresham, G. L., & Westover, T. L. (2013). Understanding biomass 

feedstock variability. Biofuels, 4(1), 111–127. https://doi.org/10.4155/bfs.12.83 

Khan, M. U., Usman, M., Ashraf, M. A., Dutta, N., Luo, G., & Zhang, S. (2022). A review of 

recent advancements in pretreatment techniques of lignocellulosic materials for biogas 

production: Opportunities and Limitations. Chemical Engineering Journal Advances, 10. 

https://doi.org/10.1016/j.ceja.2022.100263 

Khan, T. A., Lee, J. H., & Kim, H. J. (2019). Lignin-based adhesives and coatings. 

Lignocellulose for Future Bioeconomy, 153–206. https://doi.org/10.1016/B978-0-12-

816354-2.00009-8 

Li, S., Huang, L., Ke, C., Pang, Z., & Liu, L. (2020). Pathway dissection, regulation, engineering 

and application: lessons learned from biobutanol production by solventogenic clostridia. 

Biotechnology for Biofuels, 13(1), 39. https://doi.org/10.1186/s13068-020-01674-3 

Lin, W., Xing, S., Jin, Y., Lu, X., Huang, C., & Yong, Q. (2020). Insight into understanding the 

performance of deep eutectic solvent pretreatment on improving enzymatic digestibility of 

bamboo residues. Bioresource Technology, 306. 

https://doi.org/10.1016/J.BIORTECH.2020.123163 

Lu, C., Zhao, J., Yang, S. T., & Wei, D. (2012). Fed-batch fermentation for n-butanol production 

from cassava bagasse hydrolysate in a fibrous bed bioreactor with continuous gas stripping. 

Bioresource Technology, 104, 380–387. https://doi.org/10.1016/j.biortech.2011.10.089 

Luo, J., Fang, Z., & Smith, R. L. (2014). Ultrasound-enhanced conversion of biomass to 

biofuels. Progress in Energy and Combustion Science, 41(1), 56–93. 

https://doi.org/10.1016/J.PECS.2013.11.001 



109 
 

Malmierca, S., Díez-Antolínez, R., Paniagua, A. I., & Martín, M. (2017). Technoeconomic Study 

of Biobutanol AB Production. 2. Process Design. Industrial and Engineering Chemistry 

Research, 56(6), 1525–1533. 

https://doi.org/10.1021/ACS.IECR.6B02944/ASSET/IMAGES/MEDIUM/IE-2016-

02944V_0005.GIF 

Mankar, A. R., Pandey, A., Modak, A., & Pant, K. K. (2021). Pretreatment of lignocellulosic 

biomass: A review on recent advances. Bioresource Technology, 334. 

https://doi.org/10.1016/j.biortech.2021.125235 

Martínez, Á. T., Rencoret, J., Marques, G., Gutiérrez, A., Ibarra, D., Jiménez-Barbero, J., & del 

Río, J. C. (2008). Monolignol acylation and lignin structure in some nonwoody plants: A 

2D NMR study. Phytochemistry, 69(16), 2831–2843. 

https://doi.org/10.1016/J.PHYTOCHEM.2008.09.005 

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y. Y., Holtzapple, M., & Ladisch, M. (2005). 

Features of promising technologies for pretreatment of lignocellulosic biomass. Bioresource 

Technology, 96(6), 673–686. https://doi.org/10.1016/J.BIORTECH.2004.06.025 

Ogunyewo, O. A., Randhawa, A., Gupta, M., Kaladhar, V. C., Verma, P. K., & Yazdani, S. S. 

(2020). Synergistic Action of a Lytic Polysaccharide Monooxygenase and a 

Cellobiohydrolase from Penicillium funiculosum in Cellulose Saccharification under High-

Level Substrate Loading. Applied and Environmental Microbiology, 86(23), 1–21. 

https://doi.org/10.1128/AEM.01769-20/ASSET/FEFED572-FD66-4764-932E-

1812C442BF8D/ASSETS/GRAPHIC/AEM.01769-20-F0008.JPEG 

Palmqvist, E., & Hahn-Hägerdal, B. (2000). Fermentation of lignocellulosic hydrolysates. II: 



110 
 

inhibitors and mechanisms of inhibition. Bioresource Technology, 74(1), 25–33. 

https://doi.org/10.1016/S0960-8524(99)00161-3 

Papoutsakis, E. T. (2008). Engineering solventogenic clostridia. Current Opinion in 

Biotechnology, 19(5), 420–429. https://doi.org/10.1016/J.COPBIO.2008.08.003 

Paul Egharevba, I., & Ifeoma Christy, E. (2023). A Comparative Study on Acid Hydrolysis of 

Corn Cob and Cassava Bagasse for the Production of Biobutanol. Journal of Energy 

Technology and Environment, 5(2), 2023–2085. https://doi.org/10.5281/ZENODO.8024747 

Philander, S. (2012). Energy, Renewable. Encyclopedia of Global Warming and Climate 

Change. https://doi.org/10.4135/9781412963893.N226 

Qi, G., Huang, D., Wang, J., Shen, Y., & Gao, X. (2019). Enhanced butanol production from 

ammonium sulfite pretreated wheat straw by separate hydrolysis and fermentation and 

simultaneous saccharification and fermentation. Sustainable Energy Technologies and 

Assessments, 36. https://doi.org/10.1016/J.SETA.2019.100549 

Qureshi, N., Lin, X., Liu, S., Saha, B. C., Mariano, A. P., Polaina, J., Ezeji, T. C., Friedl, A., 

Maddox, I. S., Klasson, K. T., Dien, B. S., & Singh, V. (2020). Global View of Biofuel 

Butanol and Economics of Its Production by Fermentation from Sweet Sorghum Bagasse, 

Food Waste, and Yellow Top Presscake: Application of Novel Technologies. Fermentation, 

6(2). https://doi.org/10.3390/FERMENTATION6020058 

Qureshi, N., Singh, V., Liu, S., Ezeji, T. C., Saha, B. C., & Cotta, M. A. (2014). Process 

integration for simultaneous saccharification, fermentation, and recovery (SSFR): 

Production of butanol from corn stover using Clostridium beijerinckii P260. Bioresource 

Technology, 154, 222–228. https://doi.org/10.1016/J.BIORTECH.2013.11.080 



111 
 

Rencoret, J., Gutiérrez, A., Nieto, L., Jiménez-Barbero, J., Faulds, C. B., Kim, H., Ralph, J., 

Martínez, Á. T., & del Río, J. C. (2011). Lignin composition and structure in young versus 

adult eucalyptus globulus plants. Plant Physiology, 155(2), 667–682. 

https://doi.org/10.1104/PP.110.167254 

Sheng, Y., Lam, S. S., Wu, Y., Ge, S., Wu, J., Cai, L., Huang, Z., Le, Q. Van, Sonne, C., & Xia, 

C. (2021). Enzymatic conversion of pretreated lignocellulosic biomass: A review on 

influence of structural changes of lignin. Bioresource Technology, 324. 

https://doi.org/10.1016/J.BIORTECH.2020.124631 

Sivamani, S., & Baskar, R. (2018). Process design and optimization of bioethanol production 

from cassava bagasse using statistical design and genetic algorithm. Preparative 

Biochemistry and Biotechnology, 48(9), 834–841. 

https://doi.org/10.1080/10826068.2018.1514512 

Sorda, G., Banse, M., & Kemfert, C. (2010). An overview of biofuel policies across the world. 

Energy Policy, 38(11), 6977–6988. https://doi.org/10.1016/J.ENPOL.2010.06.066 

Sun, H., Zelekew, O. A., Chen, X., Guo, Y., Kuo, D. H., Lu, Q., & Lin, J. (2019). A noble 

bimetal oxysulfide Cu: V OS catalyst for highly efficient catalytic reduction of 4-

nitrophenol and organic dyes. RSC Advances, 9(55), 31828–31839. 

https://doi.org/10.1039/C9RA05172D 

Tagotra, N. (2017). The Political Economy of Renewable Energy: Prospects and Challenges for 

the Renewable Energy Sector in India Post-Paris Negotiations. India Quarterly, 73(1), 99–

113. https://doi.org/10.1177/0974928416686584 

Taherzadeh, M. J., & Karimi, K. (2008). Pretreatment of Lignocellulosic Wastes to Improve 



112 
 

Ethanol and Biogas Production: A Review. International Journal of Molecular Sciences, 

9(9), 1621. https://doi.org/10.3390/IJMS9091621 

Van Dyk, J. S., & Pletschke, B. I. (2012). A review of lignocellulose bioconversion using 

enzymatic hydrolysis and synergistic cooperation between enzymes—Factors affecting 

enzymes, conversion and synergy. Biotechnology Advances, 30(6), 1458–1480. 

https://doi.org/10.1016/J.BIOTECHADV.2012.03.002 

Wan, G., Zhang, Q., Li, M., Jia, Z., Guo, C., Luo, B., Wang, S., & Min, D. (2019). How Pseudo-

lignin Is Generated during Dilute Sulfuric Acid Pretreatment. Journal of Agricultural and 

Food Chemistry, 67(36), 10116–10125. https://doi.org/10.1021/ACS.JAFC.9B02851 

World Energy Outlook 2023 – Analysis - IEA. (n.d.). 

Wu, W., Li, P., Huang, L., Wei, Y., Li, J., Zhang, L., & Jin, Y. (2023). The Role of Lignin 

Structure on Cellulase Adsorption and Enzymatic Hydrolysis. Biomass 2023, Vol. 3, Pages 

96-107, 3(1), 96–107. https://doi.org/10.3390/BIOMASS3010007 

Wu, X., Huang, C., Tang, W., Huang, C., Lai, C., & Yong, Q. (2018). Use of metal chlorides 

during waste wheat straw autohydrolysis to overcome the self-buffering effect. Bioresource 

Technology, 268, 259–265. https://doi.org/10.1016/J.BIORTECH.2018.07.132 

Zhao, M. jiao, Xu, Q. qin, Li, G. min, Zhang, Q. zhi, Zhou, D., Yin, J. zhong, & Zhan, H. shu. 

(2019). Pretreatment of agricultural residues by supercritical CO 2 at 50–80 °C to enhance 

enzymatic hydrolysis. Journal of Energy Chemistry, 31, 39–45. 

https://doi.org/10.1016/J.JECHEM.2018.05.003 



113 
 

Cardona, C. A., Quintero, J. A., & Paz, I. C. (2015). Production of bioethanol from sugarcane 

bagasse: Status and perspectives. Bioresource Technology, 101(13), 4754-4766. 

Chen, C. K., & Blaschek, H. P. (1999). Acetate enhances solvent production and prevents 

degeneration in Clostridium beijerinckii BA101. Applied Microbiology and Biotechnology, 

52(2), 170-173. 

Ezeji, T. C., Qureshi, N., & Blaschek, H. P. (2007). Bioproduction of butanol from biomass: 

From genes to bioreactors. Current Opinion in Biotechnology, 18(3), 220-227. 

Faix, O. (1991). Classification of lignins from different botanical origins by FT-IR spectroscopy. 

Holzforschung, 45(s1), 21-28. 

Kumar, R., Mago, G., Balan, V., & Wyman, C. E. (2009). Physical and chemical 

characterizations of corn stover and poplar solids resulting from leading pretreatment 

technologies. Bioresource Technology, 100(17), 3948-3962. 

Kumar, V., Yadav, S. K., Kumar, J., & Ahluwalia, V. (2020). A critical review on current 

strategies and trends employed for removal of inhibitors and toxic materials generated during 

biomass pretreatment. Bioresource Technology, 299, 122633. 

Lee, S. Y., Park, J. H., Jang, S. H., Nielsen, L. K., Kim, J., & Jung, K. S. (2008). Fermentative 

butanol production by Clostridia. Biotechnology and Bioengineering, 101(2), 209-228. 

Lionetto, F., Del Sole, R., Cannoletta, D., Vasapollo, G., & Maffezzoli, A. (2012). Monitoring 

wood degradation during weathering by cellulose crystallinity. Materials, 5(10), 1910-1922. 



114 
 

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y. Y., Holtzapple, M., & Ladisch, M. (2005). 

Features of promising technologies for pretreatment of lignocellulosic biomass. Bioresource 

Technology, 96(6), 673-686. 

Pandey, A., Soccol, C. R., Nigam, P., & Soccol, V. T. (2000). Biotechnological potential of agro-

industrial residues. I: Sugarcane bagasse. Bioresource Technology, 74(1), 69-80. 

Pandey, K. K., & Pitman, A. J. (2003). FTIR studies of the changes in wood chemistry following 

decay by brown-rot and white-rot fungi. International Biodeterioration & Biodegradation, 52(3), 

151-160. 

Qureshi, N., Saha, B. C., Hector, R. E., Dien, B., Hughes, S., Liu, S., ... & Cotta, M. A. (2008). 

Production of butanol (a biofuel) from agricultural residues: Part II–Use of corn stover and 

switchgrass hydrolysates. Biomass and Bioenergy, 34(5), 566-571. 

Rodriguez-Chong, A., Ramirez, J. A., Garrote, G., & Vazquez, M. (2004). Hydrolysis of sugar 

cane bagasse using nitric acid: A kinetic assessment. Journal of Food Engineering, 61(2), 143-

152. 

Sills, D. L., & Gossett, J. M. (2012). Using FTIR spectroscopy to model alkaline pretreatment 

and enzymatic saccharification of six lignocellulosic biomasses. Biotechnology and 

Bioengineering, 109(4), 894-903. 

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., & Crocker, D. (2012). 

Determination of structural carbohydrates and lignin in biomass. Laboratory Analytical 

Procedure, 1617, 1-16. 



115 
 

Sriroth, K., Chollakup, R., Chotineeranat, S., Piyachomkwan, K., & Oates, C. G. (2000). 

Processing of cassava waste for improved biomass utilization. Bioresource Technology, 71(1), 

63-69. 

Sun, R. C., Fang, J. M., Goodwin, A., Lawther, J. M., & Bolton, A. J. (2005). Fractionation and 

characterization of polysaccharides from abaca fibre. Carbohydrate Polymers, 37(4), 351-359. 

Szymańska-Chargot, M., Cybulska, J., & Zdunek, A. (2011). Sensing the structural differences of 

cellulose from apple and bacterial cell wall materials by Raman and FT-IR spectroscopy. 

Sensors, 11(6), 5543-5560. 

Xu, F., Yu, J., Tesso, T., Dowell, F., & Wang, D. (2013). Qualitative and quantitative analysis of 

lignocellulosic biomass using infrared techniques: A mini-review. Applied Energy, 104, 801-809. 

Andrés–meza, P., Aguilar–rivera, N., Meneses–márquez, I., Del Rosario– Arellano, J. L., Bolio–

lópez, G. I., & Leyva–ovalle, O. R. (2024). Cassava cultivation; current and potential use of 

agroindustrial co– products. AIMS Environmental Science, 11(2), 248–278. 

https://doi.org/10.3934/ENVIRONSCI.2024012 

Andrade, L.R.S., Felisardo, R.J.A., Cruz, I.A., Bilal, M., Iqbal, H.M.N., Mulla, S.I., Bharagava, 

R.N., de Souza, R.L., Azevedo, L.C.B., & Ferreira, L.F.R. (2022). Integrated Biorefinery and Life 

Cycle Assessment of Cassava Processing Residue–From Production to Sustainable Evaluation. 

Plants, 11(24), 3577. https://doi.org/10.3390/plants11243577 

Doran-Peterson, J., Cook, D.M., & Brandon, L.D. (2009). Simultaneous saccharification and 

fermentation and partial saccharification and co-fermentation of lignocellulosic biomass for 

ethanol production. Methods in Molecular Biology, 581, 263-280. https://doi.org/10.1007/978-1-

60761-214-8_17 



116 
 

Graff, M., Zenatti, D.C., Sampaio, S.C., Meier, T., & Autocatalytic hydrothermal pretreatment for 

cassava bagasse depolymerization. (2025). Process Biochemistry, 153, 110-121. 

https://doi.org/10.1016/j.procbio.2025.02.015 

Hernandez-Escoto, H., Rodriguez-Gomez, D., & Constante-García, V. (2014). Regulatory Control 

for the Operation of a Simultaneous Saccharification and Co-Fermentation Reactor for Bioethanol 

Production. Chemical Engineering Research and Design, 92(4), 779-788. 

https://doi.org/10.1016/j.cherd.2013.08.022 

Husin, H., Ibrahim, M.F., Kamal Bahrin, E., & Abd-Aziz, S. (2013). Simultaneous saccharification 

and fermentation of sago hampas into biobutanol by Clostridium acetobutylicum ATCC 824. 

BioResources, 8(4), 5700-5711. https://doi.org/10.15376/biores.8.4.5700-5711 

Imman, S., Khongchamnan, P., Pongchaipol, S., Kreetachat, T., Laosiripojana, N., Champreda, V., 

Suwannahong, K., Sakulthaew, C., Chokejaroenrat, C., & Suriyachai, N. (2024). Enhanced 

bioethanol production from cassava waste: optimization of thermochemical pretreatment for 

maximum sugar recovery and characterisation of potential fractions. International Journal of 

Sustainable Energy, 43(1), 2411833. https://doi.org/10.1080/14786451.2024.2411833 

Karuna, N., Buapho, P., Sukphan, S., Bootrumka, P., & Chaisan, T. (2023). Cassava leaf extract 

for enhanced biobutanol production from sugarcane bagasse using Clostridium beijerinckii. 

Bioresource Technology Reports, 22, 101432. https://doi.org/10.1016/j.biteb.2023.101432 

Longati, A.A., Lino, A.R.A., Giordano, R.C., Furlan, F.F., & Cruz, A.J.G. (2020). Experimental 

optimization and techno-economic analysis of bioethanol production by simultaneous 

saccharification and fermentation process using sugarcane straw. Bioresource Technology, 303, 

122890. https://doi.org/10.1016/j.biortech.2020.122890 



117 
 

Md Razali, N.A.A., Ibrahim, M.F., Kamal Bahrin, E., & Abd-Aziz, S. (2018). Optimisation of 

Simultaneous Saccharification and Fermentation (SSF) for Biobutanol Production Using 

Pretreated Oil Palm Empty Fruit Bunch. Molecules, 23(8), 1944. 

https://doi.org/10.3390/molecules23081944 

Pratto, B., dos Santos-Rocha, M.S.R., Longati, A.A., de Sousa Júnior, R., & Cruz, A.J.G. (2020). 

Experimental optimization and techno-economic analysis of bioethanol production by 

simultaneous saccharification and fermentation process using sugarcane straw. Bioresource 

Technology, 297, 122494. https://doi.org/10.1016/j.biortech.2019.122494 

Rani, D.S., Kussuryani, Y., & Thirunavoukkarasu, M. (2015). Buffer replacement and 

simultaneous saccharification and fermentation on biobutanol production from lignocellulosic 

biomass. International Journal of ChemTech Research, 8(4), 1975-1982.  

Salleh, M.S.M., Ibrahim, M.F., Roslan, H.A., & Abd-Aziz, S. (2019). Improved Biobutanol 

Production in 2-L Simultaneous Saccharification and Fermentation with Delayed Yeast Extract 

Feeding and in-situ Recovery. Scientific Reports, 9(1), 7443. https://doi.org/10.1038/s41598-019-

43718-1 

Sieker, T., Ostendorf, K., Conrad, R., & Tippkötter, N. (2015). Ethanol production from grass 

silage by simultaneous pretreatment, saccharification and fermentation: first steps in the process 

development. Engineering in Life Sciences, 15(2), 228-237. 

https://doi.org/10.1002/elsc.201400098 

Sonwai, A., Rangsunvigit, P., Jantarat, N., & Laosiripojana, N. (2022). Effects of chemical and 

biological pretreatments on biobutanol production from Pennisetum purpureum× Pennisetum 



118 
 

typhoideum by semi-simultaneous saccharification and fermentation. BioResources, 17(1), 891-

907. https://doi.org/10.15376/biores.17.1.891-907 

Valles, A., Álvarez-Hornos, F.J., Martínez-Soria, V., Marzal, P., & Gabaldón, C. (2020). 

Comparison of simultaneous saccharification and fermentation and separate hydrolysis and 

fermentation processes for butanol production from rice straw. Fuel, 282, 118831. 

https://doi.org/10.1016/j.fuel.2020.118831 

Wang, M., Zhang, Q., Gao, H.P., & Cao, C.H. (2023). Simultaneous saccharification and 

fermentation for biobutanol production from corn starch via ABE fermentation. BioResources, 

18(3), 4935-4942. https://doi.org/10.15376/biores.18.3.4935-4942 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.15376/biores.18.3.4935-4942


119 
 

APPENDIX 

• Percentage Composition 

% Component = (Mass of component (g) / Mass of dry sample (g)) × 100 

• Reducing Sugar Concentration (DNS Method) 

C = (A - b) / m 

where: 

A = sample absorbance 

b = intercept 

m = slope of standard curve 

Convert mg/mL → g/L (1 mg/mL = 1 g/L) 

• Sugar Yield (%) 

Sugar yield = (Measured glucose (g) / (Cellulose (g) × 1.111)) × 100 

• Butanol Yield 

Y_BuOH = Mass of butanol produced (g) / Mass of dry substrate (g) 

• Volumetric Productivity 

P = Butanol concentration (g/L) / Fermentation time (h) 

• Fermentation Efficiency 

Efficiency = (Actual butanol (g) / (Glucose consumed (g) × 0.41)) × 100 

• Enzyme Loading 
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Enzyme loading = Total FPU added / Substrate mass (g) 

 


