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Abstract 

The industrial process to produce bioethanol from lignocellulosic biomass has focused on 

complete or nearly complete hydrolysis of cellulose to fermentable sugars. This entails utilizing 

different pretreatments and high amount of advanced cellulase cocktail to deconstruct the lignin 

and hemicellulose and depolymerize the recalcitrant crystalline region of cellulose to fermentable 

sugars.  Thus, these enzymatic approaches are often associated with high costs due to the cost of 

cellulase cocktails. Therefore, to offset such economic challenges, biorefinery strategies need to 

be designed that provide high fermentable sugars recovery with additional high value-added 

products from lignocellulosic biomass. In this context, the crystalline region of cellulose serves as 

a precursor for producing a nanostructured material called cellulose nanocrystals (CNCs), while 

the amorphous chains can be hydrolyzed to sugars and subsequently fermented to ethanol. In this 

thesis a biorefinery strategy was designed to enhance the yield of CNCs and fermentable sugars 

through an integrated process beginning with either hydrothermal or steam explosion pretreatment 

followed by enzymatic hydrolysis and then acid hydrolysis. 

The first study investigated the production of CNCs and fermentable sugars from wood pulp using 

a hybrid process that combined hydrothermal treatment, enzymatic hydrolysis, and acid 

hydrolysis. Hydrothermal treatment at 200°C improved cellulose crystallinity, forming CNC 

precursors through molecular reorientation. Subsequent enzymatic hydrolysis, employing a 

cellulase cocktail, released fermentable sugars from amorphous cellulose. Glucose and xylose 

yields plateaued at 24 h (32.8 ± 0.3 wt%) and (3.3 ± 0.2 wt%), respectively, during the 6-24 h 

enzymatic treatment. The hydrothermal and enzymatic treatment process significantly increased 

CNC yield by 2.1-fold and 1.4-fold compared to untreated wood pulp and hydrothermally treated 
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pulp alone, using acid hydrolyzed feedstock respectively. Consequently, the hybrid treatment 

improved overall CNC yield by 1.3-fold compared to untreated wood pulp, and it showed no 

significant difference compared to hydrothermally treated pulp alone. Furthermore, CNC yield 

started decreasing after 18 hours of enzyme treatment, likely due to the enzyme depolymerizing 

the crystalline region of the cellulose. Further analysis confirmed comparable CNC quality in the 

hybrid treatment through crystallinity, zeta potential, and thermal stability analysis. 

The second study explored the impact of steam explosion pretreatment on the yield of CNCs. 

Conducting steam explosion prior to acid hydrolysis enhanced the crystallization of semi-

crystalline/non-crystalline cellulose, generating additional CNC precursors from poplar wood as a 

feedstock. The crystallinity of steam-exploded poplar wood increased by 1.3-fold compared to 

untreated poplar wood, resulting in a 2.5-fold increase in the overall CNC yield. Importantly, the 

steam explosion pretreatment did not compromise CNC quality in terms of crystallinity and 

colloidal stability. However, the thermal stability of the CNCs improved due to an increase in 

crystal size caused by steam explosion. This study showcases a straightforward and scalable 

pretreatment approach that significantly enhances CNC yield during the acid hydrolysis step, 

thereby improving overall economic viability and commercial potential. 

The third study extended the work from the second study by introducing an enzymatic hydrolysis 

step between steam explosion pretreatment and acid hydrolysis to produce CNCs and fermentable 

sugars from poplar wood. The objective was to achieve efficient saccharification of amorphous 

cellulose and enhancing CNC yield from acid hydrolysis reactions. The 24 h enzyme treatment 

showed increasing glucose yield over time for both untreated and steam-exploded poplar wood, 

with optimal improvement observed within 12 h for untreated wood (6.9 ± 0.1 wt %) and 18 h for 

steam-exploded poplar wood (29 ± 1 wt %). The xylose yield in untreated poplar wood did not 
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significantly increase with prolonged hydrolysis time, while in steam-exploded poplar wood, it 

increased until 18 h. Results indicated that steam explosion pretreatment and enzyme hydrolysis 

significantly enhanced the crystallinity of poplar wood, supporting the hypothesis increased 

accumulation of CNC precursors. This resulted in higher CNC yield for steam-exploded poplar 

wood (68.1 ± 0.4 wt % acid hydrolysis feedstock) compared to untreated poplar wood (23 ± 2% 

acid hydrolysis feedstock). Further characterization confirmed the combined steam explosion and 

enzymatic treatment of poplar wood resulted in CNCs of comparable quality, as evidenced by the 

stability of CNC suspensions, degree of crystallinity, and thermal stability analysis. The combined 

steam explosion and enzymatic treatment process proved effective in significantly enhancing CNC 

yield from poplar wood. 
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1. Background 

Producing bioethanol from lignocellulosic biomass faces significant challenges rooted in the complex 

composition of the biomass itself. The intricate structure comprising cellulose, hemicellulose, and 

lignin hinders efficient breakdown into fermentable sugars. Lignin, acting as a protective barrier, 

inhibits enzymatic access and necessitates energy-intensive separation processes (Malik et al., 2022). 

Overcoming this challenge requires effective pretreatment methods to make cellulose accessible for 

enzymatic hydrolysis (Du et al., 2017). These enzymatic approaches are often burdened by high 

expenses due to the substantial costs associated with the different pretreatment methods and the high 

cost of cellulase enzyme (Wang et al., 2021; Zhao & Liu, 2019; Zhu et al., 2011). To address these 

economic challenges, it is imperative to develop biorefinery strategies that not only maximize the 

recovery of fermentable sugars but also yield additional high-value products from lignocellulosic 

biomass. 

Cellulose is a part of lignocellulose and an abundant natural polymer (Eyley & Thielemans, 2014), 

comprises highly packed crystalline regions and poorly ordered amorphous chains (Bano & Negi, 

2017). The packed crystalline domains are a precursor for cellulose nanocrystals (CNCs), and the 

amorphous chains can hydrolyze sugars and further fermented to ethanol (Beyene et al., 2017; Wang 

et al., 2021). CNCs are nano-sized rod-like crystalline particles isolated from different sources of 

cellulose such as forestry (wood pulp, Beyene et al., 2017), agriculture (sugarcane bagasse, Camargo 

et al., 2016; Lam et al., 2017), and even bacterial cellulose (Anwar et al., 2015). It is produced from 

the highly ordered crystalline regions of cellulose by the delamination and fragmentation of the 

cellulose fibrils (Oun and Rhim 2016; Prasanna and Mitra 2020). The distinct physical and chemical 

properties of CNCs, such as high surface reactivity, excellent optical properties, biodegradability, 

and high mechanical strength, makes them a potential candidate for many industrial applications 

including the production of bioplastics (Kim et al., 2021), inks (Siqueira et al., 2017), and coatings 
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(Spagnuolo et al., 2022) , as well as being used in nanocomposites for the reinforcement of 

thermoplastics and thermosets (George & Sabapathi, 2015).  

Different methods can be used to produce CNCs, including acid hydrolysis, enzyme hydrolysis, 

oxidation degradation, and the use of ionic liquids (Xie et al., 2018). Acid hydrolysis with sulfuric 

acid is the most common method to isolate CNC (Vanderfleet & Cranston, 2021). In this process, the 

acid is used to dissolve the disordered chains of cellulose under controlled conditions with the 

resultant release of the crystalline domain. One of the advantages of isolating CNCs using sulfuric 

acid is that the negatively charged sulfate groups attach on the surface of CNCs, which imparts high 

colloidal stability to the CNCs in an aqueous solution. However, this method generally produces low 

yield (Yu et al., 2013; Chen et al., 2015) and loss of sugars in monomeric and oligomeric forms in 

the acid waste liquor stream (Beyene et al., 2017). 

Most studies reported in literature have focused on the acid hydrolysis parameters such as reaction 

temperature, time, and acid concentration to improve the CNCs yields(Chen et al., 2015; Sousa et al., 

2019; Thakur et al., 2020). However, other factors like pretreatment before acid hydrolysis also 

affects the yield of CNCs. In our group, Beyene et al. (2017) reported increase of CNCs yield by 8-

18% and 58-86% from 2 h to 10 h enzyme treated filter paper and wood pulp, respectively. Agarwal 

et al. (2018) observed an increase in CNCs yield due to hydrothermal treatment (hot liquid water 

treatment) and hypothesized that the hydrothermal treatment is responsible for the changing of the 

torsion angle (ω) of O6–C6–C5–O5 from gauche–trans (gt, ω=60°) to trans–gauche (tg, ω=180°) 

orientation in glucose subunits, which favors more interplanar hydrogen bonding between chains and 

it forms a new CNC precursor that goes into acid hydrolysis and resulting high CNC yield. Beyene 

et al. (2020) observed a similar finding, reporting that hydrothermal treatment improved the CNC 

yield from wood pulp up to 4-folds as compared to the untreated wood pulp. 
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This research introduced two novel biorefinery approaches aimed at simultaneously boosting the 

production of cellulose nanocrystals (CNCs) and fermentable sugars through integrating the high 

temperature and high-pressure pretreatment with enzyme and acid hydrolysis process. These methods 

utilized hydrothermally treated wood pulp and steam-exploded poplar as the primary raw materials. 

The uniqueness of this study lies in two key aspects. Firstly, it merged hydrothermal treatment with 

enzyme and acid hydrolysis to address challenges such as minimizing the loss of reusable sugars, 

reducing the acid requirement, and taking advantage of the crystallization effects resulting from both 

hydrothermal treatment and cellulase action. This, in turn, led to an increased abundance of CNC 

precursor material and subsequently elevated the CNCs yield. 

Secondly, the research leveraged steam explosion pretreatment in combination with enzyme and acid 

hydrolysis to simultaneously enhance the production of CNCs and the recovery of sugars from poplar 

wood. The underlying hypothesis was that the steam explosion pretreatment, when paired with 

enzyme hydrolysis, effectively breaks down amorphous cellulose into sugars, consequently 

increasing the composition of CNC precursors available for acid hydrolysis. This strategic approach 

ultimately resulted in a higher CNC yield. 

The objectives were: 

a) Explore the effect of hybrid hydrothermal and enzyme treatment on CNCs yield and 

fermentable Sugars from wood pulp: 

➢ Generate hydrothermally treated wood pulp. 

➢ Identify an efficient cellulase saccharification period that preferentially degrades 

non–crystalline cellulose and hemicellulose to fermentable sugars from 

hydrothermally treated pulp.  
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➢ Characterize hydrothermal and cellulase treated fiber. 

➢ Improve CNCs yield from acid hydrolysis of hydrothermally and enzyme treated 

pulp. 

➢ Characterize the CNCs isolated from hydrothermally and enzyme treated pulp. 

b) Evaluate the effect of steam explosion pretreatment on the characteristics and yield of 

CNC from poplar wood. 

c) Investigate the combined effect of steam explosion and enzyme treatment on CNC yield 

and fermentable sugar from poplar wood: 

➢ Identify an effective cellulase saccharification period that preferentially degraded 

the amorphous domain and recover fermentable sugars.  

➢ Improve CNC yield from acid hydrolysis of steam explosion and enzyme treated 

feedstock that has high CNC precursor concentration. 

➢ Characterize the CNCs. 

 

Figure 1.1 Hydrolysis to enhance the production of CNCs and the recovery of sugars from Northern 

bleached hardwood kraft (NBHK) wood pulp and poplar wood 
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2. Literature Review 

2.1. Lignocellulose  

Lignocellulosic biomass, a complex plant-derived material, possesses a hierarchical structure 

composed of cellulose, hemicellulose, and lignin. Cellulose, a linear polymer of glucose units, forms 

crystalline microfibrils, providing strength and rigidity to plant cell walls. Hemicellulose, on the other 

hand, is a branched polymer containing various sugar monomers and acts as a matrix material, linking 

cellulose microfibrils and providing flexibility to the overall structure. Lignin, a complex and 

irregularly structured polymer, surrounds and encrusts cellulose microfibrils, providing rigidity, 

impermeability, and protection against microbial degradation. The interplay of these three 

components forms a robust and resistant matrix, creating the challenging nature of lignocellulosic 

biomass for industrial processes (Isikgor & Becer, 2015; Malik et al., 2022). 

Breaking down this intricate structure for bioethanol production involves overcoming the 

recalcitrance of lignocellulosic biomass. The cellulose microfibrils are shielded by the amorphous 

hemicellulose and lignin matrix, making it challenging for enzymes to access and hydrolyze cellulose 

into fermentable sugars. Consequently, effective pretreatment methods are employed to disrupt this 

matrix, separating the cellulose from hemicellulose and lignin, and rendering it more amenable to 

enzymatic hydrolysis. Understanding and modifying the complex structure of lignocellulosic biomass 

are essential steps in developing efficient and economically viable processes for bioethanol 

production. 

2.1.1. Lignin 

Lignin, a complex polymer, plays a crucial role in the structural integrity of plant cell walls within 

lignocellulosic biomass. Comprising phenolic compounds such as coniferyl, sinapyl, and p-coumaryl 

alcohol, lignin forms a three-dimensional network that encases and cross-links with cellulose and 

hemicellulose (Behr et al., 2021). This intricate matrix provides rigidity, impermeability, and 
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protection against microbial degradation. The chemical structure of lignin involves various linkages, 

including ether and carbon-carbon bonds, resulting in a highly branched and heterogeneous 

macromolecule (Kathahira et al., 2018). The diversity in the composition and bonding arrangements 

of lignin contributes to its resistance to enzymatic degradation, making its separation from cellulose 

and hemicellulose a crucial step in lignocellulosic biomass processing for bioethanol production. 

The unique composition of lignin and its resistance to degradation pose challenges in the utilization 

of lignocellulosic biomass for bioethanol production. During pretreatment processes, efforts are made 

to break down and remove lignin, allowing for enhanced access to cellulose for enzymatic hydrolysis. 

The structural complexity of lignin, however, makes its complete removal challenging, and strategies 

are continuously being developed to modify or utilize lignin byproducts in various industrial 

applications. Understanding the intricacies of lignin structure is paramount for optimizing bioethanol 

production processes and unlocking the full potential of lignocellulosic biomass as a sustainable 

feedstock. 

2.1.2. Hemicellulose 

Hemicellulose is a branched heteropolymer that constitutes a major component of the complex 

structure of lignocellulosic biomass. Unlike the cellulose, hemicellulose is an amorphous and more 

structurally diverse polymer. It consists of a variety of sugar monomers, including glucose, xylose, 

mannose, galactose, and others, forming a matrix that intertwines with cellulose microfibrils (Rao et 

al., 2023). The specific composition of hemicellulose varies among plant species, contributing to the 

diversity of lignocellulosic materials. 

The backbone of hemicellulose is typically made up of short chains of sugar units linked by various 

glycosidic bonds (Huang et al., 2021). The branched nature of hemicellulose arises from side chains 
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composed of different sugar residues. The complexity and variability in hemicellulose structure make 

it more susceptible to degradation compared to the highly crystalline cellulose. During the bioethanol 

production process from lignocellulosic biomass, hemicellulose is often hydrolyzed into its 

constituent sugars through pretreatment and enzymatic processes, providing additional fermentable 

substrates alongside cellulose for ethanol production. Understanding the structure of hemicellulose 

is crucial for developing efficient strategies to break down lignocellulosic biomass into sugars for 

biofuel production. 

2.1.3. Cellulose 

In the last few decades, a considerable increase in research and development of nanocellulose with 

varying functional properties and morphology from renewable sources had been published(Mishra et 

al., 2012; Tsukamoto et al., 2013; Rambabu et al., 2016). As the most abundant component in most 

plants, cellulose is an almost inexhaustible polymeric raw material occurring in nature (Bano & Negi, 

2017). It is the major structural component of the plant biomass and provides structural support and 

protection to the cells. Cellulose is continually produced by different species such as plant, bacteria, 

tunicates, fungi, and algae every day in the biosphere, providing a total annual production of around 

5*1011 metric tons (El-Sakhawy et al., 2014; Mahfoudhi & Boufi, 2017). Cellulose also has the 

advantages of being renewable, biodegradable, and non-toxic to living organisms, including humans. 

Cellulose, a substance with a rich historical association, has been utilized for various applications 

throughout the centuries(Marchessault & Sundararajan, 1983). Natural materials containing 

cellulose, like wood, have served diverse purposes for thousands of years. Notably, cellulose has 

been employed as a heat source for cooking and industrial processes, as well as in the construction 

of buildings, bridges, ships, and furniture. Furthermore, in its nearly pure form found in materials 
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like cotton and flax fibers, cellulose has been utilized for clothing and as a writing medium since 

ancient times (Marchessault & Sundararajan, 1983). 

Cellulose currently is used as a feedstock in various industries and used to produce a wide variety of 

products and materials, ranging from packaging to biomedical fields (Asim et al., 2022; Seddiqi et 

al., 2021). Cellulose is used to produce textile fibers(Björquist et al., 2018), films, and a larger number 

of cellulose derivatives, such as cellulose ethers and esters (Laxmeshwar et al., 2012). For instance, 

carboxymethylcellulose is a cellulose derivative utilized in foodstuffs, cosmetics, detergents, paints, 

coatings, adhesives, and plastics (El-Sakhawy et al., 2014). 

In addressing the growing demands for energy, chemicals, and materials in a sustainable manner, 

cellulose holds considerable significance due to its abundance and renewability. Consequently, 

extensive research endeavors have been directed towards developing efficient processing 

technologies for converting this biomass into various valuable bioproducts. As a result, cellulose 

emerges as a promising resource to produce energy, chemicals, and materials, offering the potential 

to reduce reliance on petroleum-based products. Simultaneously, it addresses the rising demand for 

environmentally friendly and biocompatible products while contributing to carbon neutrality. 

2.2. Cellulose structure 

Despite extensive research on cellulose, its molecular structural features have not been definitively 

identified. The term "cellulose" was first introduced by the French chemist Anselme Payen in 1838 

(Seymour et al., 1989), who, through his studies, revealed that treating various plant tissues with acid-

ammonia followed by extraction in water, alcohol, and ether resulted in a consistent fibrous material. 

Payen determined the molecular formula to be C6H10O5 through elemental analysis and noted its 

isomerism with starch (Klemm et al., 2005). 
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Therefore, to fully comprehend the macroscopic properties of cellulose, a comprehensive 

understanding of its structural architecture is crucial, spanning from the atomic scale to the macro 

scale. This involves consideration of cellulose biosynthesis, its supramolecular structures, and 

hierarchical organization within the cell wall. 

2.2.1. Molecular structure of cellulose 

Cellulose polymer is a semi-crystalline long-chain linear homo-polysaccharide (Mariano et al., 

2014). The molecular feature of cellulose arises from repeating β-D-glucopyranose (glucose) units 

that are covalently linked through acetal functions. This covalent bond known as β-(1,4)-glycosidic 

bond (Paukszta & Borysiak, 2013). The β-(1,4)-glycosidic bonds link each internal glucose unit with 

the neighbor unit at C1 and C4 positions. Each glucose molecule in cellulose is referred to as 

anhydroglucose unit (AGU). The AGUs are joined to one another in head-to-tail orientation and the 

C–O–C angle between two AGU rings is ~116°. To keep the preferred bond angles of this acetal 

oxygen bridges formed by β 1→4 links, the planes of subsequent glucoside residues are rotated with 

respect to each other by 180°, which means that the geometrically repeated element of the cellulose 

chain is made of two neighboring glucose residues known as cellobiose residues(Klemm et al., 2005). 

Therefore, cellulose can be deemed as an isotactic polymer of cellobiose.  However, the chain length 

of cellulose is expressed in the number of constituents AGUs (degree of polymerization (DP)). DP is 

the number of glucose units in cellulose polymers(Rowell et al., 2012). It varies with different types 

of cellulose sources and the degradation treatments. Originally, DP ranges from several hundred to 

thousand. While after degradation reactions, the degree of polymerization could decrease to 300-

1700 in cellulose. Some regenerated celluloses could even have a DP value of 250-500(Klemm et al., 

2005). 
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Figure 2.1 The molecular structure of cellulose polymer (Börjesson & Westman, 2015) 

From Figure 2.1, each AGU ring consists of three hydroxyl groups. The hydroxyl group at the C6 

position is a primary alcohol, while the hydroxyl groups at the C2 and C3 positions are secondary 

alcohols. These groups of hydroxyls are accessible sites for chemical reactions and the reactivity of 

these hydroxyl groups is usually controlled more by steric factors and molecular interactions 

(Börjesson & Westman, 2015). The cellulose molecule has a directional chemical asymmetry with 

respect to the termini of its chain axis. One end is a hemiacetal which is in equilibrium with the 

aldehyde structure (i.e., the reducing end); and the other end has a pendant hydroxyl group, the 

nominal non-reducing end (Habibi et al., 2010). 

Due to the β configuration, molecular chains of cellulose are fully extended to form long, straight, 

chains, which is hexicalled shaped. The glycosidic bonds and the ring substituents are all positioned 

equatorially in the ring plane, while the hydrogen atoms are positioned axially in the vertical position. 

In this way all β-D-glucopyranose rings endorse a 4C1 chair conformation, which is the lowest free 

energy conformation of the molecule. Moreover, the hydroxyl groups jut out laterally along the 

extended chain and, consequently, these hydroxyl groups are readily available for hydrogen bonding, 

either intramolecular or intermolecular chains (Kovalenko, 2010; Rowell et al., 2012).  

The presence of intramolecular and intermolecular hydrogen bonds is highly relevant to single-chain 

conformation of cellulose, since they hinder the free rotation of the rings along their linking glycoside 

bonds resulting in the stiffening of the cellulose chain and responsible to interchain cohesion, and 

thus, also to the aggregation state of cellulose from sheet-like to fibrillar aggregates, also known as 
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supramolecular structure, respectively. Moreover, these intramolecular hydrogen bonds between 

adjacent AGU rings stabilize the glycosidic linkage insomuch that the rigidity and the linear integrity 

of the polymer chain are enhanced (Festucci-Buselli et al., 2007).  

Therefore, this very complex and strong hydrogen bonding network present in cellulose is extremely 

important for the characteristics of cellulose, such as reactivity, solubility, thermal stability, and 

mechanical properties. Besides The hydroxyl groups determine the crystalline structure and the 

physical properties of cellulose, since they can form different intermolecular hydrogen bonds or 

intramolecular hydrogen bonds, which could build a strong sheet structure in the linear polymer and 

provide strong stiffness for polymer chains (Gupta et al., 2019). This also might result in excellent 

thermal stability properties and make cellulose insoluble in water or most organic solvents. 

2.2.2. Cellulose crystal structure and cellulose polymorphs  

Polymorphism is a fundamental characteristic of the solid state. It refers to the ability of a chemical 

compound's solid phase to exist in multiple crystal structures, even though the composition remains 

the same. These different crystal structures can exhibit distinct properties. The term "polymorphism" 

originates from the Greek words "poly," meaning "many," and "morph," meaning "form or shape." 

Therefore, polymorphism can be translated as "many forms." Each unique crystal structure of a 

compound is referred to as a polymorph or allomorph. Polymorphs have varying arrangements and 

conformations of molecules within the crystal lattice (Mahmud et al., 2019).  

Polymorphism is quite common for crystals of organic compounds whose molecules contain groups 

capable of hydrogen bonding. The repeating unit of cellulose, or cellobiose, includes six hydroxyl 

groups and three oxygen atoms. Due to the presence of six hydrogen bond donors and nine hydrogen 

bond acceptors provides several possibilities for forming various hydrogen bond systems and the 

presence of different mutual arrangements of the glucopyranose rings and possibility of 
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conformational changes of the hydroxymethyl groups leads the cellulose chains to have different 

crystal packings such as cellulose I, II, III and IV and their varieties Iα, Iβ, IIII, IVI, IIIII and IVII 

(Festucci-Buselli et al., 2007; Kovalenko, 2010). Most of these polymorphs result from chemical 

treatments of cellulose I. This cellulose I differ by unit cell parameters and polarity of the constituting 

chains, as well as the hydrogen bond patterns established between them (Lavoine et al., 2012; 

Srivastava et al., 2020).   

The many hydroxyl groups readily available for hydrogen bonding associated to “extended” chain 

structure of cellulose macromolecule causes the chains, or part of them, to become sufficiently 

aligned parallel to each other forming a compact packing that gives rise to three-dimensional highly 

ordered structures (crystal like) of long-range, viz. order extending to distances of hundreds or 

thousands of times the molecular size of the repeating unit. However, seeing that the chains are 

usually longer than these crystalline regions, they are thought to pass through several different 

crystalline regions which have less ordered areas in between them. These less-ordered regions are 

also frequently referred to as amorphous or non-crystalline regions. Unlike the crystalline region, the 

cellulose chains in the amorphous region are arranged irregularly and loosely, so the distance between 

molecules is larger. The amorphous state is thus characterized by an absence of long-range ordering 

and greater orientation disorder of cellulose chains.  
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Figure 2.2 Microstructure of cellulose microfibrils showing the highly ordered regions, Semi-

crystalline, and less organized ones (amorphous) cellulose. 

The hydrogen bonds between hydroxyl groups could form the microfibrils, which are the arrangement 

of the fibrillar bundles leading to the higher amount of crystalline regions than the amorphous regions 

(Hon, 1994). Furthermore, the sources of cellulose could also determine the fractions of crystalline 

and amorphous regions. For instance, the crystalline region content is much higher in the cellulose 

obtained from cotton. On the other hand, there are much higher amount of amorphous regions for 

regenerated cellulose. 

The crystalline region is the important factor for the crystallinity of cellulose. The degree of 

crystallinity varies from 60-80% depending on various sources of cellulose. Cellulose I has two 

allomorphs, which are allomorphs Iα and Iβ. Cellulose Iα is mainly stored in lower plants, while Iβ 

is dominant in higher plant cellulose (Atalla & VanderHart, 1984). Both lattices present the hydrogen 

bonds between polysaccharide chains inside the layer, even though the hydrogen bond patterns are 

different. In addition, one research shows that crystallinity of Iα is higher than in cellulose Iβ. 

The amorphous regions in cellulose have relatively lower density than crystalline regions, since the 

cellulose chains are oriented randomly with irregular arrangement (Li et al., 2009). The higher 

amorphous fraction results in the higher accessibility to accept the attack by the other molecules such 
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as acid. In general, nanocrystalline cellulose could be produced after chemical treatments that have 

the capable of removing most of amorphous regions and leaving the crystalline regions intact in the 

cellulose materials. 

2.3.  Challenges in lignocellulose hydrolysis 

Lignocellulose hydrolysis for ethanol production encounters formidable challenges, particularly in 

the realms of pretreatment and enzyme cost, intricately linked to the complex structure of 

lignocellulose. The structural composition of lignocellulose, comprised of cellulose, hemicellulose, 

and lignin, forms a robust matrix that impedes efficient hydrolysis. The intricate association of these 

components necessitates effective pretreatment strategies to break down the recalcitrant structure, 

with the aim of facilitating enzymatic access to cellulose. However, identifying economically viable 

pretreatment methods that selectively target lignin while preserving cellulose and hemicellulose 

integrity remains a significant hurdle. Moreover, the harsh conditions often required during 

pretreatment may yield inhibitory by-products, complicating subsequent fermentation processes and 

highlighting the need for precision in optimizing pretreatment parameters (Bura et al., 2009). 

Enzymatic hydrolysis represents the heart of the cellulose-to-ethanol conversion, where cellulase 

enzymes play a central role in breaking down cellulose into glucose. Cellulase hydrolysis of 

lignocellulosic biomass involves a complex synergistic interplay of enzymes to break down the 

intricate structure of cellulose, hemicellulose, and lignin. The process begins with endo-β-1,4-

glucanases, which cleave internal β-1,4-glycosidic bonds within the cellulose chains, generating 

shorter oligomers. These shorter chains are then targeted by exo-β-1,4-glucanases 

(cellobiohydrolases), which act from the chain ends, releasing cellobiose units. Simultaneously, β-

glucosidases hydrolyze cellobiose into glucose (Hall et al., 2010). Hemicellulose degradation 

involves various enzymes, such as xylanases and mannanases, which break down hemicellulose into 
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monomeric sugars (Houfani et al., 2020). The synergistic effect arises as these enzymes work 

collaboratively, with the endo- and exo-acting enzymes complementing each other in cellulose 

breakdown. Lignin, acting as a barrier, is also partially disrupted during this process, aiding access 

to cellulose and hemicellulose. The concerted action of cellulases in lignocellulose hydrolysis 

enhances the efficiency of biomass conversion, allowing for the release of fermentable sugars that 

can be subsequently utilized in biofuel production. 

One major challenge lies in the cost and efficiency of these enzymes (Liu et al., 2019). Cellulases are 

expensive, and optimizing their performance to achieve high sugar yields within an economically 

viable framework remains a persistent challenge. Additionally, cellulose's inherent resistance to 

enzymatic breakdown due to its crystalline structure necessitates continuous research to develop or 

enhance enzymes that can efficiently tackle this complexity. The synergy between pretreatment and 

enzymatic hydrolysis is critical, and advancements in both areas are essential for overcoming the 

challenges associated with cellulose hydrolysis and realizing a cost-effective and sustainable ethanol 

production process (Geddes et al., 2011). 

2.4. Production and properties of cellulose nanocrystals  

Producing CNCs involves extracting and refining cellulose from diverse sources like forestry (wood 

pulp, (Beyene et al., 2017), agriculture (sugarcane bagasse, Camargo et al., 2016; Lam et al., 2017), 

and even bacterial cellulose (Anwar et al., 2015). Acid hydrolysis and enzymatic hydrolysis stand 

out as the predominant techniques in CNC production (Nagarajan et al., 2021). Acid hydrolysis 

entails subjecting cellulose fibers to treatment with potent acids, typically sulfuric acid, selectively 

removing cellulose's amorphous regions and leaving behind highly crystalline nanocrystals. Despite 

its efficacy, the acid hydrolysis method raises environmental concerns due to the use of strong acids, 

necessitating meticulous by-product and waste management (Vanderfleet & Cranston, 2021). 
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Mechanical methods involve physically breaking down cellulose fibers into nanocrystals, utilizing 

techniques like grinding and homogenization to achieve size reduction. While simpler, these 

mechanical processes may yield broader size distributions and reduced control over final properties 

compared to chemical methods (Mohd Amin et al., 2015; Rana et al., 2021). Enzymatic hydrolysis, 

a milder and eco-friendly alternative to acid hydrolysis, employs cellulase enzymes to break cellulose 

down into nanocrystals. The specificity of enzymes in cleaving cellulose chains offers a more 

controlled and selective approach to nanocrystal production (Rana et al., 2021; Raza & Abu-Jdayil, 

2022; Xie et al., 2018). Hybrid strategies balance precision and scalability, integrating chemical, 

enzymatic, and mechanical processes. These methods enhance CNC production efficiency, enabling 

a more tailored nanocrystal synthesis. The choice of the production method hinges on the specific 

requirements of the intended application. Ongoing exploration and optimization of these methods 

aim to improve cellulose nanocrystal production's efficiency, sustainability, and scalability, 

contributing to the expanding field of nanomaterials with diverse applications across industries. 

2.4.1. Cellulosic source for cellulose nanocrystals  

Sustainable materials from renewable resources have attracted immense research interest during the 

last two decades owing to their potential for producing several high values products with 

environmentally friendly advantages. CNCs have been extracted from a broad range of cellulose 

sources, e.g., from higher plants, like poplar (Agarwal et al., 2018; Zhao et al., 2019), and algae, sea 

animals, such as tunicates, and bacteria, and in principle it could be extracted from almost any 

cellulosic material (Druzhinina et al., 2017; George & Sabapathi, 2015). In practice, for most studies, 

researchers have shown preferences to commercial microcrystalline cellulose (MCC), filter paper, 

bleached wood pulp or related products, owing to their purity and availability in laboratories. 
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The properties and morphological features of the CNCs such as crystallinity, aspect ratio, specific 

surface area, crystal structure, shape, and size, depending on the source of the original cellulose, 

which is linked to the biosynthesis of cellulose microfibrils, and the isolation process of the CNCs 

including any pretreatment or deconstruction processes. Therefore, specific pretreatments and 

extraction procedures have been developed depending on the source of cellulose (Brinchi et al., 

2013). 

2.4.2. Pretreatment on cellulosic materials 

Cellulose microfibrils consists of crystalline domains interspersed with disordered amorphous 

regions. The preparation of cellulose nanocrystals involves a chemical hydrolysis process to dissolve 

amorphous chains and release crystalline domains from cellulose fibers (Hon-meng et al., 2015). But 

before acid hydrolysis, cellulose fibers need to be treated and purified in order to obtain the desired 

crystallinity (Sundari & Ramesh, 2012). Therefore, some mechanical and chemical pretreatments are 

necessary for cellulose purification. 

Size reduction of the lignocellulosic biomass is the prior step using mechanical treatment with high 

shear and energy transfer to form uniform size and improve the swelling capacity in water 

(Zimmermann et al., 2010). Then the ground fibers are dewaxed in a soxhlet apparatus to remove the 

dirt or waxing substances and make fibers easy to split. The dewaxed cellulose fiber, since it is 

embedded by hemicellulose and lignin, requires chemical treatment for purification. These materials 

are necessary to be removed to obtain pure cellulosic fibers prior to extraction of CNCs (Zhao et al., 

2019).  

The alkaline and bleaching treatment is good for removing hemicellulose, lignin, pectin, and wax in 

the fibers. It increases the accessibility of cellulose to enzyme/acid hydrolysis (Adney et al., 2009). 

Bleaching treatment is always followed by alkali treatment to remove lignin residue in the fibers. 
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Various chemical agents are also used based on different cellulose sources during bleaching processes 

(Hon-meng et al., 2015; Hubbell & Ragauskas, 2010). This process could further remove the lignin 

and hemicellulose, thus isolating more pure cellulose fibers to achieve the higher crystallinity of 

CNCs. And some research also found the CNCs obtained from fibers after bleaching procedure have 

more stable thermal stability than that from no bleaching treatment (Shin et al., 2012). 

2.4.3. Isolation of cellulose nanocrystals 

Cellulose microfibrils consist of packed crystalline domains interspersed with disordered amorphous 

regions and these packed crystalline regions are a precursor for CNCs. CNCs have high crystallinity 

with a diameter of less than 100 nm and length less than 500 nm (Xie et al., 2018), the preparation of 

CNCs involves the dissolution of amorphous chains and release crystalline domains from cellulose 

fibers. CNCs are usually isolated from cellulose pulp through acid hydrolysis or enzymatic 

hydrolysis. The acid hydrolysis processes need to go through very harsh reaction conditions which 

usually require concentrated acid, while the enzymatic hydrolysis process requires a long time 

(Beyene et al., 2017; Felix Santana et al., 2019).  

The first successful CNC was prepared by Nickerson and Habrle in 1947 through hydrolyzing 

cellulose with hydrochloric acid and sulfuric acid (Xie et al., 2018). In 1951, Ranby prepared the 

stable CNCs colloidal suspensions through sulfuric acid hydrolysis of wood fiber (Rånby, 1951). 

After that, a lot of research has been done by different researchers. The dominant principle of CNCs 

preparation is to dissolve amorphous regions in cellulose chains and release the crystalline regions. 

Acid hydrolysis is the most popular and conventional approach to isolate nanocrystalline cellulose. 

However, some novel methods have been developed recently for improving CNCs properties and 

changing the defects arising from using a large amount of acid, such as enzymatic hydrolysis, ionic 

liquid, organic acid hydrolysis, and subcritical hydrolysis. 
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Acid hydrolysis 

I. Mineral Acid Hydrolysis.  

mineral acid hydrolysis is the most popular method for the isolation of CNCs. CNCs have been 

extracted from a broad range of cellulose sources by mineral acid hydrolysis, such as wood pulp, 

poplar, rice straw, and cucumber peels (Agarwal et al., 2018; Beyene et al., 2017; Moradbak et al., 

2018; Prasanna & Mitra, 2020; Trilokesh & Uppuluri, 2019; Zhao et al., 2019). The mechanism is 

that the hydrogen ions from acid can easily attack the amorphous regions of cellulose to break the 

1,4-𝛽-glycoside bonds, resulting in the hydrolysis of amorphous regions, while the crystalline region 

of cellulose could be kept in the process which is attributed to the inherent compact structure that 

prevented the permeation of the acid. Therefore, the relatively complete crystalline structure of CNCs 

can be obtained by the hydrolysis of mineral acid.  

The main used mineral acids are sulfuric acid (Bano & Negi, 2017; Bondeson et al., 2006; P. Lu & 

Hsieh, 2010), hydrochloric acid(Yu et al., 2013), and phosphoric acid (Camarero Espinosa et al., 

2013; Tang et al., 2015).  Isolation of CNCs using sulfuric acid is the most used method and can 

produce a negative surface charge on the particles which leads to more stable suspension. In general, 

the hydrolysis process using sulfuric acid needs the sulfuric acid concentration to be 60–65%, 

reaction temperature to be 40–50∘C, and reaction time to be 30–120min. However, the yield of CNCs 

is less than 20wt.% due to the excessive degradation. Agarwal et al. (2015) found that the yield of 

CNCs could be significantly improved by decreasing the concentration of sulfuric acid. For example, 

the yield of CNCs could reach 78% when 58 wt.% sulfuric acid was used. CNCs from sulfuric acid 

hydrolysis have poor thermal stability due to the sulfate group which is a significant barrier for 

thermal process in composites. The thermal stability of CNCs can be improved through neutralization 

with NaOH. The morphology of CNCs can also be modified by controlling the reaction conditions.  
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Hydrochloric acid was also commonly used for the preparation of CNCs. The common acid 

concentration, reaction temperature, and reaction time are 2.5 N–6.0N, reflux temperature, and 2–4 

h, respectively (Araki et al., 1998). The CNCs prepared by hydrochloric acid are easily flocculation 

in water as it lacks charge on the surface of CNCs. But the thermal stability of CNCs by HCl is higher 

than that by H2SO4. Yu et al., used hydrochloric acid to treat raw cellulose materials under 

hydrothermal conditions. The crystallinity of the resultant CNCs was 88.6% with high yield of 93.7% 

(Yu et al., 2013). The maximum degradation temperature was 363.9 ℃ which was determined by 

TGA analysis.  

II. Organic Acid Hydrolysis 

Recently, organic acid (like formic acid, oxalic acid, malic acid) potentially used for the preparation 

of CNCs since organic acid is mild, recyclable, and environment-friendly and low corrosiveness(Fu 

et al., 2020; Li et al., 2015; Xu et al., 2017). However, to improve hydrolysis efficiency, higher 

temperature and longer reaction time are necessary because of the weak acidity of organic acid. Li 

and coworkers reported a two-step strategy to produce CNCs from bleached chemical pulp under 

mild conditions (Li et al., 2015). In the first stage, formic acid was used to hydrolyze the amorphous 

region of cellulose and release CNCs. In the second stage, the generated CNCs were further oxidized 

by TEMPO to increase the surface charge. The results showed that the CNCs modified by TEMPO 

have much higher crystalline and much more surface charge. 

Enzyme hydrolysis 

The concentrated acid used in the acid hydrolysis procedures is hazardous, toxic, and corrosive; hence 

highly corrosion-resistant reactor and extreme precaution in material handling are needed in the 

process. This makes acid treatment an expensive route. Furthermore, the concentrated acid should be 

recovered after treatment to make the method economically and environmentally feasible. However, 

the loss of reusable sugars from hydrolysis of amorphous cellulose in the acid waste stream, and 
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reaction of the acid with sugars in the waste stream reduces acid recovery efficiency and increase the 

cost (Beyene et al., 2017). Due to the above facts, as compared with acid hydrolysis method, 

enzymatic fabricating of CNCs is a less expensive alternative preparation technique that removes or 

reduce the need for harsh chemicals and necessitates much less energy for mechanical fibrillation and 

heating. Furthermore, enzymes that selectively degrade the amorphous domains of cellulose fibers, 

and do not considerably digest the crystalline areas, result in CNCs that preserve a hydroxyl group 

surface chemistry which allows for easier chemical manipulation, and thus an expanded commercial 

potential(Filson et al., 2009). 

Enzymatic routes for the synthesis of CNCs have been found to offer the potential for acceptable 

yields, advanced selectivity, and milder operating conditions in comparison to the chemical 

processes. Exploring a variety of CNCs production methods using enzymes, cellulose samples from 

loblolly pine wood underwent progressive delignification and enzymatic hydrolysis, revealing that 

the removal of lignin creates pores and enhances internal surfaces for improved enzyme access to 

cellulose (Agarwal et al., 2013). Similarly, fresh Douglas-Fir wood chips were mechanically 

pretreated, enzymatically hydrolyzed using CTec2 and HTec2 enzymes, and subjected to neutral 

sulfite delignification. This process resulted in the co-production of CNCs, sugars, lignosulfonates, 

and upgraded cellulose, highlighting the importance of emphasizing control over processing 

conditions for a balanced distribution of products (Du et al., 2017). Additionally, cotton linters, 

enzymatically treated with cellulase followed by acid hydrolysis, demonstrated a 9% increase in CNC 

yield compared to untreated fibers (Beltramino et al., 2016). Sugarcane bagasse, after steam 

explosion, alkaline delignification, and alkaline peroxide bleaching, underwent enzymatic hydrolysis 

using Cellic CTec2, yielding superior CNCs compared to those from acid or enzymatic hydrolysis 

alone (Pereira & Arantes, 2020). Furthermore, filter paper and wood pulp were subjected to 

enzymatic hydrolysis with cellulase cocktail enzyme solution (NS 51129), then acid hydrolyzed. 
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These studies demonstrated the dual benefits of ethanol production and high-quality CNC co-

production (Beyene et al., 2017; J. Wang et al., 2021).  These findings suggest that combining 

enzymatic hydrolysis with other pretreatment steps can improve the separation of by-products, 

enhance the CNCs yield, and even improve their quality. 

However, this technique is also still hindered by economical (i.e., high cost of cellulase enzyme) and 

technical (rate limiting step of cellulose degradation with a long processing period) constraints. The 

slow rate of enzymatic hydrolysis has been found to be affected by numerous factors that also 

comprise structural features resulting from pretreatment and enzyme mechanism(Dai et al., 2018; Du 

et al., 2017). 

2.5. Application of cellulose nanocrystals 

CNCs represent state-of-the-art nanomaterials derived from cellulose. They are distinguished by their 

renewable nature, biodegradability, and exceptional mechanical and optical properties (Grishkewich 

et al., 2017). In recent years, CNCs have attracted considerable attention due to these attributes, and 

the production process can be tailored to precisely control the size, aspect ratio, and surface chemistry 

of the nanocrystals, allowing for customization based on specific applications (Vanderfleet & 

Cranston, 2021). One of the most promising applications of CNCs lies in developing biocompatible 

materials for medical and pharmaceutical purposes. CNCs, owing to their biodegradability and low 

toxicity, are under exploration for use in drug delivery systems, wound healing, and tissue 

engineering. These nanocrystals can be functionalized to enhance compatibility with biological 

systems, providing a versatile platform for medical advancements (Lam et al., 2017; Malik et al., 

2022).  

The outstanding mechanical properties of CNCs, including high tensile strength and stiffness, make 

them ideal candidates for reinforcing polymer nanocomposites. Incorporating CNCs into materials 
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such as plastics and composites enhances their mechanical performance without a significant increase 

in weight, extending this application to various industries, from automotive to aerospace, where 

lightweight and robust materials are in high demand (Calvino et al., 2020). Cellulose nanocrystals 

have shown promise in enhancing paper and packaging materials' strength and barrier properties. By 

incorporating CNCs into paper products, manufacturers can improve paper strength, reduce weight, 

and increase resistance to moisture, ultimately leading to more sustainable and durable packaging 

solutions (Andrade et al., 2022; Xiang et al., 2022). In the food industry, CNCs are being explored 

as additives to enhance packaging materials' mechanical and barrier properties. The nanocrystals can 

help extend the shelf life of perishable goods by improving the packaging's resistance to gases and 

moisture. Additionally, CNCs can be employed as thickeners or stabilizers in food formulations due 

to their biocompatibility (Mu et al., 2019; Zhang et al., 2023). 

2.6. Challenges on commercial cellulose nanocrystals production  

The commercial production of CNCs faces several challenges that hinder its widespread adoption in 

various industries. Primarily related to environmental impact, energy consumption, and scalability. 

The reliance on strong acids, such as sulfuric acid, raises environmental concerns due to waste 

disposal and the overall ecological footprint of the process (Beyene et al., 2017). Energy-intensive 

conditions, including elevated temperatures and prolonged reaction times, contribute to high 

production costs and hinder the sustainability of CNC manufacturing. Optimizing these methods to 

ensure consistent CNC quality, yield, and cost-effectiveness remains a key challenge for commercial 

viability (Raza & Abu-Jdayil, 2022). 

Another obstacle in commercial CNC production is Scalability. While laboratory-scale methods can 

produce CNCs with high quality and purity, transferring these processes to large-scale industrial 

settings is complex. Maintaining consistent quality and yield becomes challenging when scaling up 
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production. Several manufacturing facilities have been constructed or are under development, aiming 

to increase CNC production to multiple tons annually. Notably, in January 2012, CellForce 

inaugurated a plant dedicated to cellulose nanocrystal production, targeting a daily output of 1 ton. 

Despite these efforts, a substantial challenge lies in the development of practical applications for 

cellulose nanocrystal-based materials, even though considerable information on potential uses has 

been identified and demonstrated in laboratory settings (Lin, 2014) . 
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3. Material and Methods 

3.1. Chemicals 

Acetic acid (CH3COOH >99%), calcium carbonate (CaCO3 >99%), and sulfuric acid (H2SO4, 72% 

and 95 – 98%) were acquired from Sigma-Aldrich (Oakville, ON, Canada). Sodium hydroxide 

(NaOH, 96%) and sodium chlorite (NaClO2 80%) were purchased from Fisher Scientific Company 

(Toronto, ON, Canada). Sodium chlorite and acetic acid were used to remove lignin from poplar and 

steam-exploded poplar wood. Sulfuric acid was used for acid hydrolysis process to generate CNCs 

and sodium hydroxide was also used to neutralize the process after the CNCs production. 

3.2. Sample collection 

The poplar wood and Northern bleached hardwood kraft (NBHK) wood pulp (79 ± 1 % cellulose, 

21.2 ± 0.6 hemicellulose, and 4.1 ± 0.1 % lignin (Beyene et al., 2017)) were procured from Alberta 

Pacific Forest Industries Inc. (Al–Pac Inc, Edmonton, AB, Canada) and the poplar wood was 

transported to FPInnovation (Quebec, QC, Canada) for steam explosion pretreatment. Poplar wood 

and wood pulp were used to produce CNCs and fermentable sugars. Cellulase enzymes (NS 51129), 

consisting of endoglucanase, cellobiohydrolase, and β-glucosidase enzymes, were generously 

supplied by Novozymes® A/S (Bagsvaerd, Denmark). The untreated poplar wood was milled using 

Retsch ZM 200 Ultra Centrifugal Mill (Newton, PA, USA) while running at 8000 rpm and passing 

through a 0.15 mm screen and used as a control for CNC isolation for the second and third objective.  

3.3. Hydrothermal and Cellulase treatment for Co-production of Cellulose nanocrystal and 

fermentable sugar from wood pulp 

The objective of this research was to enhance the yield of CNC derived from Northern bleached 

hardwood kraft (NBHK) wood pulp by employing a hybrid process. This process integrates 

hydrothermal treatment with enzymatic hydrolysis and acid hydrolysis. The underlying hypothesis 



26 

 

was that hydrothermal treatment and annealing after the treatment induced the crystallization of semi-

crystalline/amorphous cellulose chains, generating additional CNC precursors. Subsequently, 

enzymatic hydrolysis breaks down and liberates the amorphous component into sugars. This 

sequential methodology was anticipated to augment CNC yield during the ensuing acid hydrolysis 

phase. 

 

Figure 3.1 Integrated hydrothermal and enzymatic treatment with acid hydrolysis for production of 

cellulose nanocrystal and fermentable sugars. 

 

3.3.1. Hydrothermal treatment of wood pulp 

Hydrothermal treatment of the wood pulp suspension (10 % solid consistency) was carried out in 

batch mode for 1 hour at 200 °C with stirring of 100 rpm using Parr® High Pressure/High 

Temperature reactor (Parr Series 4580 5.5 L HP/HT reactor and Parr 4848 controller, Parr Instrument 

Company, Moline, IL, USA). The reactor vessel and the lines in the system were purged with nitrogen 

three times. The starting pressure and hold time were 0.1 MPa (atmospheric pressure) and 1.5 h, 

respectively. The reaction was cooled using a chiller at a cooling rate of 1.1 ℃/min. 
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After pretreatment, liquid and solid fractions were separated under vacuum filtration. The solid 

fraction was washed with deionized water to remove residual liquid, filtered again, and then dried in 

the oven at 105 ℃, and solid recovery was calculated based on Equation 3.1. The liquid fraction was 

stored in the refrigerator until further analysis. 

𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (𝑤𝑡 %) =
𝑊2

𝑊1
∗ 100% (3.1) 

Where W1 is the mass of the sample (g) before hydrothermal treatment, and W2 is the mass of the 

sample after hydrothermal treatment (g). 

3.3.2. Enzyme dosage curve for hydrothermally treated wood pulp 

The determination of the optimal cellulase dosage was accomplished by creating a cellulase dosage 

response curve through the hydrolysis of hydrothermally treated wood pulp, utilizing a solid 

consistency of 10% w/v and a cellulase loading range of 5-30 FPU/g. The hydrolysis process was 

conducted in a shake flask, buffered with a 0.05 M sodium citrate solution, at a temperature of 50 ℃ 

and a pH of 4.8. The flask was incubated for 24 hours at a speed of 100 revolutions per minute.   

3.3.3. Enzyme hydrolysis as a function of time 

Enzymatic hydrolysis of hydrothermally treated pulp was conducted at a solid concentration of 10% 

(w/v) in 50 mM sodium acetate buffer (pH 4.8) at 50 ℃ with 100 rpm agitation using cellulase 

enzyme (20 FPU/g). The extent of enzymatic hydrolysis as a function of time was investigated.  

After enzyme hydrolysis, the hydrolysates were separated under vacuum filtration. The undigested 

solid was washed with deionized water and filtered again, and then dried in the oven at 105 ℃, and 

undigested solid was calculated based on Equation 3.2. 
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Undigested solid  (𝑤𝑡 %) =
𝑊4

𝑊3
∗ 100% (3.2) 

Where W3 is the mass of hydrothermally treated pulp (g) used for enzyme hydrolysis, and W4 is the 

mass of the sample after enzyme hydrolysis (g). 

3.3.4. Sugars and degradation products 

Glucose and xylose sugar yields in the liquid fractions resulting from hydrothermal and enzyme 

treatments were assessed using a high-performance liquid chromatography (HPLC) system (Agilent 

1200, Santa Clara, California, USA) equipped with a refractive index detector (RID, Agilent 1100 

series, Agilent Technologies, Santa Clara, California, USA). The samples (20 μL injection volume) 

were separated on an HPX–87P column (Bio–Rad Aminex, Hercules, California, USA) using water 

as the mobile phase, flowing at 0.5 mL/min at 80 °C for 40 minutes. For the liquid fraction from 

hydrothermal treatment, degradation products were separated on an HPX–87H column (Bio–Rad 

Aminex, Hercules, California, USA). The column was eluted with 5 mM H2SO4 at a flow rate of 0.5 

mL/min at 60 °C for 90 minutes. Refractive index and ultraviolet detectors were employed to analyze 

organic acids (acetic and formic acids) and sugar degradation products (hydroxymethyl furfural at 

284 nm and furfural at 275 nm), respectively. Calibration curves were generated by simultaneously 

running standards of sugars and degradation products at varying concentrations on HPLC. 

3.3.5. Isolation of cellulose nanocrystal 

CNCs were extracted according to the method (Beyene et al. (2017) with some modifications. Briefly, 

5 g of hydrothermal and enzyme treated pulps were hydrolyzed with 62 wt % H2SO4 (8 % w/v, solid 

to acid ratio) for 2 h at 45 °C and 200 rpm in a water bath. The reactions were halted by diluting with 

10-fold (v/v) cold deionized water. The CNC suspensions were centrifuged (Avanti J-26 XP, JLA 

8.1000 fixed angle rotor) at 6,400 × g for 10 min to get the precipitates, and the acid solutions were 
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decanted. The CNCs precipitate was re-suspended in deionized water, and the pH was adjusted to 7 

using NaOH (10 %, w/v).  The resuspended CNCs were centrifuged at 3,700 × g for 10 min to remove 

salts in a liquid phase formed by neutralization. The CNCs precipitate was resuspending in deionized 

water followed by centrifugation until the supernatant became turbid. Further, the supernatant was 

dialyzed with deionized water for three to five days using a regenerated cellulose membrane tube 

with 12–14 kD molecular weight cut off (SpectrumTM Spectra/PorTM, Rancho Dominguez, CA, 

USA). The CNCs obtained after acid hydrolysis and dialysis, were freeze dried (Labconco ‘Freeze 

12’ Freeze dryer). The yield was calculated using the equation developed by (Beyene et al., 2017) as 

shown in Equation 3.3 and 3.4.  

𝐶𝑁𝐶 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡 %) =
𝑊6 ∗ 𝐹

𝑊5
∗ 100%  

(3.3) 

Where Equation 3.3: CNC yield (wt % fixed mass (5 g) used during acid hydrolysis reaction), 

Equation 3.4: Overall CNC yield (wt % the starting material). Where W5 is the mass of the sample 

(g) before acid hydrolysis, W6 is the mass of oven-dried CNC (g), F is the ratio of the colloid's total 

weight to that of the aliquot. 

3.4. Evaluation of Steam Explosion pretreatment on the cellulose nanocrystal from Poplar 

wood 

This study aims to increase CNC yield isolated from poplar wood through integrating steam explosion 

pretreatment with acid hydrolysis. We hypothesized that the high temperature and pressure during 

steam explosion pretreatment and cooling (annealing) after the treatment facilitate the crystallization 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑁𝐶 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡 %) =
𝐶𝑁𝐶 𝑦𝑖𝑒𝑙𝑑 ∗ 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 ∗ 𝑢𝑛𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑

100%
 

(3.4) 
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of semi-crystalline/ non-crystalline cellulose by reorienting the cellulose molecule to form new CNC 

precursors, which will increase the CNC yield during acid hydrolysis.   

 

Figure 3.2 Isolation of cellulose nanocrystal from steam exploded poplar wood 

 

3.4.1. Steam explosion pretreatment 

The steam explosion pretreatment was performed at FPInnovation (Quebec, QC, Canada) using a 

continuous Andritz 22-inc pressurized refining system. Before steam explosion pretreatment, the 

poplar wood chips were soaked in 3 wt% sulfur dioxides in a vacuumed plastic bag. Impregnation of 

the poplar samples with SO2 prior to pretreatment was used to reduce the formation of sugar 

degradation products such as furfurals. The bag was turned upside-down to ensure proper contact 

between the gas and the wood chips and left at room temperature overnight. The soaked poplar wood 

chips (45 kg/hr through put) were forced fed through the plug screw feeder to the digester, then 

digested at 200 °C and 15.5 bar for 5 min. After the steam explosion, the steam-exploded poplar chips 

went through the refinery disc to separate into individual fibers. The rotation speed of the refining 

disc was set at 2000 rpm, and the plate gap was adjusted to 0.15 mm. Finally, the steam exploded 

poplar was flash dried at 105 °C. 
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3.4.2. Delignification 

Steam-exploded poplar wood and untreated poplar wood (10 g each) were bleached with 1.5 % w/v 

sodium chlorite solution (pH 3.5) for 2 h at 70 ℃. The solid-to-liquid ratio was 1:25 (w/v). The 

bleaching procedure was done twice, and the solid recovered was conventionally washed with 

deionized water until the pH was neutral and oven dried at 105 °C. The solid recovered was 

determined using Equation 3.1. 

3.4.3. Isolation of cellulose nanocrystal 

CNC from the steam exploded poplar wood was isolated using 62 wt % H2SO4 (8% solid consistency) 

subsequently neutralized with 10 % NaOH, dialysis in water and centrifugation to produce colloidally 

stable CNCs suspension based on the protocol discussed in section 3.3.4. The CNC yield was 

calculated based on Equation 3.3. The overall CNC yield and over-size rejects were calculated using 

the equation developed by (Beyene et al. (2017) as shown in Equation 3.5 and 3.6.  

 

Equation 3.5: Overall CNC yield (wt % original feedstock), and Equation 3.6: Over-size rejects (wt 

% acid hydrolyzed feedstock) and W7 is the mass of the sample (g) before acid hydrolysis, W8 is the 

mass of unhydrolyzed pellet after acid hydrolysis.  

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑁𝐶 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡 %) =
𝐶𝑁𝐶 𝑦𝑖𝑒𝑙𝑑 ∗ 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦

100%
 

(3.5) 

𝑂𝑣𝑒𝑟 𝑠𝑖𝑧𝑒 𝑟𝑒𝑗𝑒𝑐𝑡 (𝑤𝑡 %) =
𝑊8

𝑊7
∗ 100% 

(3.6) 
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3.5. Steam Explosion and Enzymatic digestion as Pretreatment for Co-production of Cellulose 

nanocrystal and Fermentable Sugar from Poplar Wood 

The study explored the efficient production of CNCs and fermentable sugars from poplar wood 

through a comprehensive process integrating steam explosion pretreatment, enzymatic hydrolysis, 

and acid hydrolysis. The primary goals were to induce crystallization in semi-crystalline/amorphous 

cellulose, achieve effective saccharification of amorphous cellulose, and enhance CNC recovery 

during acid hydrolysis. Steam explosion treatment was employed to promote the crystallization of 

semi-crystalline cellulose, while enzymatic hydrolysis selectively targets amorphous cellulose, 

enriching the feedstock with CNC precursors. 

 

Figure 3.3 Steam explosion and enzymatic digestion as pretreatments for co-production of CNC 

and fermentable sugars 

3.5.1. Enzyme dosage curve for poplar and steam exploded poplar wood 

The determination of the optimal cellulase dosage was accomplished by the method discussed in 

section 3.3.2.1 and creating a cellulase dosage response curve through the hydrolysis of ground poplar 

and steam-exploded poplar.   
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3.5.2. Enzyme hydrolysis as a function of time 

Grounded poplar and steam exploded poplar (10 % w/v solid consistency) were hydrolyzed according 

to the method discussed in section 3.3.2.2, with 20 FPU/g cellulase loading over a period of 6 – 24 

h, buffer 0.05 M sodium citrate solution at pH 4.8 in a shake flask. The flask was incubated at 50 ℃ 

with 100 rpm shaking.  

3.5.3. Delignification 

Enzyme-treated steam-exploded poplar wood and untreated poplar wood (10 g each) were subjected 

to bleaching using a 1.5% w/v sodium chlorite solution (pH 3.5) for a duration of 2 hours at a 

temperature of 70 ℃. The solid-to-liquid ratio was 1:25 (w/v). The bleaching process was conducted 

twice, and the resultant solid was subjected to conventional washing using deionized water until a 

neutral pH was achieved. 

3.5.4. Isolation of cellulose nanocrystals 

CNCs were isolated using the procedure outlined in section 3.3.4. Where 62 wt % H2SO4 (8% solid 

consistency) was used to hydrolyze the bleached samples and subsequently neutralized with 10 % 

NaOH, dialysis in water and centrifugation to produce colloidally stable CNCs. The CNC yield was 

calculated based on Equation 3.3. The overall CNC yield was calculated using the Equation 3.4.  

3.6. Characterization of Cellulose nanocrystals 

3.6.1. Degree of crystallinity 

The crystallinity of all samples and CNCs were determined according to the method (Beyene et al., 

2018) using XRD Rigaku Ultima IV diffractometer (Rigaku Corporation, Tokyo, Japan), at the 

nanoFAB fabrication and characterization center (University of Alberta). JADE software (Jade 

Software Corporation Limited, Christchurch, Australia) was used to access the intensity values from 

the spectra. The crystallinity index (CrI) was determined based on the peak height method (Longaresi 

et al., 2019; Segal et al., 1959).  
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CrI (%) =
𝐼𝑡𝑜𝑡𝑎𝑙 − 𝐼𝑎𝑚

𝐼𝑡𝑜𝑡𝑎𝑙
∗ 100 % 

(3.7) 

Where Iam is the intensity count at the minimum peak between the 110 and 200 planes (around Braggs 

angle 2θ= 18◦), and Itotal is the intensity count at the maximum height of the peak at 200 planes 

(Braggs angle 2θ = 22◦–24◦). 

3.6.2. Morphology and particle size 

The size and structures of CNCs were characterized using transmission electron microscope 

(Philips/FEI Morgagni 268, Hillsboro, OR, USA) according to the method developed by (Beyene et 

al., 2018). The length and width of CNC rods were analyzed by measuring 100 CNC particles using 

Image J software. 

3.6.3. Zeta potential 

The average hydrodynamic diameter and zeta potential of the CNCs were determined by dynamic 

light scattering using a Nano-ZS Malvern Zetasizer (Malvern analytical Ltd., Almelo, Netherlands). 

0.1 % (w/v) of the CNCs were suspended in deionized water at 25 °C and placed in an ultrasonic bath 

for 5 min. 

3.6.4. Thermal stability of CNCs 

The thermal stability of all samples and CNCs were analyzed using Perkin Elmer Thermogravimetric 

Analyzer (TGA 8000, Shelton, USA). 5-10 mg samples were heated with a temperature increasing 

rate of 10 °C/min from 30 °C to 500 °C under nitrogen atmosphere (60 mL/min). 
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4. Results and Discussion 

4.1. Hydrothermal and Enzyme treatment for co-production of CNC and fermentable sugars 

from wood pulp 

4.1.1. Hydrothermal treatment of wood pulp  

Wood pulp with 10 % solid consistency was hydrothermally treated in batch mode for 1 h, resulting 

in a pressure increase in the reactor vessel from 0.1–1.6 MPa as the temperature reached 200 °C. The 

hydrothermal treatment caused a significant loss of hemicellulose at 200 ℃. Beyene et al. (2020) 

reported up to 15 wt% reduction in hemicellulose content after subjecting wood pulp to hydrothermal 

treatment at 200°C for 1 hour. This was likely due to the release of organic acids from xylose 

degradation, which promotes autohydrolysis reactions. As Table 4.1 shows, despite considerable 

hemicellulose degradation, there was a low recovery of xylose sugar at 200 °C in the liquid 

hydrolysate of hydrothermally treated pulp, indicating that the hydrothermal treatment caused further 

degradation of xylose to furfural and other degradation products. Various byproducts such as furfural, 

5-hydroxymethylfurfural, acetic acid, formic acid, levulinic acid have been reported from 

hemicellulose degradation through hydrothermal processing (Xiao et al., 2017). In a present study in 

addition to glucose and xylose, furfural, acetic acid, formic acid, and unidentified peak was observed. 

Furfural, primarily derived from pentose sugars like xylose and arabinose, forms via dehydration, 

while formic acid can result from intermediate products during furfural transformation.  

Moreover, this process led to a notable rise in cellulose crystallinity. As shown in Table 4.4, the 

increase in crystallinity could be attributed to the concentration of crystalline chains due to significant 

hemicellulose and amorphous cellulose degradation. Another hypothesis suggests that hydrothermal 

treatment can also facilitate the crystallization of para-crystalline/amorphous cellulose, forming new 

crystals by changing the torsion angle (ω) of O6–C6–C5–O5 from gauche–trans (gt, ω=60°) to trans–

gauche (tg, ω=180°) orientation in glucose subunits, which favors more interplanar hydrogen bonding 
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between chains (Agarwal et al. 2017). Similarly, Beyene et al. (2020) reported an increase in the 

degree of crystallinity of wood pulp due to the hydrothermal treatment. 

Table 4.1 Solid recovery and degradation products of hydrothermally treated pulp (10 % solid 

consistency, 200 °C, 1 h, and cooling rate: 1.1 °C/min) 

Solid 

recovery (wt 

% starting 

material) 

Sugars and Degradation products (wt% original feedstock)  

Glucose Xylose Acetic acid 
Formic 

acid 
Furfural 

 

unaccounted 

79.3 ± 0.6 1.2 ± 0.1 2.2 ± 0.2 0.08 ± 0.004 0.3 ± 0.008 3.6 ± 0.1 13.3 ± 0.1 

 

4.1.2. Enzyme dosage curve for hydrothermally treated wood pulp 

As shown in Figure 4.1, glucose yield curves were examined over a 24 h hydrolysis of hydrothermally 

treated pulp at various cellulase loadings. The point at which glucose yield leveled off was identified 

as the effective cellulase loading. Despite the lack of a significant increase in glucose yield between 

enzyme loadings of 15 FPU/g and 20 FPU/g, a noticeable distinction was evident at 15 FPU/g 

compared to loadings beyond 20 FPU/g during the hydrolysis of hydrothermally treated pulp. 

However, there was no significant difference observed between 20 FPU/g and loadings beyond 20 

FPU/g. This suggests that all enzyme-accessible binding sites were saturated at or beyond 20 FPU/g. 

Thus, addition of enzymes beyond this point was deemed redundant for cellulose hydrolysis and 

would only add unnecessary costs to the process. As a result, 20 FPU/g cellulase loading was chosen 

for subsequent enzyme treatment investigations on the feedstocks. 
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Figure 4.1 Glucose response curve for hydrothermally treated pulp as function of cellulase dosage. 

Condition (10% w/v, 50 ℃, a pH 4.8, 24 h and100 rpm). A,a Points that are denoted by non-

identical letters are significantly different. 

4.1.3.  Enzyme hydrolysis as a function of time 

Efficiently hydrolyzing the readily available amorphous cellulose in hydrothermally treated pulp 

leaving the resistant crystalline content is crucial to increasing the yield of CNCs and recovering 

fermentable sugars. Hydrothermally treated wood pulp was hydrolyzed with the cellulase cocktail for 

6-24 h. The fermentable sugars liberated during enzyme hydrolysis were calculated based on the 

feedstock used during enzyme hydrolysis and the starting material. As Table 4.2 shows, the 

conversion yield of the sugars from hydrothermally treated pulp increased with increasing time, 

showing a significant increase in the yield of both sugars (glucose and xylose) during the 6-24 h 

treatments. It is apparent that as the contact time between the enzyme and substrate increases, the 

concentration of the enzyme-substrate complex increases, which leads to an increase in the yield of 

sugars until a limiting rate is reached. Thus, the increase in the sugar yield indicated no rate limiting 

factor for enzyme hydrolysis except for xylose. No significant increase was shown after 18 h, and the 

yield from hydrothermally treated pulp was low and did not exceed 3.3 % (based on the starting 

material). This was due to a fraction of the hemicellulose being hydrolyzed to xylose and degradation 

products during hydrothermal treatment.  
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Nevertheless, it's important to highlight that the glucose and xylose yield levels from hydrothermally 

treated wood pulp in our study were significantly lower than the findings in a previous investigation 

conducted by Beyene et al. (2017) with the same cellulase cocktail. Beyene et al. (2017) reported 

that wood pulp hydrolysis resulted in glucose release (ranging from 21.0 ± 0.6 to 44.2 ± 1.4 wt% 

substrate conversion) and xylose (6.1 ± 0.2 to 12.1 ± 0.3 wt% substrate conversion) through cellulose 

and xylan degradation for 2–10 h treatment (Beyene et al., 2017). This indicated that the hydrothermal 

treatment enhances the crystallization of semi-crystalline/ non-crystalline cellulose, forming 

crystalline cellulose that exhibits resistance to enzyme hydrolysis. 

Table 4.2 Sugar and undigested solid yields from enzymatic treatment of hydrothermally treated 

pulp for 6–24 h 

Enzymatic 

treatment 

(h) 

Yield  

(wt% enzyme hydrolysis feedstock) 

Overall yield  

(wt% starting material) 

Glucose Xylose 
Undigested 

solid 
Glucose Xylose 

0 0.0 ± 0.0 0.0 ± 0.0 99.7 ± 0.1a 0.0 ± 0.0 0.0 ± 0.0 

6 21.6 ± 0.4d 2.2 ± 0.1C 76.4 ± 0.2b 17.1 ± 0.2d 1.7 ± 0.1C 

12 29 ± 1c 2.9 ± 0.3BC 66 ± 2c 23 ± 1c 2.3 ± 0.2B 

18 36 ± 1b 3.6 ± 0.3AB 60 ± 2c 28.5 ± 0.8b 2.8 ± 0.2AB 

24 41.4 ± 0.8a 4.2 ± 0.3A 54 ± 3d 32.8 ± 0.3a 3.3 ± 0.2A 

Enzymatic hydrolysis of hydrothermally treated pulp (solid concentration of 10% (w/v), 50 mM 

sodium acetate buffer (pH 4.8), 50 ℃, 100 rpm, cellulase (NS 51129): 20 FPU/g. A,a Means 

denoted by non-identical letters are significantly different (p < 0.05); comparisons done 

throughout the treatment time for each class. 

 

4.1.4. Cellulose nanocrystal yield 

After the enzymatic treatment, the solid residues (undigested solid) were then subjected to standard 

acid hydrolysis to produce CNCs. The CNC yield was calculated based on wight of CNC recovered 

per weight of a feedstock used during acid hydrolysis and per weight of starting material. The CNC 

yield based on the feedstock used during acid hydrolysis shows the effect of hydrothermal and 
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enzymatic treatment on the acid hydrolysis process and the overall CNC yield based on the starting 

material indicated the CNC precursor dissolution during the enzyme or acid hydrolysis. The flow 

chart in Figure 4.2 shows the detailed mass balance for CNC isolation from hydrothermally and 

enzymatic treated pulp.   

 

Figure 4.2 Mass balance for CNC isolated from hydrothermally and enzymatic treated pulp. All 

reported data represent analysis from triplicate samples. 
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The yield of CNCs (based on acid hydrolysis feedstock), as shown in Table 4.3, indicated that the 

hydrothermal and enzymatic treatment significantly increased the CNCs yield as compared to the 

control without enzyme treatment (only from wood pulp) and hydrothermally treated pulp (0 h). The 

increased CNC yield based on acid hydrolysis feedstock suggested a significant accumulation of 

CNC precursor in the hybrid treated pulp due to the removal of amorphous cellulose and 

hemicellulose at the initial stage of the enzyme hydrolysis. The increase in the crystallinity index 

supports the hypothesis. However, the CNC yield was not increased as the hydrolysis time of the 

enzyme increased. This indicated that the enzyme treatment after 6 h did not exhibit exclusive 

selectivity for amorphous cellulose but instead simultaneously degraded both amorphous and 

crystalline cellulose. 

Furthermore, a significant increase in the overall CNC yield was observed for hydrothermally and 

enzymatic treated pulp for 0, 6, and 12 h compared to untreated wood pulp. However, this increase 

started to decline after 18 h (Table 4.3), reaching a point where there was no significant difference 

compared to the control. This suggests that the enzyme hydrolyzed the amorphous cellulose in the 

hydrothermally treated pulp during the initial phase of enzyme hydrolysis and concentrated the CNC 

precursor for acid hydrolysis. Thus, the 18 h period may have been a critical juncture when CNC 

precursors became equally susceptible to disintegration and/or dissolution through enzyme/acid 

hydrolysis. Previous research on enzymatic hydrolysis of wood pulp using a cellulase cocktail 

solution, followed by acid hydrolysis, has reported a preferential cleavage of amorphous cellulose by 

the enzyme, enhancing CNC yield and generating fermentable sugars as a by-product (Beyene et al., 

2017; Yupanqui-Mendoza et al., 2023). In a related study by Beltramino et al. (2016) the effect of 

enzymatic treatment on the total CNC yield from cotton linter was investigated, and a significant 

increase in CNC yield was reported. According to the researchers, the cellulase cocktail selectively 
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degraded the amorphous cellulose and enhanced the accessibility of CNC precursors to acid (62 wt 

% H2SO4 for 45 minutes). 

Table 4.3 CNC yield from hydrothermal and enzymatic treated pulp 

Enzymatic 

treatment (h) 

CNC yield  

(wt% acid hydrolyzed feedstock) 

CNC yield  

(wt% starting material) 

Control A 23 ± 1d 23 ± 1BC 

Control B 36 ± 1c 28 ± 1A 

6 50 ± 1ab 30 ± 1A 

12 54 ± 3a 28 ± 1A 

18 49.5 ± 0.8ab 23 ± 1B 

24 45 ± 3b 20 ± 2C 

CNC isolation from hydrothermal and enzyme treated pulp (62 wt % H2SO4 (8 % w/v, solid to 

acid ratio), 2 h, 45 °C and 200 rpm). A,a Means denoted by non-identical letters are significantly 

different (p < 0.05); comparisons done throughout the treatment time for each class. Control A 

was from wood pulp, Control B was from hydrothermally treated pulp (without enzyme). 

4.1.5. Morphological analysis of cellulose nanocrystals using transmission electron microscope 

CNC particles isolated from the untreated and hydrothermal and enzymatic treated pulp exhibited 

nanoscale size in length and width (Figure 4.2). The particles from both feedstocks had elongated 

needle-like shapes. Although, the CNCs isolated from all samples showed rod-like morphologies, 

determining the size of the CNCs from transmission electron microscopy poses several challenges 

including potentially biased stemming from factors such as identifying edges, sample selection and 

aggregation (Chen et al., 2021). 
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Figure 4.3 Transmission electron microscopy (TEM) micrographs of CNC isolated from wood pulp 

(control) and hydrothermal and enzymatic-treated wood pulp. Condition (hydrothermal treatment: 

10 % solid consistency, 200 °C, 1 h, and cooling rate: 1.1 °C/min; enzymatic treatment: 10% (w/v), 

pH 4.8, 50 ℃, 100 rpm, 6-24 h, cellulase (NS 51129): 20 FPU/g). Control A was from wood pulp, 

Control B was from hydrothermally treated pulp (without enzyme). 
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4.1.6. Degree of crystallinity 

The crystallinity index (CrI) was determined through X-ray diffraction, as illustrated in Figure 4.3. 

The peaks observed in all samples were located approximately at 2θ angles of 15°, 22°, and 34°. 

These angles correspond to the (110 and 1-10), (200), and (004) planes, respectively, indicative of 

cellulose I (Zhao et al., 2019). Table 4.4 shows that the degree of crystallinity of hybrid-treated pulp 

increased significantly compared to untreated wood pulp. The increase in crystallinity may be 

attributed to the concentration of crystalline chains due to the degradation of amorphous cellulose 

and hemicellulose (Yupanqui-Mendoza et al., 2023). The degradation of hemicellulose and, to some 

extent, cellulose, as discussed in polysaccharide compositional analysis (Table 4.1), supports this 

hypothesis. Beyene et al. (2020) observed a rise in the crystallinity of wood pulp from 76.7 ± 0.8% 

to 83.8 ± 2.4% following hydrothermal treatment. They hypothesized that the hydrothermal treatment 

could facilitate the reorientation of para-crystalline celluloses, forming new compact crystals. 

However, with an increase in enzyme hydrolysis time, no significant difference was observed in the 

degree of crystallinity. This suggested that either the accumulation of crystalline cellulose was not 

significant to detect using XRD or there was concurrent hydrolysis of non-crystalline and crystalline 

cellulose. A similar result was observed by Beyene et al. (2020), who suggested that the enzymes 

hydrolyze the crystalline domains on the exposed surfaces as amorphous cellulose embedded within 

the core of crystalline chains are inaccessible to hydrolysis. As a result, the simultaneous degradation 

of crystalline and amorphous cellulose has led to a constant crystallinity index for enzyme treatment 

(Beyene et al., 2017). 
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Figure 4.4 X-ray diffraction pattern of (a) wood pulp (control) and hydrothermal and enzymatic-

treated pulp, (b) CNC isolated from wood pulp (control), and hydrothermal and enzymatic-treated 

wood pulp. Condition (hydrothermal treatment: 10 % solid consistency, 200 °C, 1 h, and cooling 

rate: 1.1 °C/min; enzymatic treatment: 10% (w/v), pH 4.8, 50 ℃, 100 rpm, 6-24 h, cellulase (NS 

51129): 20 FPU/g) 

Additionally, as Table 4.4 indicated, the hybrid treatment had no impact on the crystallinity of CNCs. 

This implies that the degree of crystallinity of CNC is intricately influenced by the acid hydrolysis 

conditions employed during their synthesis rather than by pretreatment steps. The choice of acid 

concentration, reaction temperature, and duration play pivotal roles in determining the resulting 

degree of crystallinity (Lu et al., 2022). Higher acid concentrations or prolonged reaction times often 

increase crystallinity as more amorphous regions are removed (Kusmono et al., 2020). Thus, careful 

optimization is crucial to prevent excessive hydrolysis that could compromise the integrity of the 

cellulose nanocrystals. 

 

 

 

 
(a) 

 
(b) 
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Table 4.4 Degree of crystallinity of hydrothermal and enzymatic treated wood pulp and CNCs.  

Degree of crystallinity (%) 

Enzymatic 

treatment (h) 

Hydrothermal and enzymatic 

treated pulp  
CNC  

Control A 73.5 ± 0.6B 80.4 ± 0.6ab 

Control B 84.8 ± 0.4A 81.7 ± 0.3ab 

6 86.6 ± 0.8A 81.8 ± 0.4ab 

12 86.3 ± 0.7A 80.4 ± 0.3b 

18 85.8 ± 0.5A 83 ± 1a 

24 86.3 ± 0.4A 82 ± 1ab 

A,a Means denoted by non-identical letters are significantly different (p < 0.05); comparisons done 

throughout the treatment time for each class. Condition (hydrothermal treatment: 10 % solid 

consistency, 200 °C, 1 h, and cooling rate: 1.1 °C/min; enzymatic treatment: 10% (w/v), pH 4.8, 50 

℃, 100 rpm, 6-24 h, cellulase (NS 51129): 20 FPU/g). Control A was from wood pulp, Control B 

was from hydrothermally treated pulp (without enzyme). 

 

4.1.7. Zeta potential 

The zeta potential indicates the surface charge of CNCs suspended in a liquid medium. Maintaining 

a stable colloid is essential to prevent self-aggregation, a key factor for the reinforcement filler to 

enhance the strength of the composite material. During the process of producing nanocrystals from 

hydrolysis with sulfuric acid, sulfonation reactions of the hydroxyls occur forming sulfate esters that 

are negatively charged. However, the hydrothermal and enzyme treatment prior to acid hydrolysis 

caused changes in the distribution of hydroxyl groups on the surface of CNC, potentially influencing 

the esterification of the sulfate group and thereby impacting the surface’s charge density (Beltramino 

et al., 2015). In this experiment the effect of hydrothermal and enzymatic treatment was analyzed 

using zeta potential.  Typically, when the zeta potential values fall below -30 mV, it suggests a strong 

negative electrostatic force from the sulfate group, resulting in a high degree of CNC dispersion 

(Mohaiyiddin et al., 2016; Naduparambath et al., 2018; Sai Prasanna and Mitra 2020). The results in 



46 

 

Table 4.5 indicate that hydrothermal and enzyme treatments did not impact the colloidal stability of 

CNCs. The CNCs demonstrated good stability, as zeta potential values lower than -30 mV were 

shown. The sulfate groups introduced during acid hydrolysis were identified as the main factor 

affecting colloidal stability. Interestingly, enzyme hydrolysis, consistent with Beyene et al. (2017), 

did not influence the zeta potential of the CNCs. 

Table 4.5 The zeta potential of CNCs from hydrothermal and enzymatic treated pulp.  

Enzymatic 

treatment (h) 
Zeta potential (mV) 

Control A -40.5 ± 0.9A 

Control B -40.4 ± 0.9A 

6 -39.4 ± 0.3A 

12 -39.9 ± 0.9A 

18 -39.7 ± 0.1A 

24 -40.1 ± 0.5A 

A Means denoted by non-identical letters are significantly different (p < 0.05). Condition 

(hydrothermal treatment: 10 % solid consistency, 200 °C, 1 h, and cooling rate: 1.1 °C/min; 

enzymatic treatment: 10% (w/v), pH 4.8, 50 ℃, 100 rpm, 6-24 h, cellulase (NS 51129): 20 FPU/g). 

Control A was from wood pulp, Control B was from hydrothermally treated pulp (without enzyme) 

4.1.8. Thermal stability  

CNC's thermal stability significantly impacts their potential applications, particularly in fields that 

involve exposure to elevated temperatures. Performing thermogravimetric analysis, Figure 4.4 

presents the thermographs of untreated wood pulp, hydrothermally treated wood pulp, hybrid-treated 

pulp, and CNCs to understand the effect of hydrothermal and enzymatic treatment on the thermal 

stability of CNCs. The thermographs displayed three main weight loss stages in all samples. The 

weight loss profiles suggest a multistep decomposition process. The initial weight loss at around 

100°C corresponds to removing physically adsorbed water. The subsequent weight loss indicates a 
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complex degradation mechanism, possibly involving depolymerization and subsequent pyrolysis of 

the cellulose molecules (Lam et al., 2017; Longaresi et al., 2019). 

 
(a) 

 
(b) 

Figure 4.5 Thermographs of (a) wood pulp and hydrothermal and enzymatic treated pulp, (b) CNCs 

isolated from wood pulp (control) and hydrothermal and enzymatic-treated pulp. Condition 

(hydrothermal treatment: 10 % solid consistency, 200 °C, 1 h, and cooling rate: 1.1 °C/min; 

enzymatic treatment: 10% (w/v), pH 4.8, 50 ℃, 100 rpm, 6-24 h, cellulase (NS 51129): 20 FPU/g). 

thermogravimetric analysis: 5-10 mg, temperature increasing rate of 10 °C/min from 30 °C to 500 

°C under nitrogen atmosphere (60 mL/min).  

 

Hydrothermal treatment has significantly improved the thermal stability of wood pulp. As shown in 

Table 4.6, the onset temperature significantly increased following the hydrothermal treatment. The 

ordered structure of crystalline cellulose imparts greater thermal stability due to the increased 

resistance to thermal decomposition. However, a further increase in the enzyme hydrolysis time did 

not show a significant difference in the thermal stability of the hybrid-treated pulp. This supports the 

hypothesis discussed in section 4.1.6, which the enzyme simultaneously hydrolyzes the crystalline 

and the amorphous cellulose. 

Additionally, the thermal stability of CNCs did not show a significant difference, indicating that 

neither hydrothermal treatment nor enzyme treatment resulted in alterations in the produced CNCs. 
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Instead, the acid hydrolysis conditions intricately influence CNC's thermal stability (Lu et al., 2022). 

Higher acid concentrations and prolonged reaction times often increase crystallinity, positively 

impacting CNC's thermal stability (Kargarzadeh et al., 2012). The choice of acid and its concentration 

influence the extent of hydrolysis and, subsequently, the size and thermal stability of the resulting 

nanocrystals. Moreover, variations in reaction temperature and solid-to-liquid ratio can impact CNC 

size and crystallinity, both critical factors in determining thermal stability. Post-hydrolysis processes, 

such as washing, purification, and surface modification, also affect CNC thermal stability (Lima et 

al., 2020; Arserim-Uçar et al., 2021). Overall, precise control of acid hydrolysis conditions is 

essential for tailoring the thermal stability of CNC, which is crucial for applications in fields such as 

polymer composites, biomedical materials, and flame-retardant products. 

Table 4.6 The onset temperature of hydrothermal and enzymatic treated pulp and CNCs 

Onset temperature (℃) 

Enzymatic 

treatment (h) 

Hydrothermal and enzymatic 

treated pulp  
CNC  

Control A 318.4 ± 0.2B 284 ± 1a 

Control B 329± 2A 282 ± 2a 

6 328 ± 4A 273 ± 5a 

12 335 ± 2A 279 ± 4a 

18 330 ± 2A 285 ± 7a 

24 331.5 ± 0.6A 282 ± 2a 

A,a Means denoted by non-identical letters are significantly different (p < 0.05); comparisons done 

throughout the treatment time for each class. Condition (hydrothermal treatment: 10 % solid 

consistency, 200 °C, 1 h, and cooling rate: 1.1 °C/min; enzymatic treatment: 10% (w/v), pH 4.8, 50 

℃, 100 rpm, 6-24 h, cellulase (NS 51129): 20 FPU/g). thermogravimetric analysis: 5-10 mg, 

temperature increasing rate of 10 °C/min from 30 °C to 500 °C under nitrogen atmosphere (60 

mL/min). Control A was from wood pulp, Control B was from hydrothermally treated pulp 

(without enzyme). 
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4.2. Evaluation of steam explosion pretreatment on the cellulose nanocrystal yield 

4.2.1. Delignification of steam exploded poplar  

Poplar wood was subjected to a steam explosion pretreatment and bleached with sodium chlorite to 

accumulate CNCs precursors with high degrees of crystallinity. The result for solid recovery after 

delignification showed that 80.9 ± 0.4 wt% and 55 ± 1 wt% bleached poplar wood and bleached steam 

exploded poplar wood recovered. The statistics reveled that a significant amount of lignin was 

removed from steam-exploded poplar wood as compared to untreated poplar wood. Steam explosion 

pretreatment cleaves β-O-4 and β-5 aryl ether bonds of the higher molecular lignin and generates low 

molecular weight lignin (Wang et al., 2020). Thus, after steam explosion pretreatment lower 

molecular lignin melts and condenses on the surface of the cellulose microfibrils and increases its 

accessibility and enhances the bleaching process. According to the findings, bleached steam-

exploded poplar contained 96% (w/w) pure cellulose, compared to 55% (w/w) for bleached poplar 

wood. 

4.2.2. Cellulose nanocrystal yield 

CNCs were isolated by subjecting bleached poplar and bleached steam-exploded poplar wood to acid 

hydrolysis using 8 % w/v, solid to acid ratio. The CNC yield was calculated using acid hydrolyzed 

feedstock (CNC yield per weight of a feedstock used during acid hydrolysis) and original feedstock 

(CNC yield per weight of original feedstock). The flow chart in Figure 4.6 shows the detailed mass 

balance for CNC isolation from steam exploded poplar wood.   
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Figure 4.6 Mass balance for CNC isolated from steam exploded poplar wood. . All reported data 

represent analysis from triplicate samples. 

 

The yield of CNCs as shown in Table 4.8 indicated that the steam explosion pretreatment significantly 

increased the CNCs yield by 3.8-fold based on the feedstock used during acid hydrolysis and 2.5-

fold based on the original feedstock as compared to the control. The increased CNCs yield based on 

acid hydrolysis feedstock suggested a significant accumulation of CNC precursor in the steam 

exploded poplar wood due to the removal of hemicellulose and lignin by steam explosion 

pretreatment and delignification. The increase in the crystallinity index (discussed in Section 3.6) and 

the chemical composition analysis (discussed in Section 3.1) supports the hypothesis. 
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Table 4.7 Cellulose nanocrystals yield isolated from steam exploded poplar wood 

CNC yield 

(wt % Acid hydrolysis 

feedstock) 

Overall CNC yield 

(wt % original feedstock) 

Over-size rejects  

(wt % original feedstock) 

Control 
Steam exploded 

poplar 
Control 

Steam exploded 

poplar 
Control 

Steam exploded 

poplar 

15.7 ± 0.6B 60.3 ± 0.5A 12.7 ± 0.4b 30 ± 1a 15 ± 1a 2.7 ± 0.1b 

A,a Means denoted by non-identical letters are significantly different (p < 0.05). Condition (62 wt % 

H2SO4 (8 % w/v, solid to acid ratio), 2 h, 45 °C and 200 rpm) 

Furthermore, the oversize reject (Table 4.8) for steam-exploded poplar wood was lowered by 5.5-

fold than untreated poplar wood. The high overall CNC yield and lower oversize reject for steam 

exploded poplar wood suggested that there was a new CNC precursor accumulation due to the steam 

explosion pretreatment and overnight cooling (annealing) after the treatment. 

4.2.3. Fourier transform infrared spectroscopy (FTIR)  

Fourier transform infrared spectroscopy (FTIR) was used to analyze the change in chemical 

functional groups for untreated poplar, steam exploded and delignified poplar wood, and CNCs 

isolated from untreated poplar wood and steam exploded poplar wood. The peak shown in Figure 7 

at 3325 cm-1 wavenumber in all samples was attributed to O–H stretching vibration in cellulose (Lu 

et al. 2022; Yang et al. 2010; Prado and Spinacé 2019; Prasanna and Mitra 2020). The peaks 2900 

cm-1 and 1035 cm-1 found in all samples were assigned to C–H and C–O stretching vibrations on 

cellulose, respectively (Zhao et al. 2019). The peak 1735 cm-1 contributed to C=O stretching 

vibrations that existed in the acetyl group and ester group from lignin or hemicellulose. This peak 

was only observed on untreated poplar and bleached poplar wood. However, the peak intensity 

decreased in bleached poplar wood as the hemicellulose and lignin content decreased. A weak 

absorption around 1235 cm-1 belonging to the C–O–C linkage of the ether and phenol group in lignin 
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disappeared in bleached poplar wood, bleached steam-exploded poplar wood, and CNCs and it 

indicated that the lignin was removed during the CNC preparation processes.  

  

Figure 4.7 ATR-FTIR spectra: (a) Detail of the region 3700-2700 cm -1 of the FT-IR. (b) Detail of 

the region 1800-600 cm -1 of the FT-IR. 

4.2.4. Morphology analysis of CNCs using Transmission Electron Microscope  

The effect of steam explosion pretreatment on the morphological structure and crystal size of CNCs 

were analyzed using Transmission Electron Microscope. Figure 4.6 shows a successful production 

of CNCs particles with rod-like morphologies for the control and steam-exploded poplar. The 

statistical analysis revealed that there was no significant difference in the mean length of CNC 

between the control (116 ± 45 nm) and the steam-exploded poplar (124 ± 49 nm). Similarly, steam 

explosion pretreatment had no effect in the nanocrystal widths (control 9 ± 3 nm and the steam-

exploded poplar 9 ± 2 nm). These results suggested that the longer reaction time and the higher acid 

concentration reduce the crystal length of the CNCs (Naduparambath et al., 2018; Chen et al., 2015).  
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(a) (b) 

Figure 4.8 Transmission electron microscopy image of CNC isolated from (a) control and (b) steam 

exploded poplar. Condition: Steam explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), acid 

hydrolysis (62 wt%, H2SO4, 2 h, 45 ℃). 

 

4.2.5.  Particle size and zeta potential 

In addition to the crystal size analysis using transmission electron microscope, the average 

hydrodynamic diameter and zeta potential of the CNCs were determined using dynamic light 

scattering. Table 4.9 shows the average hydrodynamic diameter (nm) and zeta potential (mV) of 

CNC-control and CNC-steam exploded poplar. The result confirmed that the steam explosion 

pretreatment did not influence the particle size of CNCs and therefore, argues against the co-

crystallization upon hydrothermal treatment (Agarwal et al., 2018; Agarwal et al., 2023). However, 

the average hydrodynamic diameter result found for the CNCs from the control and steam-exploded 

poplar were high as compared to the crystal size found using transmission electron microscope. This 

is because dynamic light scattering measurement does not measure the size directly for non-spherical 

particles. It measures the equivalent hydrodynamic diameter, which is the diameter of a sphere that 

diffuses at the same rate.  
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The zeta potential reflects the stability of CNC suspension in aqueous medium. Higher zeta potential 

values of a suspension are related to a more stable suspension (Ferreira et al., 2018). Typically, when 

the zeta potential values fall below -30 mV, it suggests the strong negative electrostatic force from 

the sulfate group, resulting in a high degree of CNCs dispersion (Mohaiyiddin et al., 2016; 

Naduparambath et al., 2018; Prasanna & Mitra, 2020). The result indicated in Table 4.9 that the CNC-

control and CNC-steam exploded poplar had a good stability as the value obtained was lower than -

30 mV. This was due to the sulfate group attached to CNCs during acid hydrolysis. However, steam 

explosion pretreatment had no significant effect on the zeta potential of CNCs. 

Table 4.8 Particle size and zeta potential of CNCs isolated from steam exploded poplar wood 

Samples Average hydrodynamic 

diameter (nm) 

Zeta potential 

(mV) 

Intensity 

abundance (%) 

CNC-control 250 ± 20a -43.5 ± 0.9A 98 ± 2 

CNC-steam exploded 

poplar 

220 ± 20a -43 ± 1A 98 ± 1 

A,a Means denoted by non-identical letters are significantly different (p < 0.05). Condition: Steam 

explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), acid hydrolysis (62 wt%, H2SO4, 2 h, 45 ℃). 

4.2.6. Degree of crystallinity 

The degree of crystallinity (CrI) was measured using x-ray diffraction. As shown in Table 4.10, the 

degree of crystallinity of poplar wood increased by 1.3-fold due to the steam explosion treatment. 

The removal of hemicellulose has been reported to have improved cellulose crystallinity (Agarwal et 

al., 2013; Kapoor et al., 2015). Additionally, the high temperature and pressure during steam 

explosion pretreatment is responsible for transforming the CH2OH group of cellulose from gauche-

trans conformation to the trans-gauche conformation. Consequently, this structural change promotes 

crystallization of cellulose and increases the crystallinity (Agarwal et al., 2018; Beyene et al., 2020).  
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Moreover, bleaching with sodium chlorite dissolves the lignin and improved the degree of 

crystallinity of bleached poplar and bleached steam exploded poplar (Agarwal et al., 2013; Jiang and 

Hsieh 2015). The degree of crystallinity of bleached poplar and steam-exploded poplar increased by 

1.2-fold and 1.1-fold as compared to untreated poplar and steam-exploded poplar wood, respectively. 

Furthermore, the result showed that the degree of crystallinity of bleached steam exploded poplar 

was 80.5 ± 0.7 % and this was significantly higher than that of bleached poplar (65 ± 1%) and 

suggested that the steam explosion pretreatment enhance the removal of lignin and hemicellulose to 

obtain higher amount of cellulose that is more crystalline. However, as shown in Table 12, the steam 

explosion pretreatment did not influence the crystallinity of CNCs. These suggested that the degree 

of crystallinity of the CNCs depends on the hydrolysis conditions especially on reaction time. The 

longer hydrolysis time accelerates the cleavage of the glycosidic bonds in crystalline cellulose and 

decreased crystallinity (Kusmono et al., 2020).  

Table 4.9 Degree of crystallinity of untreated poplar, steam-exploded poplar, bleached poplar, 

bleached steam exploded poplar, cellulose nanocrystal from poplar and cellulose nanocrystal from 

steam exploded poplar 

Degree of crystallinity (%) 

Material Untreated (control) Steam-exploded 

Poplar wood 53 ± 2b 70 ± 1a 

Bleached 65 ± 1b 80.5 ± 0.7a 

CNC 77.3 ± 0.8a 78 ± 1a 

a Means denoted by non-identical letters are significantly different (p < 0.05). Condition: Steam 

explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), delignification (Time: 2 h (2x), pH 3.5, solid 

consistency: 1:25 (w/v), 70 ℃, sodium chlorite solution: 1.5 % (w/v)), acid hydrolysis (62 wt%, 

H2SO4, 2 h, 45 ℃). 
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4.2.7.  Thermogravimetric analysis 

Figure 4.7 shows the thermographs of untreated poplar, steam exploded poplar, bleached poplar, 

bleached steam-exploded poplar, CNC-control, and CNC-Steam-exploded poplar. The result 

indicated that the weight loss of all samples with respect to temperature took place in multiple steps. 

The weight loss was mainly due to the decomposition of the cellulose molecules. However, the 

evaporation of water, the oxidation, and the breakdown of char residue into lower molecular weight 

gaseous products also contribute to weight loss during thermal analysis (Zhao et al., 2019; Sukyai et 

al., 2018; Kalita et al. 2015; Longaresi et al., 2019).  
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Figure 4.9 Thermographs of untreated poplar, steam-exploded poplar, bleached poplar, bleached 

steam exploded poplar, cellulose nanocrystal from poplar and cellulose nanocrystal from steam 

exploded poplar. Condition: Steam explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), 

delignification (Time: 2 h (2x), pH 3.5, solid consistency: 1:25 (w/v), 70 ℃, sodium chlorite 

solution: 1.5 % (w/v)), acid hydrolysis (62 wt%, H2SO4, 2 h, 45 ℃). Thermogravimetric analysis: 

5-10 mg, temperature increasing rate of 10 °C/min from 30 °C to 500 °C under nitrogen atmosphere 

(60 mL/min). 
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Moreover, the thermal stability of steam-exploded poplar has been significantly improved by steam 

explosion pretreatment. The onset temperature for untreated poplar wood was 260 ± 1 ℃. Following 

steam explosion pretreatment, the onset temperature substantially increased to 290 ± 4 ℃. This was 

due to the reduction in hemicellulose content and increase of the crystallinity of steam-exploded 

poplar (Wan et al., 2010). Consequently, CNC-steam-exploded poplar had higher thermal stability 

than the CNC-control. The onset temperature for CNC-steam-exploded poplar and CNC-control was 

260 ± 2 ℃ and 250 ± 2 ℃, respectively. However, the presence of the sulfate groups on the CNCs 

made the CNCs have lower thermal stability than the untreated poplar and steam-exploded poplar. 

This is due to the sulfate groups on the CNCs acting as a catalyst during the thermal degradation 

process and resulting in a negative influence on the thermal stability of CNCs (Prado & Spinacé, 

2019). 

4.3. Steam explosion and enzymatic digestion as pretreatment for co-production of CNC and 

fermentable sugars 

4.3.1. Enzyme dosage curve for poplar and steam exploded poplar wood 

Glucose yield curves from 24 h hydrolysis of untreated poplar and steam exploded poplar wood as a 

function of cellulase loadings were evaluated (Figure 11). The enzyme dosage at the point when 

glucose yield levelled off was identified as an effective cellulase loading. There was no significant 

increase in glucose yield from hydrolysis of both feedstock at enzyme dosages above 20 FPU/g.  It 

was evident that higher glucose yield was observed for steam exploded poplar wood relative to 

untreated poplar wood. The steam explosion pretreatment, leading to the breakdown of hemicellulose 

and a reduction in cellulose polymerization. The resulting structural changes make the wood more 

susceptible to enzymatic degradation, facilitating higher sugar yields during hydrolysis. 
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Figure 4.10 Glucose response curve as function of cellulase dosage (a) control and (b) steam 

exploded poplar wood. Condition (10% w/v, 50 ℃, a pH 4.8, 24 h and100 rpm).  A,a Points that are 

denoted by non-identical letters are significantly different. 

4.3.2.  Enzymatic hydrolysis as a function of time 

The untreated poplar wood and steam exploded poplar wood were hydrolyzed with the cellulase 

cocktail for 6–24 h. The fermentable sugars liberated during enzyme hydrolysis were calculated based 

on the original feedstock. The residual solids that remain undigested were assessed. Table 4.11 

illustrates the conversion yield of sugars from the control and steam exploded poplar wood. Glucose 

from the control and steam-exploded poplar wood increased with prolonged enzyme hydrolysis time. 

Nevertheless, there was a notable threshold effect on enzyme hydrolysis time, with an optimal 

enhancement in glucose yield observed up to 12 h for the control and 18 h for the steam-exploded 

poplar wood. In contrast, the conversion yield of xylose for the control did not exhibit a significant 

increase with prolonged hydrolysis time. However, in the case of steam-exploded poplar wood, the 

xylose yield increased with hydrolysis time until reaching 18 h. 

The increased sugar yield observed in the steam-exploded poplar wood compared to the control can 

be attributed to the effects of steam explosion pretreatment. Steam explosion is a thermo-mechanical 

 
(a) 

 
(b) 
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process that involves exposing biomass to high-pressure steam followed by a rapid decompression, 

causing the materials to swell, and then rapidly decompressing them. These extreme conditions 

induce structural modifications in the biomass, addressing key barriers to efficient enzymatic 

breakdown. Firstly, the process disrupts the lignocellulosic matrix, breaking down complex structures 

of hemicellulose and lignin. This disruption enhances the accessibility of cellulose to enzymes, 

facilitating a more effective conversion into glucose during subsequent hydrolysis. 

Table 4.10 Sugar and undigested solid yields from steam explosion and enzymatic treated poplar 

wood over a period of 6–24 h 

Enzymatic 

treatment 

(h) 

Control (yield wt %) Steam exploded poplar (yield wt %) 

Glucose xylose 
Undigested 

solid 
Glucose xylose 

Undigested 

solid 

0 0.06 ± 0.01z 0.0 ± 0.0X 99.1 ± 0.4W 0.3 ± 0.0D 2.1 ± 0.1d 96.3 ± 0.9d 

6 5.9 ± 0.1Y 1.84 ± 0.02W 91.6 ± 0.2X 14.2 ± 0.3C 4.7 ± 0.1c 79.1 ± 0.4A 

12 6.9 ± 0.1W 1.9 ± 0.2W 89.8 ± 0.2Y 22 ± 1B 5.2 ± 0.1b 70.4 ± 0.6B 

18 7.5 ± 0.2WX 1.85 ± 0.03W 88.9 ± 0.5Y 29 ± 1A 5.6 ± 0.2ab 63 ± 1C 

24 8.2 ± 0.4W 2.2 ± 0.2W 88.9 ± 0.9Y 29.9 ± 0.7A 5.7 ± 0.1a 63.1 ± 0.4C 

A,X, x,a Means denoted by non-identical letters are significantly different (p < 0.05).  pulp (solid 

concentration of 10% (w/v), 50 mM sodium acetate buffer (pH 4.8), 50 ℃, 100 rpm, cellulase 

(NS 51129): 20 FPU/g 

4.3.3. Degree of crystallinity of enzyme treated and delignified steam exploded poplar wood 

The degree of crystallinity of poplar wood at various reaction conditions (steam explosion 

pretreatment, enzyme hydrolysis and delignification) was assessed from XRD spectra analyses based 

on the peak height method. Table 4.12 presents the degree of crystallinity of untreated poplar, steam 

exploded poplar, enzyme treated and delignified (poplar and steam exploded poplar wood) for a 

period of 6-24 h. The steam explosion pretreatment significantly improved the degree of crystallinity 

of polar wood. The removal of hemicellulose due to steam explosion pretreatment has been reported 

to have improved cellulose crystallinity (Agarwal et al.,2013; Kapoor et al., 2015). Additionally, the 
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high temperature and pressure during steam explosion pretreatment is responsible for structural 

change. Consequently, this structural change promotes crystallization of cellulose and increases the 

crystallinity (Agarwal et al., 2018; Beyene et al., 2020).  

Moreover, bleaching with sodium chlorite dissolves the lignin and improved the degree of 

crystallinity of the raw poplar, steam exploded poplar and enzymatic treated poplar and steam 

exploded poplar over a period of 6-24 h (Agarwal et al., 2013; Jiang and Hsieh 2015). In addition, 

the result showed that the degree of crystallinity of bleached steam exploded poplar was significantly 

higher than that of bleached poplar and suggested that the steam explosion pretreatment enhance the 

removal of lignin and hemicellulose to obtain higher amount of cellulose that is more crystalline. 

However, after 6 h of enzymatic treatment, there was no significant different in degree of crystallinity 

of both unbleached and bleached poplar and steam exploded poplar wood observed.  

Table 4.11 Degree of crystallinity of steam explosion and enzymatic treated poplar wood 

Degree of crystallinity (%) 

Enzyme 

treatment 

(h) 

Enzyme treated samples Delignified samples 

Control Steam exploded 

poplar 

Control Steam exploded 

poplar 

0 53 ± 2B 70 ± 1ab 65 ± 1A 80 ± 1b 

6 62 ± 3A 71 ± 1a 67.1 ± 0.9A 84.1 ± 0.4a 

12 63 ± 2A 69.1 ± 0.5ab 67 ± 2A 84 ± 1a 

18 61.8 ± 0.6A 65 ± 3b 66.2 ± 0.9A 83.8 ± 0.7a 

24 63.4 ± 0.6A 66.9 ± 0.8ab 66 ± 1A 84 ± 1a 

A,a Means denoted by non-identical letters are significantly different (p < 0.05). Condition: Steam 

explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), delignification (Time: 2 h (2x), pH 3.5, solid 

consistency: 1:25 (w/v), 70 ℃, sodium chlorite solution: 1.5 % (w/v)), acid hydrolysis (62 wt%, 

H2SO4, 2 h, 45 ℃). Enzyme treatment: solid concentration of 10% (w/v), 50 mM sodium acetate 

buffer (pH 4.8), 50 ℃, 100 rpm, cellulase (NS 51129): 20 FPU/g 
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4.3.4. Cellulose nanocrystal yield 

Following the enzymatic treatment of the steam exploded poplar and control, the remaining 

undigested solids underwent a delignification process to eliminate lignin. Subsequently, they were 

subjected to acid hydrolysis to generate CNCs. The CNC yield was determined using the formula 

outlined in section 3.5.4. The flow chart in Figure 4.2 shows the detailed mass balance for CNC 

isolation from steam explosion and enzymatic treated poplar wood.   

 

Figure 4.11 Mass balance for CNC isolated from steam explosion and enzyme treated poplar wood. 

All reported data represent analysis from triplicate samples. 
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Figure 4.12 Mass balance for CNC isolated from ground poplar (control). All reported data 

represent analysis from triplicate samples. 

 

Enzyme treatment increased the yield of CNCs (wt % acid hydrolysis feedstock) for the control and 

steam exploded poplar wood compared with the 0 h (without enzyme treatment) feedstock (Table 

4.13). It can be suggested that there was significant accumulation of recalcitrant CNC precursor in 

the residual solids due to the rapid degradation of non–crystalline cellulose and hemicellulose by 

enzyme treatment during the study period. However, despite such strong implications of significant 

CNC precursors accumulation because of the enzyme hydrolysis, extending the enzyme hydrolysis 

time did not improve the CNC yield for the control and even start decreasing after 18 h for the steam 

exploded poplar wood. It is likely that CNC precursors exposed to enzyme attack are simultaneously 

disintegrated by hydrolytic cellulases (Beltramino et al., 2016; Beyene et al., 2017; Yupanqui-
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Mendoza et al., 2023). The constant crystallinity index values as a function of time (Table 16) also 

support these findings. This implies that the enzyme treatment did not show exclusive preference to 

non–crystalline cellulose due to inaccessibility.  

The overall CNC yield data provides insights into the breakdown or dissolution of CNC precursors 

through enzymatic and/or acid hydrolysis in comparison to the untreated feedstock. As shown in 

Table 4.13, the overall CNC yield from the control notably rose compared to the initial state at 0 

hours (without enzyme treatment). This suggests that amorphous celluloses underwent degradation 

to form sugar, concentrating the CNC precursors during the enzyme treatment. However, extending 

the enzyme hydrolysis period did not lead to a further increase in overall CNC yield. One contributing 

factor is that the presence of hemicellulose and lignin in untreated poplar wood acts as an impediment, 

hindering yield enhancement.  

For steam-exploded poplar wood, there was no significant difference in overall yield of CNC between 

6 hours and 0 hours (without enzyme treatment). It is suggested that a relatively more preferential 

degradation of the more abundant non-crystalline cellulose substrate occurred during the 6 h enzyme 

treatment. However, after a 12-hour period, CNC precursors became substantially more accessible to 

disintegration or dissolution through enzymes and/or acid hydrolysis, resulting in a subsequent 

decrease in the overall CNC yield. Beyene et al. (2017) investigated the impact of cellulase treatment 

on filter paper and wood pulp CNC yield. They observed that filter paper, with a significant more 

CNC precursors than wood pulp, experienced cellulase dissolution and leading to a 17% reduction in 

CNC yield compared to the undigested substrate during the early stages of cellulase hydrolysis (2 

hours). 

In comparing the two feedstocks, the CNC yield from steam-exploded poplar wood was notably 

higher than that from the control, regardless of cellulase treatment. This enhancement is likely 

attributed to the formation of new CNC precursors through steam explosion pretreatment. The 
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combined effect of steam explosion and enzyme treatment not only improves the CNC yield but also 

proportionally reduces the input needed for subsequent acid hydrolysis processes. Consequently, the 

volumes of water and H2SO4 required for acid hydrolysis are correspondingly reduced. This 

improvement in CNC yield from the reactor also decreases the NaOH requirements and enhances the 

efficiency of downstream purification operations, resulting in time and energy savings. 

Table 4.12 CNCs yield from steam explosion and enzymatic treated poplar wood 

Enzymatic 

treatment 

(h) 

CNC yield (wt % acid hydrolysis 

feedstock) 

CNC yield (wt % original feedstock) 

Control Steam exploded poplar Control Steam exploded polar 

0 13.4 ± 0.6Y 50 ± 3C 10.9 ± 0.4y 27 ± 2a 

6 23 ± 2X 68.1 ± 0.4A 17 ± 1x 26.9 ± 0.6a 

12 20 ± 2X 64 ± 3AB 15 ± 1x 22 ± 1b 

18 19 ± 1X 60 ± 3B 13.2 ± 0.8xy 16.3 ± 0.9c 

24 22 ± 2X 61.3 ± 0.6B 15 ± 1x        17.1 ± 0.3c 

A,X, x,a Means denoted by non-identical letters are significantly different (p < 0.05). Condition (62 

wt % H2SO4 (8 % w/v, solid to acid ratio), 2 h, 45 °C and 200 rpm) 

4.3.5. Characteristics of cellulose nanocrystal from steam explosion and enzymatic treated wood 

The impact of steam explosion pretreatment and subsequent enzyme treatment on the morphological 

structure and crystal size of CNCs were assessed, utilizing Transmission Electron Microscopy 

(TEM). Despite the anticipated synergistic effects of steam explosion and enzyme hydrolysis in 

enhancing size reduction and inducing structural changes in CNCs, the statistical analysis presented 

in Table 4.14 indicated no significant difference in the mean length and width of CNCs between the 

control group and the steam-exploded poplar. These findings imply that the size of cellulose 

nanocrystals is predominantly influenced by hydrolysis conditions.  
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Table 4.13 Particle size of CNCs steam explosion and enzymatic treated poplar wood based on 

transmission electron microscopy (TEM) micrograph analysis 

Particle size of CNCs (nm) 

Enzyme 

treatment 

(h) 

Control Steam exploded poplar 

Length Width Length Width 

0 120 ± 50A 9 ± 3a 120 ± 50X 9 ± 2x 

6 110 ± 50A 9 ± 3a 150 ± 60X 8 ± 3x 

12 120 ± 50A 9± 3a 110 ± 40X 10 ± 3x 

18 130 ± 50A 10 ± 3a 130 ± 40X 9 ± 3xy 

24 160 ± 60A 12 ± 4a 130 ± 50X 10 ± 4x 

A,X, x,a Means denoted by non-identical letters are significantly different (p < 0.05). Condition: 

Steam explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), delignification (Time: 2 h (2x), pH 

3.5, solid consistency: 1:25 (w/v), 70 ℃, sodium chlorite solution: 1.5 % (w/v)), acid hydrolysis 

(62 wt%, H2SO4, 2 h, 45 ℃). Enzyme treatment: solid concentration of 10% (w/v), 50 mM 

sodium acetate buffer (pH 4.8), 50 ℃, 100 rpm, cellulase (NS 51129): 20 FPU/g 

Additionally, as Table 4.15 indicated crystallinity, zeta potential and thermal stability of CNCs. The 

crystallinity indices of the CNC’s did not show any significant difference due to the synergetic effect 

of steam explosion and enzyme treatment as a function of time in both feedstocks. This implies that 

despite some evident crystalline cellulose degradation during enzyme hydrolysis, steam explosion 

and enzyme treatment does not change the quality of the CNC precursor crystals and the degree of 

crystallinity of CNC is intricately influenced by the acid hydrolysis conditions employed during their 

synthesis rather than by pretreatment steps. 

The zeta potential indicated the stability of the CNC suspension in an aqueous medium. Generally, 

when the zeta potential values drop below -30 mV, it signifies the presence of a strong negative 

electrostatic force originating from the sulfate group, which contributes to a significant dispersion of 

CNCs (Mohaiyiddin et al., 2016; Naduparambath et al., 2018; Prasanna & Mitra, 2020). The results 

in Table 4.15 indicate that the enzyme treatments for the control did not impact the colloidal stability 

of CNCs. However, the zeta potential of CNCs isolated from steam exploded poplar wood showed a 
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significant difference at for 18 h and 24 h. This could be the enzymes altered the hydroxyl groups 

distribution on the CNC surface, which could affect the esterification of the sulfate group and hence 

the charge density on the surface. 

The onset temperature observed in Thermogravimetric Analysis (TGA) of CNCs is a critical 

parameter that provides insights into the thermal stability of these nanomaterials. The TGA onset 

temperature represents the temperature at which the CNCs begin to undergo thermal decomposition. 

A higher onset temperature generally indicates greater thermal stability and resistance to degradation. 

As Table 4.15 presents, it was evident that there was no substantial difference due to enzyme 

treatment and/or as a function of time for CNC isolated from steam exploded poplar wood. However, 

for the control, there was no clear trend observed. For both feedstocks with the onset temperature of 

degradation falling between 250–270 °C. 

Table 4.14 Crystallinity, colloidal stability, and degradation temperature of CNCs from steam 

explosion and enzymatic treated poplar wood 

Enzyme 

treatment 

(h) 

Degree of crystallinity of 

CNCs (%) 

Zeta potential of CNCs 

(mV) 

Onset teperature of 

CNCs (℃) 

control 

Steam 

exploded 

poplar 

control 

Steam 

exploded 

poplar 

control 

Steam 

exploded 

poplar 

0 78 ±2b 78 ± 1B -43.9 ± 0.5a -44 ± 1xy 253 ± 2d 265 ± 2A 

6 80.5 ± 0.4ab 82 ± 1A -44 ± 1a -48 ± 1x 268 ± 1bc 269 ± 1A 

12 79.7 ± 0.5 ab 82 ± 1 A -42.8 ± 0.9a -48.3 ± 0.6x 265 ± 0.3c 269 ± 2 A 

18 81.1 ± 0.7a 82 ± 1 A -41 ± 1a -42 ± 2y 274 ± 2a 271 ± 2 A 

24 79.5 ± 0.2 ab 82.2± 0.4 A -41 ± 1a -39 ± 2y 270 ± 0.2b 270 ± 2 A 

A,a Means denoted by non-identical letters are significantly different (p < 0.05). Condition: Steam 

explosion pretreatment (200 ℃, 1.55 Mpa, 5 min), delignification (Time: 2 h (2x), pH 3.5, solid 

consistency: 1:25 (w/v), 70 ℃, sodium chlorite solution: 1.5 % (w/v)), acid hydrolysis (62 wt%, 

H2SO4, 2 h, 45 ℃). Enzyme treatment: solid concentration of 10% (w/v), 50 mM sodium acetate 

buffer (pH 4.8), 50 ℃, 100 rpm, cellulase (NS 51129): 20 FPU/g 
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4.4. Comparative analysis of cellulose nanocrystals and sugars yield across the three-biomass 

conversion pathway 

The lignocellulose biorefinery concept offers a promising approach for sustainable production of 

renewable chemicals, fuels, and materials by integrating various biomass conversion processes in a 

single facility. This approach maximizes the use of biomass resources and generates a diverse range 

of valuable products through physical, chemical, biological, and thermochemical methods. The 

selection of an appropriate pretreatment technology is crucial within this framework as it enables the 

production of biochemicals, enhances the yield of CNCs, and improves the accessibility of enzymes 

during saccharification. Steam explosion pretreatment is widely employed, involving pressurized 

steam treatment followed by depressurization to hydrolyze hemicellulose and increase cellulose 

accessibility, with minimal environmental impact and low energy consumption. In contrast, 

hydrothermal treatment utilizes water alone as the reaction medium, leading to alterations in cellulose 

structures and partial solubilization of hemicellulose (Sarker et al., 2021). 

This study aimed to enhance the production of cellulose nanocrystals (CNCs) and fermentable sugars 

by integrating various processes within a biorefinery framework. Three approaches were explored: 

(a) hydrothermal treatment combined with enzymatic treatment and acid hydrolysis, (b) steam 

explosion pretreatment followed by acid hydrolysis, and (c) steam explosion followed by enzymatic 

treatment and acid hydrolysis. Results revealed that both steam explosion and hydrothermal treatment 

facilitated the formation of additional CNC precursors, leading to increased CNC yield. However, 

steam explosion required a shorter reaction time compared to hydrothermal treatment due to its rapid 

heating and sudden decompression process. This characteristic makes steam explosion more suitable 

for continuous processing in industrial scale biorefineries. 



68 

 

Figure 4.13 depicted the CNC yield under optimal conditions achieved through this integrated 

approach. CNC yields were measured as 28 ± 1 wt%, 30 ± 1 wt%, and 22 ± 1 wt% for hydrothermal 

and 12 h enzymatically treated pulp, steam-exploded poplar wood, and steam explosion combined 

with 12 h enzymatically treated poplar wood, respectively. CNC yield from hydrothermal treatment 

and 12 h enzymatically treated pulp, as well as steam-exploded poplar wood, higher that of steam 

explosion combined with 12 h enzymatically treated poplar wood. 

Notably, CNC isolated via steam explosion followed by acid hydrolysis did not yield fermentable 

sugars from the hydrolysis of non-crystalline cellulose. Conversely, CNC isolated from hydrothermal 

and enzymatically treated pulp, as well as steam explosion and enzymatically tread poplar wood 

resulted in the recovery of 23 ± 1 wt% and 29 ± 1 wt% glucose and 2.3 ± 0.2 wt% and 5.6 ± 0.2 wt% 

xylose, respectively. Co-production of sugars alongside enhanced acid hydrolysis efficiency could 

significantly improve the economic viability of the CNC industry. However, the observed reduction 

in CNC yield, particularly in the steam explosion and enzymatic process, may pose challenges from 

an economic standpoint, warranting further feasibility studies. 
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Figure 4.13 CNCs yield from an integrated process beginning with either hydrothermal or steam 

explosion pretreatment followed by enzymatic hydrolysis and then acid hydrolysis. 
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5. Conclusion and Future directions 

5.1. Conclusion 

In conclusion, the research presented in this thesis demonstrates the technical feasibility and efficacy 

of integrated biorefinery strategies to produce CNCs and fermentable sugars from lignocellulosic 

biomass. The first study showcased a hydrothermal and enzymatic treatment and acid hydrolysis, 

resulting in a substantial increase in CNC yield from wood pulp. The optimized conditions led to a 

CNC yield of 54 %, significantly higher than untreated and hydrothermally treated pulp alone. This 

integrated approach not only enhanced CNC production but also generated valuable fermentable 

sugars as by-products, addressing economic challenges associated with enzymatic hydrolysis. 

The second study focused on the impact of steam explosion pretreatment on CNC yield, revealing a 

simple and scalable method to improve overall economics and commercial viability. Steam explosion 

pretreatment before acid hydrolysis increased the crystallinity of semi-crystalline/non-crystalline 

cellulose, leading to a 2.5-fold increase in CNC yield from poplar wood. Importantly, the quality of 

the CNCs remained unaffected, and their thermal stability improved. This study highlights the 

potential of steam explosion as a strategic pretreatment step to enhance CNC production efficiency. 

The third study expanded on the integrated approach by combining steam explosion pretreatment, 

enzymatic hydrolysis, and acid hydrolysis for poplar wood. The results demonstrated that this multi-

step process effectively facilitated the crystallization of semi-crystalline cellulose and improved 

saccharification of amorphous cellulose. The CNC yield from steam-exploded poplar wood reached 

68.1%, showcasing a significant improvement over untreated poplar wood. The study also 

emphasized the stability and quality of CNCs produced through this integrated process, further 

supporting its potential for sustainable and diverse industrial applications. 
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In summary, these studies collectively contribute valuable insights into designing efficient 

biorefinery strategies for lignocellulosic biomass, focusing on both high CNC yield and additional 

high-value products such as fermentable sugars. The integration of various treatments and hydrolysis 

steps not only enhances economic feasibility but also aligns with the broader goal of sustainable and 

environmentally conscious bioethanol production. These findings provide a foundation for further 

research and development in the field of lignocellulosic biomass utilization, offering innovative 

pathways towards a more sustainable and integrated bio-based economy. 

5.2. Future directions 

Moving forward, the findings from this research suggest several recommendations and avenues for 

future exploration in the realm of lignocellulosic biomass utilization and biorefinery strategies. 

Firstly, further optimization and scaling-up of the integrated processes should be pursued to enhance 

their industrial applicability. This includes fine-tuning the conditions of hydrothermal treatment, 

enzymatic hydrolysis, and acid hydrolysis for different feedstocks and exploring the feasibility of 

continuous processing systems. Additionally, assessing the economic viability of these integrated 

approaches on a larger scale is crucial to establish their competitiveness against traditional bioethanol 

production methods.  

Secondly, the exploration of alternative feedstocks for CNC production should be expanded. While 

wood pulp and poplar wood were investigated in this thesis, different lignocellulosic sources, such 

as agricultural residues and dedicated energy crops, could offer unique properties and challenges. 

Understanding the variability in biomass composition and structure among different feedstocks will 

be key to developing versatile and adaptable biorefinery processes. Moreover, considering the 

potential impact of regional and seasonal variations on feedstock characteristics is vital for designing 

robust and flexible biorefinery systems. 
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Lastly, the integration of circular economy principles in the biorefinery framework should be 

explored. This involves exploring ways to utilize by-products and residues generated from the 

biorefinery process for additional value-added products or incorporating them into other industrial 

processes. Efforts to minimize waste and maximize resource efficiency align with sustainability goals 

and contribute to the overall environmental and economic viability of bioethanol production from 

lignocellulosic biomass. Research in this direction may lead to the development of comprehensive 

and closed-loop biorefinery systems that optimize resource utilization and minimize environmental 

impact. 
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Appendix A: supplementary material on result discussion 
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Additional Figure 1. X-ray diffraction pattern of untreated poplar, steam exploded poplar, Bleached 

poplar, bleached steam exploded poplar, cellulose nanocrystal from poplar and cellulose nanocrystal 

from steam exploded poplar. 
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CNC- control (0 h) CNC-steam exploded poplar (0 h) 

 

CNC-control (6 h) CNC-steam exploded poplar (6 h) 
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CNC-control (6 h) CNC-steam exploded poplar (12 h) 

CNC-control (6 h) CNC-steam exploded poplar (18 h) 
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CNC-control (6 h) CNC-steam exploded poplar (24 h) 

Additional Figure 2. Transmission electron microscopy of CNC isolated from steam explosion and 

enzymatic treated poplar wood 


