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Abstract 

Cellulose nanocrystals (CNCs) are sustainable and renewable nanoparticles derived from 

cellulose with desirable properties for various applications. CNCs can be isolated from purified 

cellulose such as wood pulp by concentrated sulfuric acid hydrolysis. The acid degrades non–

crystalline cellulose and hemicelluloses, while CNC precursors representing the bulk highly 

crystalline celluloses are converted to CNC by fragmentation. This process has limitations due to 

low CNC yield (10 wt % initial feedstock) and loss of valuable sugars in the acid stream that 

decreases acid recovery efficiency. In this thesis, biorefinery strategies were developed to 

integrate cellulase and hydrothermal treatments with acid hydrolysis to (a) transform non–

crystalline constituents of wood pulp to value–added co–products and (b) generate a crystalline 

feedstock to improve CNC yield from acid hydrolysis (wt % feedstock for acid hydrolysis, CNC 

yield1) and the CNC yield from the initial feedstock, accounting for the mass loss due to the 

treatments (wt % original feedstock, CNC yield2). 

In the first strategy, cellulase treatment (using a Novozymes enzyme preparation supplemented 

with xylanase) was introduced prior to acid hydrolysis of Whatman™ No. 1 filter paper (model 

feedstock) and wood pulp. The objectives were to: (a) identify a treatment period for efficient 

saccharification for ethanol production without compromising CNC yield2, and (b) improve CNC 

yield1. The hypothesis was that cellulase treatment period is a determining factor for preferential 

degradation of non–crystalline cellulose and xylan with linear hydrolysis rate and minimal loss to 

CNC precursors. Preferential hydrolysis will generate a feedstock with concentrated CNC 

precursors that improves acid hydrolysis efficiency. During 10 h cellulase treatment, glucose yield 

plateaued at 6 h (36.5 ± 0.3 wt % original feedstock) for filter paper with a significant increase in 
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the crystallinity of the residual solid. Therefore, 2–6 h cellulase treatment of filter paper lead to 

an efficient saccharification. Steady hydrolysis rate was maintained even at 10 h for an efficient 

saccharification of wood pulp to glucose and xylose (44.2 ± 1.4 and 12.1 ± 0.3 wt % original 

feedstock, respectively), with surprisingly no changes in crystallinity. CNC yield1 significantly 

improved from cellulase–treated filter paper (up to 1.2 fold) and wood pulp (almost doubled). 

CNC precursors were likely accumulated due to hydrolysis of non–crystalline chains. Hence, 

cellulase treatment can reduce acid and water consumption upstream and operation costs 

downstream from improved throughput. Less sugars in the acid stream will also ease acid 

recovery processes. CNC yield2 significantly decreased for filter paper even at 2 h. This implies 

simultaneous degradation of CNC precursors, which was more abundant in filter paper. CNC 

yields2 were constant for wood pulp from 2–8 h. Hence a biorefinery strategy with efficient 

saccharification and CNC isolation was achieved from 8 h cellulase treatment mediated acid 

hydrolysis. CNCs of comparable quality were isolated from cellulase–treated feedstock based on 

particle size, zeta potential, thermal stability and crystallinity analysis. 

The second strategy was to integrate hydrothermal treatment and acid hydrolysis to (a) generate 

furfural as a value–added co–product, and (b) form new CNC precursors in wood pulp and 

improve CNC yields from acid hydrolysis. The hypotheses were that hydrothermal treatment can 

substantially degrade xylan to furfural and also re–orient para–crystalline chains to form new 

CNC precursors. Xylan degradation ranged from 19–90 (wt % original feedstock) at 175–225 °C 

treatment while significant cellulose hydrolysis was only apparent at 225 °C (7.0 ± 1.5 wt % 

original feedstock). Substantial furfural yields were generated at 200 °C and 225 °C (19 and 21% 

xylan conversion, respectively). Hydrothermal treatment significantly improved the crystallinity 



iv 
 

index of wood pulp and consequently CNC yield1 and yield2 improved by up to 4 and 2 fold, 

respectively, relative to the untreated pulp. These improvements can be translated to reduced 

cost of CNC production and increased capacity. The particle size, zeta potential and crystallinity 

of CNC generated from hydrothermally treated pulp were not affected due to the treatment. 

However, a dark brown colored CNC was generated from hydrothermally treated pulp at 225 °C 

possibly due to caramelization. 

These studies demonstrated that cellulase and hydrothermal treatment mediated acid hydrolysis 

biorefinery strategies can efficiently generate fermentable sugar and furfural co–products, 

respectively and improve CNC yields. 
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1. Introduction and objectives 

The pulp and paper industry plays an integral role in the economy of countries that have 

abundant forestry resources in North America, Northern Europe, East Asia and South America 

[1]. The industry is currently facing multiple challenges, particularly a shrinking global market for 

newsprint products [2]. In response, the forestry sector is making efforts to generate fuels, 

biochemical, and biomaterial co–products. Cellulose nanocrystals (CNCs) are one of the value–

added purified cellulose materials that are gaining a lot of attention. They are a highly crystalline 

cellulose isolated in nanoscale dimensions (3–5 nm width and 50–500 nm length) from cellulosic 

feedstock such as wood [3]. CNCs are highly reactive due  their large surface area as nanoparticles 

and show superior strength resulting from their high crystallinity [4]. These materials are light–

weight with mechanical strength properties comparable with carbon fiber and steel [3]. 

Therefore, CNCs have potential application as biodegradable and renewable reinforcement fillers 

for composite materials used in automotive, construction and food packaging industries [5]–[8]. 

In addition, their shear thinning, optical iridescence, high absorbance, oxygen and water barrier 

properties are also attractive for application in products used in aviation, pharmaceutical, food, 

cosmetics, paint, and film industries [9]–[18]. 

Cellulose, which makes up the major structural component in lignocellulosic biomass, is 

composed of tightly packed crystalline regions, poorly ordered amorphous chains, and relatively 

less ordered para–crystalline domains [19][20]. CNCs can be isolated by hydrolysis of the non–

crystalline cellulose and hemicellulose chains, and fragmentation of crystalline cellulose to 

nanoscale size with mineral acids, organic acids, oxidants, enzymes and hydrothermal treatments 

[21]–[26]. Acid hydrolysis using concentrated sulfuric acid (64 wt %) is the most common method 

for isolating CNCs [21]. High production process cost is one of the limiting factors that is hindering 

commercial applications [27]. Some of the major challenges of the process are: (a) the loss of 

reusable sugars from hydrolysis of non–crystalline cellulose in the acid stream, (b) reaction of the 

acid with sugars that reduces acid hydrolysis efficiency, and (c) low CNC yield (10 wt % original 

feedstock) [28]. These issues arise because of the high composition of non–crystalline cellulose 

and hemicellulose in a feedstock such as wood pulp, which do not contribute to CNC production. 
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These limitations can be addressed by generating value–added products from degradation 

and/or modification of these non–crystalline domains. This can be achieved by integrating 

cellulase and hydrothermal treatment with CNC isolation to develop a biorefinery strategy. 

Cellulases are extracellular enzymes produced by fungi and bacteria that catalyze the 

degradation of celluloses. There are three classes of cellulases that work synergistically to 

hydrolyze cellulose by first opening up the chain with endoglucanases, followed by the more 

aggressive cellobiohydrolase degradation of the polysaccharide to cellobiose units, which are 

hydrolyzed to glucose with β–glucosidase [29]. Currently, cellulases are used for saccharification 

of cellulose to generate ethanol as an alternative renewable and sustainable biofuel to reduce 

greenhouse gas emission and reliance on petroleum oil [30][31]. Generally, cellulases  rapidly 

degrade amorphous cellulose  due to the ease in accessibility that allows the crystalline cellulose 

to accumulate over time as the latter is recalcitrant due to tight packing [32]–[36]. Pretreatment 

and cellulose hydrolysis processes that reduce the crystallinity of cellulose to achieve maximum 

saccharification incur cost to the ethanol industry. Alternatively, a biorefinery strategy can be 

developed through preferential cellulase hydrolysis that (a) efficiently saccharifies non–

crystalline cellulose and hemicelluloses to fermentable sugars, and (b) leads to the preservation 

and accumulation of CNC precursors (large crystalline cellulose fragmented to CNC by the acid) 

for efficient acid hydrolysis that improves the yield (wt % feedstock for acid hydrolysis, CNC 

yield1) (Figure 1). 

 

 

 

 

 

 

Figure 1 Flow chart of a biorefinery pathway that integrates cellulase treatment and acid hydrolysis for co–

generation of sugars efficiently and CNC with improvement in yield. 
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An alternative biorefinery pathway is the integration of hydrothermal treatment with acid 

hydrolysis. Hydrothermal treatment involves modification and partial degradation of 

lignocellulose biomass components (in a slurry) with water heated at 150–230 °C [37][38]. During 

this treatment, moist heat facilitates the rotation of some bond angles in glucose to promote 

cellulose chains in para–crystalline cellulose to re–orient and crystallize. Hydrothermal treatment 

of raw wood has improved the CNC yield from the initial feedstock (wt % original feedstock, CNC 

yield2) due to the formation of new CNC precursors [39]. It will be interesting to explore the effect 

of hydrothermal treatment on a purified feedstock such as wood pulp with lower hemicelluloses 

and only trace amount of lignin compositions. Studies show that the kraft pulping process 

increases crystallinity of wood pulp due to: (a) partial degradation of some amorphous celluloses 

and hemicelluloses, and (b) an increase in reaction temperature  from 105 to 160 °C [40][41]. Yet, 

it is probable that further heating through hydrothermal treatment can increase the crystallinity 

of cellulose beyond what could be achieved from kraft pulping process and improve CNC yield2.  

In addition, hydrothermal treatment attacks hemicellulose that generates sugar degradation 

products such as furfural and organic acids [38][42]. Furfural is a valuable platform chemical and 

solvent with applications in agriculture, cosmetics and pharmaceutical industries [43][44]. A 

biorefinery strategy that integrates hydrothermal treatment with acid hydrolysis to co–produce 

furfural from hemicellulose degradation is yet to be explored (Figure 2). 

 

 

 

 

 

 

Figure 2 Flow chart of a biorefinery pathway that integrates hydrothermal treatment and acid hydrolysis for co–

generation of furfural and CNC with improvement in yield. 
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Overall, the global objective of this study was to develop 2 novel biorefinery strategies that 

integrate CNC production from wood pulp with cellulase and hydrothermal treatments to co–

generate ethanol and furfural, respectively, as value–added products. The specific objectives 

were to integrate CNC isolation with: 

(a) cellulase treatment (2–10 h) using a Novozymes enzyme preparation supplemented with 

xylanase to:  

i. identify an efficient cellulase saccharification period that preferentially degrades 

non–crystalline cellulose and xylan to fermentable sugars with minimum loss to 

CNC precursors, 

ii. recover fermentable sugars from the saccharification process for co–production 

of ethanol, and 

iii. improve CNC yield1 from acid hydrolysis of a cellulase–treated feedstock that has 

high CNC precursor concentration. 

(b) hydrothermal treatment (150–225 °C) to: 

i. identify processing conditions (temperature range) that form new CNC precursors 

with minimal thermal degradation of cellulose, 

ii. improve CNC yield1 and yield2 from acid hydrolysis of a hydrothermally treated 

feedstock, and 

iii. co–generate furfural from degradation of xylan. 
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2. Literature review 

2.1. Cellulose nanocrystals 

In recent years, the demand for print media products has been declining due to the ever–growing 

use and popularity of electronic media [2]. Accordingly, the pulp and paper industry is aiming to 

diversify its purified cellulose product line through the isolation of cellulose nanocrystals (CNCs) 

as a high value–added product. 

CNCs are nanoscale particles with characteristic high crystallinity that are isolated from cellulosic 

feedstock [45]. Different authors have designated multiple names to CNCs including cellulose 

nanowhiskers (due to the resemblance of the tapered ends), nanocrystalline cellulose (now a 

registered brand name by CelluForce, NCC™), nanoparticles, nanocrystals and nanofibers [3][45]. 

In recent literature, CNC seems to be the most frequently used term. Generally, the crystals have 

nanoscale dimensions of 3–5 nm width and 50–500 nm length with crystallinity in the range of 

54–88% [3]. There is variability in the dimensions of CNCs isolated depending on the cellulosic 

feedstocks (Table 1). 

Table 1 Length and width of cellulose nanocrystals (CNCs) from different sources. 

Feedstock Length (nm) Width (nm) Aspect Ratio Reference 

Wood 105–147 4.5–5 23–31 [46] 

Cotton 130–180 10–14 NR [47] 

Coconut fiber 177–218 5–7 35–44 [48] 

Rice straw 117–270 11–30 9–11 [49] 

Bagasse 250–480 20–60 NR [50] 

Bacteria 1103 14 94 [51] 

Tunicate 1187 9 148 [51] 

NR—not reported. 
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2.1.1. Properties 

Just like any other nanoparticle, CNCs exhibit high reactivity due to the high surface area to 

volume ratio and multiple hydroxyl groups for introducing functional groups [4]. The surface 

charge with or without modification can be exploited for electrostatic absorption of important 

chemical groups [52]. CNCs have superior mechanical strength due to their high crystallinity 

[4][53]. The tensile strength and axial elastic modulus (7.5–7.7 GPa and 110–220 GPa, 

respectively) of the light weight (1.6 g/cm3 density) CNC are greater than or comparable with 

carbon fiber (1.5–5.5 GPa and 150–500 GPa, respectively) and steel (4.1 GPa and 210 GPa, 

respectively at 7.8 g/cm3 density) [3]. 

Another unique feature of CNC is the formation of an iridescent colloid or film at a critical 

concentration. An anisotropic phase forms at high CNC concentration whereby CNC particles self 

assemble to a chiral nematic liquid crystalline ordering (twisted in helical structure) that reflect 

varying colors of light at different angles (as in soap) [54][55]. Addition of salt prior to drying 

allows the films to exhibit iridescence of visible light and strong magnetic or electric field can be 

used to manipulate the orientation of the crystals [12]. In addition, CNC films have gas and water 

barrier properties due to the strong hydrogen bonding network [56].  

CNC colloids also exhibit shear thinning rheological behavior over time (as thixotropic non–

Newtonian fluids) because the liquid crystals can align in the direction of shear flow [12]. This 

characteristic is desirable for maintaining low viscosity at high shear conditions in certain 

applications. CNCs can also form gels at 8–10 wt % concentration by sonic dispersion to form a 

3-dimensional hydrogen bonded network [57]. 

As CNCs are produced from cellulose (mostly sourced from plant), these nanoparticles are 

abundant, biodegradable, sustainable and renewable. In addition, reports suggest no dermal or 

oral toxicity and low cytotoxicity, which makes CNCs applicable for reinforcing biomedical 

composite structures [58][59]. Hence, CNCs can serve as alternative substitutes to inorganic 

nanoparticles that exhibit high cytotoxicity [60]. Furthermore, ecotoxicological tests on 9 marker 

aquatic animals show that CNCs pose low toxicity to the environment [61]. 
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2.1.2. Application and commercial production 

CNCs can be used as reinforcement fillers to improve the performance of composite materials in 

various industries. The surface hydroxyl groups can be functionalized with charged or 

hydrophobic groups by chemical grafting (covalently linked) to ensure stable dispersion and allow 

the CNC to mix and react with nonpolar matrices, respectively [45][62]. CNC reinforced 

nanocomposites of cement, polylactic acid films, polyurethane foams and adhesives have shown 

improved mechanical properties [5]–[8]. CNC has also been studied as a bio–compatible filler to 

reinforce nanostructured biomedical materials such as hydrogels for tissue engineering and 

controlled transdermal drug delivery systems [63][64]. 

CNCs can confer shear thinning characteristics to fluids used for oil drilling, aviation (aircraft anti–

icing), pharmaceutical, food, cosmetics, and paint industries [9]–[11]. The iridescent optical 

feature of CNCs can be exploited to develop colored films, security papers (such as bank notes 

and passports) and sensors [12]–[14]. The addition of CNC in food packaging films improves 

oxygen barrier property and water vapor permeability [15][16]. CNC exhibits high adsorbant 

properties due to electrostatic attraction with surface functional groups to remove cationic or 

anionic dye from waste waters or spill sites [17][18].  

There are multiple scientific studies in the literature with promising findings that support these 

viable applications. Some of these potentials have been realized and CNCs are making way into 

commercial products. CNC is used as an absorbant in a high–performance anti–fog solution 

(FogKicker®) developed by Treaty Biotech LLC  (MA, USA) for mirror, dive masks, goggles and 

visors [65]. Shlumberger Ltd (TX, USA) is using CNCs in its deep sea oil–drilling fluids to avoid sand 

contamination and reduce the carbon footprint of the process [66]. 

With growing research interest for bio–based renewable composite materials and the exciting 

potential applications in various industries, multiple companies and institutes in North America 

are currently producing CNCs at different scales to meet the demand. These include InnoTech 

Alberta (AB, Canada), CelluForce (QC, Canada), FPInnovations (QC, Canada), Bluegoose 

Biorefineries Inc (SK, Canada), Forest Product Laboratories (WI, USA) and InnoTech Materials LLC 

(WI, USA) [67]–[71]. CelluForce has a demonstration plant while other facilities operate at pilot 
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scale. Melodea Ltd (Sweden), Guilin Qihong Technology Co. Ltd (Gui, China) and Caspian 

Nanocellulose Polymer Development Co. (Iran) are companies producing CNC in Europe, Asia and 

the Middle East, respectively [72]–[74]. 

2.2. Structure and composition of lignocellulose: overview 

Lignocellulose is composed of cellulose as a major reinforcement constituent embedded in a 

matrix of hemicellulose, lignin and minor components such as pectin, starch, protein, extractives 

and inorganics [75]. The following sections discuss the chemistry and organization of the major 

structural constituent celluloses as well as hemicelluloses and lignin to provide an insight on the 

transformations that occur during feedstock preparation and CNC isolation. 

2.2.1. Cellulose 

Cellulose is the most abundant natural homopolymer and major structural component of the 

plant cell wall (40–55% in hardwood and 45–50% in softwood) [76]. The homopolysaccharide is 

a linear chain of β–D–glucopyranose units held together by β1→4 glycosidic ether linkages 

(Figure 3) [77]. Cellulose in wood has an average degree of polymerization (DP, number of glucose 

units per chain) from 9000 to 15000 [75]. It is possible to completely hydrolyze celluloses with 

strong inorganic acids (H2SO4, HCl, H3PO3) while some Lewis acids (LiCl, ZnCl2 and Be(ClO4)), 

strong bases (NaOH) and metal complexes (C2H6CuN2) can reduce the size of cellulose to low DP 

[78]. 

 

Figure 3 Linear chain structure of cellulose. 
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2.2.1.1. Structural organization 

The surface of adjacent glucose units on a cellulose chain allows intrachain O2–O6 and O3–ring O 

hydrogen bonds (Figure 4) [77]. Chains are then organized in parallel to form sheets through 

lateral interchain O3–O6 hydrogen bonds [79]. The sheets are then stacked in layers through 

multiple van der Waals forces as hydrogen bonds can no longer be formed [75][77][80]. This 

highly ordered organization with a hydrophobic core makes cellulose a rigid, crystalline and 

recalcitrant structure impermeable to acid, water and enzymes [79][81]. This native crystalline 

cellulose structure is referred to as cellulose I to differentiate it from other forms that are 

generated by chemical modifications (that will be discussed later). The lattice crystal structure of 

cellulose I can have 2 types of unit cells, Iα and Iβ (Figure 5). Cellulose Iα has a triclinic unit cell 

whereby all sides (a, b and C) and angles (α, β and ϒ) are unequal while Cellulose Iβ has a 

monoclinic unit cell comprised of 2 chains with all sides also unequal while angles α and ϒ are 90°  

[82][83]. Bacterial and algal cellulose have Cellulose Iα crystals while plants have both lattices 

[45]. 

 

Figure 4 Intrachain (O2–O6 and O3–ring O) and interchain (O3–O6) hydrogen bond within and between cellulose 

chains, respectively. The figure was republished with permission from Ionic Liquids and Their Interaction with 

Cellulose, Pinkert, A., Marsh, K.N., Pang, S., Staiger, M.P., Chem Rev, 109, 2009; permission conveyed through 

Copyright Clearance Center, Inc. 
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                                                (a)                                                   (b) 

Figure 5 A triclinic unit cell of cellulose Iα (a) and a monoclinic unit cell of cellulose Iβ with 2 chains (b). The figure 

was adopted from National Academy of Sciences Copyright (1997) from Koyama, M., Helbert, W., Imai, T., 

Sugiyama, J., Henrissat, B. PNAS, 94, 1997. 

The organization of the lignocellulose structure in the plant cell wall begins at the level of 

cellulose synthesis. The assembly is dictated by the rosette structure of cellulose synthase, an 

enzyme on the plant cell membrane that synthesizes cellulose [78]. Cellulase synthase is made 

up of 6 polypeptide units that bundle to form a globular subunit (Figure 6) [84]. The globular 

subunits are assembled in a group of 6 to form a rosette enzyme complex structure [85]. Each 

polypeptide unit polymerizes a single cellulose chain; hence, 36 parallel chains are 

simultaneously synthesized from the rosette structure, and the growing cellulose chains 

associate to form the elementary microfibril (3.5–7 nm wide) [84][86]. Multiple elementary 

microfibrils are bundled in a hemicellulose matrix to form a microfibril (10–25 nm wide) 

[77][87][88]. Lignin forms a gluing sheath around the outer surface of the microfibril or embeds 

in the interspaces between polysaccharides [89]. These microfibrils then further aggregate to 

macrofibrils (500 nm) that make up the fiber cell wall layer (1.7–3.7 μm wide) [87]. This cable like 

fiber network that is wrapped around plant cells gets further support from the internal turgor 

pressure to keep the plant structure erect and bear the heavy load [85]. 

  

β 
α 
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Figure 6 Structural components of cellulose synthase showing a polypeptide unit (left), a globular unit with bundles 

of 6 polypeptides (middle) and an assembly of 6 globular units forming a rosette structure (right). The figure was 

republished with permission of Oxford University Press, from Cellulose Biosynthesis in Plant: from Genes to 

Rosettes, Doblin, M.S., Kurek, I., Jacob–Wilk, D. and Delmer, D.P., Plant Cell Physiol., 43, 2002; permission 

conveyed through Copyright Clearance Center, Inc. 

The process of wood cell wall formation follows sequential synthesis of layers to allow flexibility 

during cell growth and development. Accordingly, the cell wall is structured into 3 layers: middle 

lamella, primary and secondary cell wall (Figure 7) [90]. Middle lamella is the first layer formed 

during cell division, which is composed of highly lignified pectin [77]. Then, cellulose microfibrils, 

lignin, hemicelluloses, pectin and proteins are assembled to form the primary wall [90]. Proteins 

such as expansins in the primary wall may serve as cell wall loosening agent to promote cell wall 

expansion [91].  Once the cell completes its development, cellulose mirofibrils are organized in a 

highly ordered parallel orientation to form the highly rigid and thick secondary wall [90]. This 

inner most cell wall has 3 layers named S1, S2 and S3 with varying composition of lignin, 

hemicellulose and cellulose [75]. 
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chain 
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Figure 7 Organization of the cell wall structure at different levels showing the middle lamella (ML), primary wall 

(P), outer (S1), middle (S2) and inner (S3) secondary walls, warty layer (W), cellulose (C), hemicellulose (H), lignin 

(L), microfibril (MF), elementary fibril (EF), crystalline domain (Cr) and amorphous domain (Am). The figure was 

republished with permission of Elsevier BV, from Production of Cellulose Nanofibrils: A Review of Recent Advances, 

Nechyporchuk, O., Belgacem, M. N. and Bras, J., Ind. Crops Prod., 93, 2016; permission conveyed through 

Copyright Clearance Center, Inc. 

Chemical treatment of cellulose can change the native structure (referred to as cellulose I) to 

different forms [86]. Cellulose II is formed when cellulose I is dissolved in strong alkali solution 

and regenerated with carbon disulfide [75]. Dissolution allows the chains to reorient in an 

antiparallel direction, which permits a thermostable structure with 2 new hydrogen bonds 

formed between layers that is not permitted in cellulose I (Figure 8) [77]. The antiparallel 

configuration cannot be achieved in nature because the chains in the elementary fibrils are 

synthesized at the same time from the rosette enzyme complex with the simultaneous formation 

of hydrogen and van der Waals bonds [85]. Regenerated cellulose is used to make textile 

products such as rayon and viscose through different chemical processing [78]. Modification of 
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cellulose I or II with amines generates cellulose III, which has a hexagonal unit cell [83][86]. 

Cellulose IV is formed by heating cellulose III in glycerol at high temperatures (260 °C)[75]. 

   

(a)           (b)

Figure 8 Parallel and antiparallel arrangements of chains in (a) cellulose I and (b) cellulose II, respectively, showing 

2 extra hydrogen bonds in cellulose II. The figure was republished with permission of Elsevier Ltd, from 

Mercerization of Cellulose: 1. Determination of the Structure of Mercerized Cotton, Kolpak, F.J., Weih, M. and 

Blackwell, J., Polymer, 19, 1978; permission conveyed through Copyright Clearance Center, Inc. 

2.2.1.2. Crystallinity 

The cellulose fiber is not entirely crystalline due to imperfections in the extent of chain ordering. 

Hence, the structure of cellulose has been divided into crystalline, poorly ordered or amorphous 

and relatively less ordered or para–crystalline domains [19][20]. Amorphous and para–crystalline 

celluloses will be collectively referred to as non–crystalline celluloses in the rest of the body of 

this thesis unless required to state and specify the level of the ordering. The disorders have been 

identified at different organization levels in the cellulose structure. There are some irregularities 

in the intramolecular O2–O6 hydrogen bonds within each cellulose chain [92]. Elementary fibrils 

have deformities along the length (Figure 7) and the order of crystallinity weakens from the core 

to the outer layer [36][93]. Some level of disorder is also apparent in the microfibril due to the 

change in angle along the longitudinal axis [94]. This implies that amorphous celluloses could be 

found interspersed with or buried within crystalline cellulose in the fiber structure at a different 

structural level of organization [95]. Amorphous celluloses are much more susceptible to 

enzymatic or acid hydrolysis due to accessibility of the glycosidic bonds. However,  amorphous 

cellulose domains located in the core of crystalline layers are not accessible to hydrolysis [96]. 

The crystallinity of purified cellulose, which can be measured by X–ray diffraction (XRD) intensity 

analysis, varies depending on the source (Table 2). Tunicate cellulose has high crystallinity while 
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low levels of crystalline ordering are reported from herbaceous plants. However, these values 

may not accurately represent the crystallinity of the native cellulose as the physico–chemical 

processes to purify cellulose may have altered the original structure.   

Table 2 Crystallinity of cellulose from different sources. 

Cellulose source Crystallinity index* Reference 

Hemp pulp 52 [97] 

Corn pulp 63 [98] 

Softwood pulp 71 [99] 

Hardwood pulp 73 [99] 

Cotton pulp 83 [99] 

Tunicate pulp 95 [100] 

Microcrystalline cellulose** 92 [101] 

Bacterial microcrystalline cellulose 95 [101] 

*Crystallinity index was calculated by the peak height method from X–ray diffraction analysis 

**Microcrystalline cellulose is a model crystalline cellulose generated by acid hydrolysis of amorphous cellulose 

from purified cellulose (kraft pulp). 

2.2.2. Hemicellulose 

Hemicellulose is the second most abundant polymer (24–40% in hardwood and 25–35% in 

softwood) and is composed of pentose and hexose sugars [76]. The sugars are linked together by 

β1→4 glycosidic bonds, but unlike cellulose, the polymer has lower DP (100–200) and it is 

branched at β(1→2, 1→3 and 1→6) with acetylated and methylated side groups (Figure 9) 

[75][102]. The side chains hinder intra– and inter–molecular hydrogen bonding, making 

hemicelluloses amorphous [103]. The different hexose and pentose sugar constituents 

determine the nomenclature of the heteropolymer  (glucuronoxylan, galactoglucomannan, 

arabinogalactan, etc) [75]. If the hemicellulose in either hardwood or softwood has xylose 

composition, it is simply referred to as xylan [77]. Xylan and galactoglucomannan constitute the 

major hemicelluloses found in hardwood and softwood, respectively [75]. Hemicellulose forms 

covalent bonds with lignin while it is linked to cellulose through non–covalent interactions due 

to the similarity in surface functional groups [78][79]. The physiological role of hemicellulose is 

depicted to be mainly in maintaining the cell wall architecture and cell growth regulation [78]. 



15 
 

The polysaccharide can be dissolved in highly alkaline solutions and it can be degraded with acids 

[104]. 

 

Figure 9 Linear chain structure of xylan with acetylated and methylated side groups. The figure was republished 

with permission of Elsevier, from Structure of Neutral Branched Xylooligosaccharides Produced by Xylanase from 

In Situ Reduced Hardwood Xylan, Nishimura, T., Ishihara, M., Ishii, T., Kato A. Carbohydr. Res., 308, 1998; 

permission conveyed through Copyright Clearance Center, Inc. 

2.2.3. Lignin 

Lignin is an amorphous polypropane polymer, which makes up another important component of 

the plant cell wall (18–25% in hardwood and 25–35% in softwood) [76][78]. The major building 

blocks for lignin synthesis are p–coumaryl, coniferyl and sinapyl alcohols [79]. These alcohols 

polymerize to form syringyl, guaiacyl and p–hydroxyphenyl units that are linked with ether and 

C–C bonds to form complex structures (Figure 10) [104][105]. Hardwood lignin is mostly 

composed of syringyl and guaiacyl lignin (predominantly comprised of synapyl and coniferyl 

alcohols) while guaiacyl lignin (mostly from coniferyl alcohol polymerisation) is mainly prevalent 

in softwood [75]. Lignin can be dissolved in alkali–salt solutions (lignosulfonate) and organic 

solvents such as dimethyl sulfoxide, methanol, ethanol and acetone (organosolv lignin) [78]. 

Inorganic acid digestion (72% H2SO4) generates Klason lignin and an acid insoluble residue 

[104][106]. 
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Figure 10 Model structure of lignin. The figure was republished with permission of Elsevier, from Polysaccharides 

and Lignin from Oak wood Used in Cooperage: Composition, Interest, Assays: A Review, Floch, A. Le, Jourdes, M., 

Teissedre, P–L., Carbohydr. Res., 417, 2015; permission conveyed through Copyright Clearance Center, Inc. 

2.3. Wood pulp: an ideal feedstock for cellulose nanocrystal isolation 

CNC can be isolated from cellulose mostly derived from plants as well as bacteria and animals 

(tunicate) (Table 1). For commercial CNC isolation, wood pulp is the most feasible feedstock as it 

is a highly purified form of cellulose produced on large scale in pulp mills. It is also currently used 

as a feedstock in facilities such as InnoTech Alberta and CelluForce [67][68]. The kraft pulp 

process for production of wood pulp and its effect on the composition and structure of fiber will 

be discussed in the following sections. 

2.3.1. Kraft pulp overview 

Pulping is the chemical and/or physical process of redistributing components of wood or other 

lignocellulosic biomass to isolate and disperse cellulose fibers in order to reform a web structure 

[107]. Wood or waste paper feedstock are subjected to mechanical, chemical, semi–chemical and 
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recycling processes in pulp mills [108]. Mechanical processes (grinding) give high yields with 

lower pulp strength while chemical pulping processes lower the yields but produce long fibers 

that form strong hydrogen bonds [107]. Semi–chemical pulping involves chemical pre–treatment 

so that the mechanical refining process can be moderated to generate long fibers [108]. As the 

yield and properties of pulp from each process is variable, the paper industry makes techno–

economical considerations to produce specific products from each pulp. Mechanical pulps are 

used to make low grade print materials; chemical pulps are suited for high quality printing papers 

and tissue and semi–chemical pulps can be processed to produce corrugated boards and food 

packaging papers [108]. Most pulp mills commonly transform virgin wood by a chemical process 

referred to as kraft pulping [108]. The word ‘kraft’ in Swedish and German translates to strength 

as the process preserves longer fibers that confer high strength properties to the pulp [109]. 

Kraft pulping involves cooking the fiber material in an alkaline solution composed of NaOH and 

Na2S (white liquor) at elevated temperature (160–170 °C) to remove lignin in a pressurized 

reactor (digester) [108][110]. Hydroxide and hydrosulfide ions degrade and solubilize lignin to 

small fragments due to the introduction of hydrophilic groups [109]. After alkaline lignin 

solubilization, the digester is de–pressurized suddenly to physically separate the fiber particles 

[110]. The pulp is separated from the spent alkaline solution (black liquor) for washing to remove 

residual alkaline solution and soluble lignin [108]. The black liquor is concentrated and burnt to 

combust organic wood degradation products and to recover the chemicals used in the white 

liquor [110]. Chemical recovery and energy captured from combustion (steam generation) makes 

the pulping process economically feasible [108]. Even though most of the lignin is dissolved in 

the cooking process, raw kraft pulp appears brown due to some residual lignin that can be 

removed by subsequent bleaching [111]. Oxygen delignification is the first step in bleaching 

whereby, phenolic groups in lignin are ionized by highly alkaline solutions followed by 

degradation with molecular oxygen bubbled into the tank [110]. The pulp is subsequently 

brightened with bleaching agents such as chlorine gas, chlorine dioxide and hydrogen peroxide 

[111]. Due to environmental pollution concerns with elemental chlorine, modern pulp mills (such 

as the Alberta Pacific Forest Industries Inc plant) use elemental chlorine–free bleaching chemicals 

[108][112]. 
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2.3.2. Effect of kraft pulping on fiber composition and structure 

Kraft pulping changes the composition of lignin and structural carbohydrates of virgin wood 

(Table 3) [113]. Substantial degradation of lignin allows cellulose to accumulate while 

hemicellulose is partially hydrolyzed. It has been suggested that alkaline pulping can lead to 

degradation of cellulose and hemicellulose chains from the reducing ends (peeling) [109]. 

Bleaching may also result in the breakdown of hemicelluloses [111]. Gumuskaya et al. observed 

that the crystallinity index of cotton cellulose improved due to alkaline pulping and increase in 

reactor temperature from 105 to 160 °C [40]. Kraft pulping also leads to degradation of 

amorphous cellulose that increases the crystallinity of wood pulp [41]. The partial degradation of 

hemicelluloses could facilitate cellulose chains to form a more compact structure evident from 

an increase in the aggregate size [114][115]. The residual hemicelluloses (such as xylan) initially 

solubilizes during pulping with the loss of side groups; but as alkalinity decreases in subsequent 

cooking, it precipitates to a more crystalline structure and gets interspersed with crystalline 

cellulose [116]. 

Table 3 Lignocellulose composition of raw and bleached kraft pulp 

Constituent Composition (wt %) 

Birch Poplar 

Raw Bleached 

Kraft pulp 

Raw Bleached 

Kraft Pulp 

Lignin 22.0 NR (2.9)* 20.8 NR (2.2)* 

Cellulose 41.0 66.6 49.2 74.3 

Xylan 27.5 22.1 21.1 15.0 

Glucomannan 2.3 0.2 3.1 0.2 

*Lignin composition in kraft pulp prior to bleaching as determined from Kappa number, NR–not reported. Table 

recreated and republished with permission of Springer Nature, from European Hardwoods Versus Eucalyptus 

globulus as a raw material for pulping, Patt, R., Kordsachia, O. and Fehr, J., Wood Sci. Technol., 40, 2005; 

permission conveyed through Copyright Clearance Center, Inc. 
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2.4. Cellulose nanocrystal isolation processes 

CNCs represent nanoscale highly crystalline elementary fibril isolated by severe degradation of 

amorphous cellulose using chemical, enzymatic and thermochemical processes [45]. The 

following sections discuss established methods and different approaches under development 

that can be integrated into CNC isolation processes. 

2.4.1. Mineral acid hydrolysis 

Acid hydrolysis experiments on cellulose towards the end of 1940s led to the discovery of CNCs. 

Nickerson and Harble noticed that mild acid hydrolysis (with 2.5 N HCl) starts rapidly during initial 

stages from degradation of amorphous and para–crystalline cellulose, which stabilizes over time 

when the crystalline cellulose remains [20]. Ranby later on generated stable CNC colloids (sols) 

by washing the undigested crystalline cellulose from controlled acid hydrolysis as free acid was 

removed and the pH was raised above 3 [117]. Acid hydrolysis still remains to be the most 

common method for isolating CNCs [21]. Strong inorganic mineral acids such as sulfuric (H2SO4) 

or hydrochloric (HCl) acid are mainly used for hydrolysis [117]–[121]. The strong acid degrades 

the readily accessible glycosidic bonds in the non–crystalline cellulose chains, whereas the tightly 

packed highly crystalline region remains recalcitrant as it limits the penetration of acid and water  

[3][45][81][122]. In this process, the acid protonates either the glycosidic or cyclic oxygen to 

promote nucleophilic attack on the glycosidic bonds (and therefore cellulose chains) with water 

[123]. Under controlled conditions, acid hydrolysis stabilizes over time and releases homogenous 

size fragments (also referred to a level–off DP), which are thought to correspond with the native 

size of the crystals with the highest level of ordering [20][45]. 

A CNC isolation process using sulfuric acid involves (a) hydrolysis with strong acid concentrations 

(typically 64–65 wt%), (b) termination of the reaction with cold water, (c) multiple washing steps 

and dialysis to remove excess acid or sodium sulfate salt (if neutralized with NaOH), (d) sonication 

to ensure dispersion of aggregates in the colloid, and (e) filtration to separate the over–size 

particles [12][46][118][120][124]. Optimization studies show that the critical acid concentration 

is between 58–62% as ≤ 55% acid lead to incomplete hydrolysis while ≥ 65% significantly 

solubilizes crystals [21][125][126]. 
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The type of acid used for extracting CNCs can affect the characteristics of the final CNC product. 

When sulfuric acid is used, sulfate groups from the acid esterify the free hydroxyl groups on the 

CNC surface [123]. Negative charges on the surface create an electrostatic repulsion force that 

maintains a stably dispersed CNC colloid in non–acidic aqueous solutions [127]. In contrast, CNCs 

generated from HCl hydrolysis do not have surface charge that allow the crystals to aggregate 

and flocculate due to van der Waals attraction in aqueous solutions [120]. This is relevant for 

reinforcement applications because when particles self–aggregate, the high surface area that 

allows CNCs to bond with the matrix and impart strong mechanical properties is compromised 

[4]. However, these esterified sulfates could be dissociated in mild alkaline solutions and 

chemical functionalization with a charged group may be necessary [45]. Furthermore, it has been 

demonstrated that the CNC generated from HCl hydrolysis are not thixotropic (shear thinning not 

achieved over finite time) at concentrations below 0.5% due to the poor surface charge density 

[12]. On the other hand, CNC from H2SO4 hydrolysis are less stable at elevated temperature due 

to de–sulfation and subsequent release of H3O+ that can catalyze cellulose degradation [128]. 

Hence, H+ is exchanged with Na+ by neutralizing the colloid with NaOH to improve the thermal 

stability, which is very important as most composites are processed at high temperatures 

[22][121]. 

The CNC isolation process requires large volumes of concentrated and highly corrosive acid that 

also generates significant effluent to be treated prior to disposal. Domtar (which has ownership 

in CelluForce) developed a patented process for recovering the acid used for hydrolysis [28]. 

Undisclosed water–insoluble solvents were used to separate the acid from the aqueous streams 

by simple liquid–liquid extraction. The acid could then be recovered from the water–insoluble 

solvent via conventional distillation techniques. Implementation of an acid recovery system has 

been indicated by CelluForce in its production process [129]. 

2.4.2. Hydrolysis with organic acids and oxidants 

Efforts have also been made to isolate CNCs using organic acids and oxidants. Chen et al. used 

oxalic acid at high concentrations (30–80%) and temperature (80–120 °C) to generate CNC with 

surface carboxyl functional groups [22]. The acid has relatively lower toxicity and can be recycled 
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via crystallization. However, the reactions need to be carried out at very high temperatures and 

CNC yields were relatively lower due to the poor acid strength. 

Strong oxidants such as ammonium persulfate have been explored for CNC isolation from flax 

and hemp fibers with promising results [23]. Ammonium persulfate can dissolve lignin, 

hemicellulose and pectin. Hence, the process does not require a purified cellulose feedstock, 

which can significantly reduce the process cost. The reaction is carried out with 0.5–1.0 M 

ammonium persulfate at 45–60 °C for 5–16 h. The CNC generated yields uniform size distribution, 

with high aspect ratio and surface carboxyl groups (acid or sodium salt form), which can be 

functionalized. Relative to acid hydrolysis, ammonium persulfate is advantageous in terms of 

lower cost and long–term toxicity [130]. 

2.4.3. Cellulase hydrolysis 

Cellulases can be employed for preferential degradation of amorphous cellulose to isolate CNCs. 

In the subsections below, the mechanism of cellulase catalysis will first be discussed to establish 

a general understanding on cellulose hydrolysis followed by different approaches to regulate and 

integrate cellulase catalysis to CNC isolation process. 

2.4.3.1. Introduction to cellulase catalysis  

A. Class, structure and mechanism of cellulase hydrolysis 

Microbes that utilize dead or living plant materials as a carbon source produce cellulase enzymes 

to degrade the insoluble, recalcitrant and large cellulose substrate to release and metabolize 

simple sugars. Cellulases are produced as extracellular sets of hydrolytic enzymes supplemented 

by accessory oxidative enzymes such lytic polysaccharide monooxygenase and other proteins 

such as swollenin and expansin, that loosen the tightly packed domains [131]. Hydrolytic 

cellulases are divided into three major groups namely (a) endoglucanases (EG, enzyme 

commission number {EC 3.2.1.4}), (b) exoglucanases that are further divided in to 

cellobiohydrolases (CBH, EC 3.2.1.91) and glucanohydrolase (EC 3.2.1.74) and (c) β–glucosidases 

or cellobiases (EC 3.2.1.21) (Figure 11) [132]. Endoglucanases have an open groove conformation 

that limits the enzymes to non-processive and random fragmentation of internal amorphous 
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cellulose chains to create accessible open ends and release oligosaccharides (Figure 11, 12a) 

[29][133]. In contrast, the tunnel configuration of cellobiohydrolases allows the processive 

channelling of chains (Figure 12) [29]. Hence, cellobiohydrolases can bind to reducing or non–

reducing ends (CBHI and CBHII, respectively) of crystalline or amorphous cellulose and thread 

through the chains to cleave off cellobiose units (Figure 11) [134]. Glucanohydrolase, which is the 

other type of exoglucanase, can directly release glucose units from chain ends [132]. Cellobiose 

and glucans with low DP are degraded to glucose with β–glucosidases [29].  

  

 

          (a)                            (b)

Figure 11 Illustrations of the mechanism of cellulose hydrolysis through the synergistic action of (c) cell free 

extracellular and (d) cell bound cellulases showing multiple components. The figure was adopted from Microbial 

Cellulose Utilization: Fundamentals and Biotechnology, Lynd, L.R., Weimer, P.J., van Zyl, W.H. and Pretorius, I.S., 

Microbiol. and Mol. Biol. Rev., 66, 2002.

Linker 
Catalytic 
 domain 

Carbohydrate binding module 
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       (a)                                                    (b) 

Figure 12 Open cleft and tunnel structures of (a) endoglucanase and (b) exoglucanase enzymes, respectively. The 

figure was republished with permission of Cell Press, from Structures and Mechanisms of Glycosyl Hydrolases, 

Davies, G. and Henrissat, B., Structure, 3, 1995; permission conveyed through Copyright Clearance Center, Inc. 

Hydrolytic cellulases are glycosylated proteins with two main components: the catalytic domain 

and the carbohydrate binding module (CBM) attached with a glycosylated linker (Figure 11a) 

[135][136]. Amino acid residues in the catalytic domain participate in protonation, deprotonation 

and nucleophilic substitution reactions that activate water to attack the glycosidic oxygen and 

cleave the glycosidic bond [137][138]. The role of the CBM is to bring the enzyme in close 

proximity to the cellulose surface, thereby increasing the concentration and improving 

processivity [139]. There are also suggestions that CBMs can open up the cellulose structure 

[135]. In anaerobic bacteria and fungi, the hydrolytic cellulases form multi–enzyme complexes 

called cellulosomes [133]. Cellulosomes contain a scaffold protein, which bears the catalytic 

enzyme domain and a cohesion unit with a receptor for the dockerin domain that is attached to 

and locks the catalytic domain on the scaffold (Figure 11b) [140]. These complexes can bind to 

the cell surface through a hydrophilic domain and form elongated filamentous extensions that 

connect the cell to the substrate; alternatively, the enzyme complex can also function detached 

from the cell [140][141]. Cellulosomes promote efficient synergism as all the catalytic cellulases 

are localized [29]. However, relative to the free enzyme counterparts, due to the large molecular 

weight of the cellulosome structures, penetration into cellulose is limited [134]. Interestingly, 

most aerobic filamentous wood decaying fungi that efficiently degrade cellulose (such as 

Trichoderma sp.) do not produce cellulosomes and secrete free extracellular cellulase sets that 

bear CBM and catalyze celluloses synergistically [133]. In addition to hydrolytic catalysis, 

accessory enzymes such as lytic polysaccharide monooxygenase (specifically AA9 family, 
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previously referred to a glycoside hydrolase) greatly enhance the activity of hydrolytic cellulases 

[142]. These proteins induce oxidative cleavage of cellulose by insertion of oxygen on C–H bonds 

adjacent to glycosidic linkages (C1 and C4) and increase the accessibility of crystalline cellulose 

domains [143][144]. 

Various reports show that cellulases rapidly hydrolyze amorphous cellulose [32]–[34]. During the 

course of hydrolysis, the reaction rate slows down due to the increase in concentration of the 

crystalline substrate [35]. Crystalline cellulose degradation is relatively delayed because 

cellulases cannot enter the tightly packed core until the enzymes gradually loosen the structure 

[36]. However, as amorphous cellulose has non–uniform distribution in the microfibril (as 

discussed in section 2.2.1.2), some chains are likely to be buried between layers of crystalline 

structures that limits exposure. Studies show that during enzymatic digestion, the total 

amorphous celluloses are not simultaneously accessible as the cell wall is only gradually peeled 

off layer by layer [36][145]. Zhao et al. observed no change in the crystallinity of cotton cellulose, 

even after controlled acid hydrolysis to degrade amorphous cellulose, which further supports the 

suggestion that amorphous cellulose in the core is not accessible to enzymes [96]. 

B. Xylanase as an accessory enzyme 

Xylanase is an important accessory enzyme for efficient saccharification of cellulosic biomass. Hu 

et al. showed that cellulase supplemented with xylanase improved cellulose hydrolysis by 10–

100% [146]. It has been suggested that xylan could have limited the processive activity of 

cellulases by steric hinderance. Furthermore, the competitive binding of xylanases with the 

substrate also induces the displacement of cellulases that are non–productively adsorbed. 

Commercial cellulase preparations such as Novozyme’s Cellic CTec 3 contain hemicellulases that 

are extracted either from the producer or another organism source [147]. Novozymes also 

suggests additional hemicellulase supplementation if the substrate has significant hemicellulose 

composition. 

Complete hydrolysis is achieved through random cleavage of xylan to short chain xylo–

oligosaccharides by endoxylanase (EC 3.2.1.8) followed by removal of xylose units from non–

reducing xylo–oligosaccharide ends by xylohydrolase (EC 3.2.1.37) [148]. Xylanases have been 
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well studied for various applications in various industries such as: (a) pulp and paper to enhance 

bleaching by removal of xylan to free lignin, (b) bakeries to increase dough viscosity and bread 

volume, (c) beverage industries to improve the clarity of fruit juice; and (d) textile industries to 

facilitate de–sizing to remove coating on thread and scouring to remove non–cellulosic contents 

in cotton [149]–[152]. 

C. Commercial cellulase production 

Cellulases are produced by various fungi and bacteria. However, commercial cellulase solutions 

are primarily produced from the filamentous fungus Trichoderma reesei. This fungus expresses 8 

endoglucanases, 2 cellobiohydrolases, 7 β–glucosidases and swollenin [133]. CBHI (60%), CBH II 

(20%) and EG I (10 %) account for 90 % of the total protein secretion while β–glucosidases are 

only produced in low titers [153][154]. Hence, cellulase preparations (Celluclast 1.5L) have been 

supplemented with β–glucosidases to improve cellulose hydrolysis by up to 38% [155]. However, 

it is speculated that the latest commercial cellulase solutions (Cellic®CTec series by Novozymes 

and Accelerase® by Genencor) are prepared from genetically engineered T. reesei strains that 

produce β–glucosidases in high titers [134]. Further strain development on T. reesei have been 

made to improve the activity of commercial cellulase preparations through genetic 

manipulations such as expression of native or exogenous thermostable CBHs, xylanases and 

glucose hydrolase proteins as well as overexpression of EG [156]. Currently, the three major 

commercial producers of cellulases are Novozymes® A/S, DuPont® (now a subsidiary of Dow 

Chemical Company) and Royal DSM NV Ltd (Dutch State Mining) [157]. 

2.4.3.2. Endoglucanase mediated cellulose nanocrystal isolation 

Endoglucanases can selectively cleave amorphous cellulose chains (as discussed in section 

2.4.3.1.) to generate a residue of crystalline fragments with CNC dimensions. Filson et al. isolated 

CNC from endoglucanase hydrolysis (84 Endoglucanase Units, 2 h) of recycled pulp [25]. 

However, endoglucanase degradation had to be carried out in multiple cycles to get substantial 

yield and the isolated CNC had a very broad particle size distribution (100–3500 nm). Anderson 

et al. also hydrolyzed pulp with endoglucanase (7.85 U/mg activity, 10 wt % pulp) for 24 h to get 

a maximum 10% CNC yield after 62 h [158]. Teixeira et al. hydrolyzed microfibrillated cellulose 
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(MFC) prepared from various substrates with endoglucanases (supplemented with β–

glucosidase) for 72 h to isolate glucose (17–67 % cellulose conversion) and CNC (500–750 nm 

long and 4–12 nm in diameter) [159]. Some of the MFC were still apparent and CNC yield from 

some of the substrates was very poor. 

Mechanical combined with/ without chemical treatment prior to endoglucanase hydrolysis has 

been introduced to increase the surface area and hence improve enzyme activity. Siqueira et al. 

and Xu et al. studied the effect of shearing and chemical–sonication–microwave treatments of 

pulp, respectively; but the CNC generated still had broad size distribution with lengths spanning 

to micrometer dimension [160][161]. George et al. hydrolyzed mechanically sheared (5000 to 

6000 rpm, 30 min) bacterial cellulose with endoglucanase to successfully isolate CNCs with length 

and diameter in the range of 100–300 nm and 10–15 nm, respectively [162]. Endoglucanase 

treatments have also been employed to supplement standard CNC isolation processes. Siqueira 

et al. and Campos et al. isolated CNC with homogenous size distribution from acid hydrolysis and 

sonication of endoglucanase–treated cellulose [160][163]. 

2.4.3.3. Integrated bioethanol and cellulose nanocrystal co–production 

Even though endoglucanases are selective, (a) hydrolysis is generally very slow as the enzyme is 

not processive, (b) sugar co–products that could be fermented to fuels or other chemicals cannot 

be generated as saccharification is incomplete without cellobiohydrolases and β–glucosidase 

activities, and (c) the CNC yield is very low. An alternative strategy is to adopt a biorefinery 

approach and integrate CNC isolation with a cellulose saccharification process that is already 

established from the cellulosic ethanol industry. In the sections below, cellulosic ethanol 

production process will be briefly introduced and a biorefinery pathway that integrates CNC 

isolation with ethanol production will be discussed. 

A. An overview on cellulosic ethanol production 

Ethanol is an alternative liquid fuel that can mitigate concerns over dependence on petroleum 

oil and greenhouse gas emission from combustion [30][31]. Corn and sugarcane are the major 

feedstocks used for fermentation of what is referred to as the first generation bioethanol from 

simple sugars [164]. However, the utilization of these crops for biofuel production can influence 
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food supply and pricing for the continually growing world population, which in turn aggravates 

the “food vs fuel” conflict [30]. This issue can be resolved by producing second generation or 

cellulosic bioethanol from lignocellulosic biomass feedstock, which is a highly abundant, 

renewable and low cost feedstock [165]. These feedstocks include wood, energy crops 

(miscanthus and switch grass), agricultural residues (wheat straw and corn stover) and municipal 

residue biomass [166]. 

Lignocellulosic biomass requires pretreatment to make cellulose, the major sugar reservoir, 

accessible for hydrolysis [76][103][167]. Pretreated biomass is subsequently subjected to either 

acid or cellulase hydrolysis to saccharify cellulose to fermentable sugars. Dilute acid (1.5%) at 

elevated temperatures can completely hydrolyze cellulose; but the process co–generates sugar 

degradation products such as hydroxymethyl furfural and furfural that inhibit yeast fermentation 

[76]. Weyland AS (a cellulosic ethanol pilot plant in Norway) developed a concentrated acid 

hydrolysis technology to release sugars at higher yields with a patented acid recycling process to 

ensure economic feasibility [166]. On the other hand, cellulase hydrolysis is an environmentally 

friendly biological degradation process [31]. Cellulase preparations composed of all the three 

classes (discussed in section 2.4.4.1.) are required for complete saccharification to simple sugars. 

The major limitations in utilizing cellulase are the relatively higher cost of the enzyme and slower 

hydrolysis rates mainly due to cellulose crystallinity (as discussed in section 2.4.4.1.) compared 

with other enzymatic processes (for example, starch hydrolysis rate with amylase is 100 fold 

faster) [103][167]. Yet, cellulases are currently employed in the saccharification process for the 

production of cellulosic ethanol on a commercial scale by companies such as POET–DSM (Project 

Liberty, US, corn crop residue feedstock) and Iogen Energy Corporation (Raizen, Brazil, bagasse 

feedstock) [168][169]. Ethanol fermentation can be carried out at the same time during 

hydrolysis (simultaneous saccharification and fermentation, SSF) or sequentially after collecting 

the hydrolysate (separate hydrolysis and fermentation, SHF). SSF eliminates feedback inhibition 

and the use of a single reactor decreases process time and reactor volume [76]. SHF on the other 

hand allows optimal conditions for both hydrolysis and fermentation with high substrate loading 

[167]. Saccharomyces cerevisiae is the most common yeast used to ferment glucose while 
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companies like Iogen use genetically modified yeasts that can ferment both hexose and pentose 

sugars [169]. 

Even though cellulosic ethanol is an advanced biofuel alternative, the sustainability of the 

industry is under threat due to inefficiency and high cost of the production process and inability 

to compete with low price of gasoline [170]. Major industry players such as DuPont and Abengoa 

have recently sold their established commercial plants to other companies with alternative 

interests, which indicate lack of future business interest in cellulosic ethanol [171]. Biorefinery 

strategies that can integrate cellulosic ethanol production with other processes that transform 

the lignocellulosic feedstock to value–added chemicals could potentially give the industry diverse 

market opportunities to ensure sustainability.  

B. A biorefinery approach 

There is increasing interest in a lignocellulose biorefinery approach to sustainably generate 

renewable and marketable chemicals, fuels and materials by integrating physical, chemical, 

biological and thermochemical biomass conversion processes in a single facility [172][173]. This 

strategy allows maximum utilization of biomass due to production of a spectrum of high-value 

products [174].  

Pulp mills can adopt such biorefinery pathways by expanding process technologies to add 

cellulosic ethanol and CNC into their traditional product streams.  In this approach, the wood 

pulp cellulose can be partially saccharified and CNC can be co–produced from the recalcitrant 

crystalline cellulose. This strategy eliminates the need for costly pretreatment and 

saccharification processes adopted in biofuel industries to reduce cellulose crystallinity.  Very 

limited studies have shown insights into this pathway (Table 4). Novo et al. lowered the reaction 

temperature from 50 to 35 °C and extended the cellulase hydrolysis time to 120 h to switch the 

hydrolysis reaction outcome from saccharification to CNC isolation [26]. Other studies have 

evaluated the integration of cellulase hydrolysis with conventional CNC isolation processes. 

Camargo et al. used acid hydrolysis to isolate CNCs from solid residue left over from a 

saccharification process (55–60% conversion) of an ethanol plant [175]. In these studies, the CNC 

yields were not determined to assess the efficiency of the process. Beltramino et al. reported 
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improvement in CNC yield by acid hydrolysis due to cellulase treatment; but the prospect of sugar 

recovery from cellulase hydrolysis was not explored [176]. Oksman et al. isolated CNC with very 

high yield from cellulose residue of an ethanol plant using mechanical homogenization that 

requires high energy and is difficult to scale–up [177]. CNC isolation from recalcitrant cellulose 

residue generated from an ethanol plant may have low efficiency as there would be substantial 

loss in CNC precursors (large crystalline cellulose that are converted to CNC by fragmentation) 

from pretreatment and saccharification processes. The compromise in CNC yield is also not cost–

effective as the price of CNC is much higher than sugars. 

Table 4 Integrated cellulase treatment and CNC isolation processes 

Feedstock Cellulase* Cellulose 
conversion 

(wt %) 

CNC isolation 
process 

CNC 
yield 

(wt %) 

CNC dimension 
Length X 

diameter (nm) 

Reference 

Eucalyptus Pulp Cellic CTec3 63 Cellic CTec3, 
120 h, 35 °C 

NR 200 X 15 [26] 

Pretreated 
bagasse 

Cellic CTec2 55–60 Acid hydrolysis 
60 v % 

NR 193–246 X 
14–18 

[175] 

Cotton linter Fungal 
Bioproducts® 

NR Acid 
hydrolysis 

62 wt % 68–71 147–158** [176] 
64 wt % 28 90–93** 

Purified cellulose 
from bio–residue 

of an ethanol 
plant 

NR NR Mechanical 
homogenization 

(50 MPa) 

96% in hundreds X 
10–20 

[177] 

*cellulase treatments were carried out for 24 h at 50–55 °C, ** hydrodynamic diameter was analyzed from 

dynamic light scattering analysis, NR–not reported. 

Alternatively, Piriani et al. adopted a unique approach whereby Whatman filter paper was acid 

hydrolyzed (65% H2SO4, 2 h, 25 °C followed by dilution with 50% H2SO4) to generate solid and 

liquid fractions [178]. CNC was isolated from the undigested solids (61–71% yield) while 

amorphous cellulose was recovered from the liquid fraction by ethanol precipitation. The 

recovered cellulose (21% yield) was subsequently subjected to cellulase hydrolysis to release 

sugars for ethanol fermentation. However, the CNC particles isolated had longer lengths (670 

nm) and wider diameters (40 nm) due to incomplete hydrolysis at room temperature. 
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2.4.4. Hydrothermal treatment  

The following sections briefly introduce hydrothermal process in general and discuss how this 

treatment can employed for CNC isolation and co-generation of furfural as a value–added 

coproduct.  

2.4.4.1. Hydrothermal process overview 

Hydrothermal processing is the thermal transformation of biomass in aqueous slurries by heating 

water at high temperatures to solubilize and/or modify some components of lignocelluloses to 

generate liquid, gaseous or solid products [179]. The process is advantageous over pyrolysis and 

gasification in transforming wet feedstock such as slurry waste that are abundantly generated in 

most industries including paper mills, food processing and wastewater treatment plants. Hence, 

hydrothermal conversions conserve energy and cost from drying; however, the process requires 

large reactors, biomass size reduction and high pressure pumps [179][180].  

At high temperatures, water can exist in steam or liquid phase as a function of vapor pressure 

(Figure 13). Water becomes subcritical in liquid phase when heated at a temperature range above 

the boiling point (100 °C) and below the critical point (374 °C) and above the saturation vapor 

pressure [181]. Subcritical water acts as an effective polar solvent with increased [H+] and [OH-] 

concentrations that promotes acid–base catalyzed reactions [182]. When water is heated above 

the critical temperature and critical pressure (22.1 MPa), it becomes supercritical and exhibits 

different properties [181]. The dielectric constant of water drops substantially, which reduces 

the ionic properties and solubility of salts [179]. Water now behaves like an organic solvent and 

permanent gases like nitrogen and hydrogen become soluble [179]. Consequently, reactions shift 

from ionic to free radical formation, but reaction rates remain unchanged [179]. 
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Figure 13 Phase diagram of water. This figure was republished with permission of Elsevier, from Energy Conversion 

of Biomass with Supercritical and Subcritical water using large scale plants, Okajima, I. and Sako, T., J. Biosci. 

Bioeng., 117, 2014; permission conveyed through Copyright Clearance Center, Inc. 

Hydrothermal processes have be carried out using (a) subcritical temperatures (250–350 °C and 

4–16.5 MPa) to generate bio–oil, and (b) supercritical water at 300–400 °C to mainly produce 

CH4 or at elevated temperatures in the range of 600–700 °C to generate H2 as the primary gas 

[182]. Alternatively, hydrothermal treatment employs moderated process conditions to partially 

degrade and modify the lignocellulose structure with the objective of improving the properties 

of the biomass material. A wide array of temperatures can be found in literature as the conditions 

for hydrothermal treatment are not well defined with varying pressure. But generally, the 

temperature is between 150–230 °C with the liquid to solid ratio ranging from 1–40 (w/w) 

[37][38]. 

Heat treatment of wood has been practiced by early civilizations (Egyptians and Vikings) for the 

purpose of increasing flexibility to craft bent structures [75]. Currently, thermal modifications are 

applied on indoor and outdoor materials that require high dimensional stability and durability 

[183][184]. Hydrothermally treated wood is characterized by low hygroscopicity, improved 

resistance to microbial degradation, and brown coloration but with some loss in strength 
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[75][184]. Hydrothermal treatments are carried out at 160–260 °C with varying operating 

conditions such as moisture, aeration/ inert atmosphere, heating medium (dry air, steam, oil), 

process steps/ cycles depending on the technology, which have been well developed to industrial 

scale processes [184]. Generally, the modifications involve partial depolymerization via a 

hydrothermal process followed by a curing whereby re–condensation reactions complete the 

modification [183]. 

2.4.4.2. Cellulose nanocrystal isolation 

Novo et al. employed sub–critical water (120 °C, 20.3 MPa for 30 min) to isolate CNC from 

microcrystalline cellulose. Substantial CNC yield (21.9 %) was reported with characteristics 

comparable to acid hydrolysis [24]. Compared with chemical processes, this method is 

advantageous as it does not require any corrosive chemicals, large volumes of water for washing 

or generate effluents. This is the only report in the literature on CNC isolation via hydrothermal 

treatment. 

Alternatively, it is also possible to integrate hydrothermal treatment with acid hydrolysis to 

improve CNC yields. Agarwal et al. isolated lignin containing CNC by acid hydrolysis of raw wood 

(composed of lignin, cellulose and hemicellulose) to only achieve 2% CNC yield with 46.6% 

crystallinity (based on Raman spectroscopy analysis) [39]. Hydrothermal treatment (167–225 °C) 

of raw wood improved the CNC yield and crystallinity by up to 19 and 65%, respectively. 

Interestingly, this is the only account of an attempt to isolate CNC from a hydrothermally treated 

feedstock by acid hydrolysis. Beyond improving CNC yield, hydrothermal treatment also presents 

an opportunity to generate valuable sugar degradation products such as furfural. The following 

sections discuss how hydrothermal treatment improves crystallinity of cellulose and allows the 

generation of furfural as an important value-added product to justify integration with CNC 

isolation. 

A. Cellulose crystallization 

Hydrothermal treatment at temperatures below 230 °C only confers minor degradation of 

cellulose [38]. Cellulose is more stable to degradation than hemicelluloses due to the 

inaccessibility of glycosidic bonds [75][183]. However, hydrothermal treatment causes structural 
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changes in cellulose as studies have shown improvement in crystallinity from crystallization of 

para–crystalline or even amorphous cellulose [185]–[187]. Even though the mechanism is not 

well understood, it has been suggested that heat transforms the bond angles of the functional 

groups in glucose to a conformation that promotes crystalline ordering [39]. High temperature 

can change 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 (Figure 14) [39][188]. Heat treatment under dry conditions does not have the 

same effect and even reduces crystallinity relative to hydrothermal treatment whereby steam 

promotes restructuring by reducing internal stress [186][187][189]. Hence, it is likely that the 

formation of new crystals in the cellulose feedstock via hydrothermal treatment can improve CNC 

yield from acid hydrolysis. 

Figure 14 Mechanism of crystallization of para–crystalline cellulose through hydrothermal treatment to improve 

CNC yield. It is speculated that glucose subunit undergoes structural change from gauche–trans (gt, left) to trans–

gauche (tg, right) conformation, which induces crystallization. The figure showing glucose at different torsion 

angles were reprinted from Solvent Interactions Determine Carbohydrate Conformation, Kirschner, K.N. and 

Woods, R.J., Proc. Natl. Acad. Sci. USA, 98, Copyright (2001) National Academy of Sciences. 
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Furthermore, removal of hemicellulose side chains or even partial hydrolysis can cause 

deformation, which promotes the mobility of para–crystalline cellulose chains to re–structure to 

a higher level of ordering [187][189]. Increase in cellulose fibril aggregate crystal size has been 

reported with the degradation of lignin and hemicellulose in wood pulp [114][115]. 

B. Furfural production from hemicellulose degradation  

Substantial hemicellulose degradation in wood begins at 160 °C during hydrothermal treatment 

[190]. At the initial stage, ionized water attacks hemicelluloses to release acetyl groups and 

oligosaccharides from side chains and heterocyclic ether bonds, respectively [38]. Subsequently, 

hydronium ions from the organic acids initiate an autocatalytic process for further degradation 

[42]. Pentose sugars released such as xylose can undergo dehydration to form furfural (Figure 

15) [38][191]. 

 

Figure 15 Dehydration of xylose to furfural. This figure was republished with permission of Royal Society of 

Chemistry, from Process Analytical Technology (PAT) Applied to Biomass Valorisation: A Kinetic Study on the 

Multiphase Dehydration of Xylose to Furfural, Eifert, T. and Liauw, React Chem Eng., 1, 2016; permission conveyed 

through Copyright Clearance Center, Inc. 

Furfural is an important precursor for the synthesis of various bio-based chemicals, solvents and 

fuels [44]. It is used as a solvent for the removal of certain aromatics during refining of lubricating 

oils and fuels [43]. Furfural is an ingredient for the production of pharmaceutical, fragrances, 

food flavorings, insecticides, fungicides, pesticides, herbicides, antiseptics, disinfectants, 

detergents, and rust-removers [44]. Furfural is currently produced by high temperature (150–

240 ˚C) dilute acid catalyzed digestion of hemicellulose rich biomass such as oat hull and corn cob 

[192][193]. However, commercial production of furfural faces multiple challenges due to low 

yields, high energy demand for digestion and recovery, acid corrosion, environmental safety 

concerns over waste handling and inability to produce a valuable co-product [44]. Co-production 
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of other value–added products through biorefinery strategy can improve the economic feasibility 

of furfural production [193]. There are suggestions for the pulp industry to carryout hydrothermal 

treatment of virgin wood prior to pulping to produce furfurals from hemicelluloses [38]. 

Alternatively, hydrothermal treatment of the pulp is more attractive as it allows both furfural 

production and cellulose crystallization that improves CNC yield simultaneously. 
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3. Methodology 

3.1. Materials 

3.1.1. Feedstock 

Whatman™ No. 1 Qualitative filter paper (110 mm diameter, Whatman™ supplied by Fisher 

Scientific, Whitby, ON, Canada) was used as a model cellulose substrate. It was cut into 

approximately 4 × 27 mm strips with a paper shredder (Aurora AS 650 C, Torrance, CA, USA) for 

cellulase treatment studies. Northern Bleached Hardwood Kraft (NBHK) pulp, predominantly 

composed of aspen, was kindly provided by Alberta Pacific Forest Industries Inc. (Al–Pac Inc, 

Edmonton, AB, Canada). The pulp was supplied as pressed and dried squares (approximately 6 

mm × 8 mm) produced by a pulp chopper (Pierret Cutting Machine G45L1, Corbion, LX, Belgium). 

This material was chosen as it is the same cellulose–based feedstock used for CNC production at 

the CNC pilot plant facility at InnoTech Alberta (a research collaborator, Edmonton, AB, Canada). 

The pulp was composed of 79.1 ± 1.0% cellulose, 21.2 ± 0.6% hemicellulose (xylan) and 4.0 ± 0.1% 

lignin, as determined by a two–step acid hydrolysis procedure [106]. It is likely that this lignin 

content (acid soluble lignin) from UV absorption analysis was overestimated due to interferences 

from sugar degradation products [194]. 

3.1.2. Enzyme and chemicals 

Non–commercial and proprietary cellulase (NS 51129, composed of endoglucanase, 

cellobiohydrolase and β–glucosidase cellulases) supplemented with xylanase enzyme were kindly 

provided by Novozymes® A/S (Bagsvaerd, Denmark). Dinitrosalicylic acid (DNS) reagent was 

prepared from water (1416 mL), 3,5–DNS (C7H4N2O7, 10.6 g), sodium hydroxide (NaOH, 19.8 g), 

Rochelle salt (KNaC4H4O6, 306 g), phenol (C6H6O, 7.6 mL) and sodium metabisulfite (Na2S2O5, 

8.3 g) [195]. Water, 3,5–DNS and NaOH were dissolved prior to adding the rest of the reagents. 

3,5–DNS (98%), Rochelle salt (100%), sodium metabisulfite (98%), NaOH (98.8%), sodium chloride 

(NaCl, ≥99%) and acetic acid (CH3COOH, 99.7%) were procured from Fisher Scientific (Whitby, 

ON, Canada). Phenol (99%), glucose (C6H12O6, ≥95%), xylose (C5H10O5, ≥99%), furfural (C5H4O2, 

99%), 5–methyl furfural (C6H6O3, 99%), formic acid (CH2O2, >95%), citric acid (C6H8O7, 99%), 
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sulfuric acid (H2SO4, 72% and 95–98%) and calcium carbonate (CaCO3, >99%) were purchased 

from Sigma–Aldrich (St. Louis, MO, USA).  

3.2. Experimental treatments 

3.2.1. Cellulase treatment 

3.2.1.1. Activity assay 

A filter paper assay protocol based on the DNS method for reducing sugar analysis was adopted 

to determine cellulase activity [195]. Filter paper strips (1 x 6 cm, equivalent to approximately 50 

mg), soaked in sodium citrate buffer (pH 4.8, 0.05 M, 1 mL), were hydrolysed with cellulase at 50 

°C for 1 h. Suitably diluted (0.5 mL final volume) cellulase solutions were prepared to release 

slightly above and below 2 mg (absolute weight) of reducing sugar whereby the activity as a 

function of concentration is expected to be linear under the study conditions. DNS reagent (3 mL) 

was added to terminate the reaction and a reddish–brown color was developed by heating in 

boiling water for 5 min. The tubes were cooled to room temperature and absorbance was 

measured at 540 nm. Cellulase activities were expressed in filter paper units (FPU). One unit of 

enzyme activity was defined based on international units as the amount of cellulase required to 

release 1 µmol of sugar per min under the assay conditions. 

3.2.1.2. Dosage response curve 

A dosage response curve was generated from the hydrolysis of filter paper (Whatman) and wood 

pulp substrates with a range of cellulase loadings (in terms of activity) for 24 h. This study was 

used to identify a cellulase dose with the most effective activity, which was defined as the least 

loading with the maximum increase in glucose yield. Each substrate (10% w/v solid loading) was 

hydrolyzed with 5–35 FPU/g cellulase loading, buffered in 0.05 M sodium citrate solution at pH 

4.8 in a shake flask. The flask was incubated for 24 h at 50 °C with 100 rpm shaking.  

3.2.1.3. Treatment as a function of time 

Filter paper and wood pulp substrates were treated with effective cellulase loadings (25 and 15 

FPU/g of substrate, respectively) over a period of 2–10 h. Cellulase hydrolysis was carried out in 
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shake flasks under the same conditions as described in section 3.2.1.2. For the controls, 

untreated substrates were suspended in buffer (without addition of cellulases) and mock treated 

under the same conditions. Cellulase activity was terminated by heating in boiling water for 15 

min. 

3.2.2. Hydrothermal treatments 

A Parr® High Pressure/High Temperature reactor (Parr series 4570, 1 L capacity, Parr Instrument 

Company, Moline, IL, USA) was used to carry out hydrothermal treatments. The reaction was 

controlled with SpecView® 32 Version 2.5 (SpecView Corporation, Gig Harbor, WA, USA). The 

reactor vessel and the lines in the system were purged with nitrogen 3 times for 5 min at 3.4 

MPa. Hydrothermal treatment of the wood pulp suspension in water (10g in 400 mL) was carried 

out in batch mode at 150–225 °C for 1 h with stirring (100 rpm). The starting pressure and hold 

time were 0.1MPa (atmospheric pressure) and 1.5 h, respectively in all cases. The reaction was 

cooled to room temperature overnight.  

3.2.3. Acid hydrolysis for cellulose nanocrystal isolation 

Cellulase and hydrothermally treated fibers were used as feedstock for CNC isolation via acid 

hydrolysis. The slurry produced from cellulase and hydrothermal treatments was centrifuged at 

33,700x g for 15 min at 20 °C. The precipitated solid was re–suspended in water, washed 3 times 

by centrifugation and freeze dried. Solid recovery (wt % original feedstock) was calculated using 

Equation (1) in which W1 is the mass of substrate before treatment (g) and W2 is the mass of 

freeze–dried solid recovered after treatment (g).  

Solid recovery= W2

W1
 x 100%            (1) 

A standard operating procedure developed by InnoTech Alberta for bench–scale acid hydrolysis 

and CNC purification was adopted for CNC isolation [57][124]. The freeze dried cellulase– and 

hydrothermally–treated fibers were hydrolyzed with 64 wt % H2SO4 in a shake flask (8% pulp–

to–acid ratio, w/v). The reaction was carried out in a water bath at 45 °C for 2 h with overhead 

stirring at 200 rpm. The acid was diluted 10 fold (v/v) with cold water to terminate the reaction.  
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The suspension was centrifuged at 6400x g for 10 min to reduce the dilute acid volume. The pellet 

was re–suspended in water and neutralized with NaOH (30%, w/v) to pH 7 on an ice bath. The 

suspension was centrifuged at 3700x g for 10 min to remove salts in the liquid phase, formed by 

neutralization. The pellet was further washed by re–suspending in water followed by 

centrifugation. The pellet was again re–suspended in water and dialyzed against water in 

regenerated cellulose membrane tube (Spectrum™ Spectra/Por™, Rancho Dominguez, California, 

USA, 12–14 kDa molecular weight cut off). Dialysis was monitored for 3–5 days using a 

conductometer until the ionic strength of the liquid dropped to 100–150 μS/cm, which allows 

CNC particles to suspend. The suspension was centrifuged at 8900x g for 10 min to precipitate 

over–sized particles. The CNCs in the supernatant were collected as colloid and the pellet was 

re–suspended in water and centrifuged again to extract any remnant CNC at lower ionic strength. 

The supernatants were pooled and an aliquot sample (by weight) was oven dried overnight at 

103–105 °C. The precipitated pellets were also pooled together and freeze–dried to analyze the 

amount of over–sized reject cellulosic material that were not hydrolyzed by the acid to CNC.  

Equations (2)–(4) were used to calculate: a) CNC yield1 which was defined as the yield from a 

fixed mass of feedstock that enters the acid hydrolysis process (wt % feedstock for acid 

hydrolysis); b) over–sized rejects (wt % original feedstock); and c) CNC yield2 which was defined 

as the yield from the initial feedstock by accounting for the mass loss due to the treatments (wt 

% original feedstock), respectively in which W3 is the mass of oven dried CNC from an aliquot 

sample (g), F1 is the ratio of total mass of colloid to mass of aliquot, W4 is the mass of the 

feedstock added to the acid hydrolysis reaction (g), W5 is the freeze–dried mass of the un–

hydrolyzed pellet collected after acid hydrolysis (g), and solid recovery (wt % original feedstock) 

as determined in Equation (1). 

CNC yield1= W3 x F1

W4
 x 100%     (2) 

Over sized reject= W5

W4
 x 100%     (3) 

                 CNC yield2= CNC yield1 x solid recovery 
100

                (4)  
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3.2.4. Characterization of products 

3.2.4.1. Sugars and other degradation products 

The liquid fractions from cellulase dosage response curve study, cellulase and hydrothermal 

treatments were analyzed for glucose, xylose and sugar degradation product yields using a high 

performance liquid chromatography system (HPLC, Agilent 1200, Santa Clara, CA, USA) coupled 

with a refractive index detector (RID, Agilent 1100 series, Agilent Technologies, Santa Clara, CA, 

USA). Sugars (glucose and xylose) in the sample (30 µL injection volume) were separated on an 

HPX–87P column (Bio–Rad Aminex, Hercules, CA, USA) with water as the mobile phase at a flow 

rate of 0.5 mL/min at 80 °C for 40 min. Sugar degradation products (furfural, hydroxymethyl 

furfural, acetic acid and formic acid) in the liquid fraction from hydrothermal treatment were 

separated on an HPX–87H column (Bio–Rad Aminex, Hercules, California, USA). Samples were 

carried through the column with 5 mM H2SO4 at a flow rate of 0.5 mL/min at 60 °C for 90 min. 

Refractive index and ultraviolet detectors were used to analyze organic acids (acetic and formic 

acids) and sugar degradation products (hydroxymethyl furfural at 284 nm and furfural at 275 

nm), respectively [196]. Sugars (0.25–16 mg/mL) and their degradation product (0.01–0.25 

mg/mL) standards were also simultaneously run on HPLC to generate a calibration curve (R2 > 

0.99). Individual product yield (wt % original feedstock) was calculated using Equation 5, in which 

W6 is the mass of product as determined from HPLC analysis (g) and W7 is the mass of sample 

used for the analysis. 

     Product yield= W6

W7
 x 100%     (5) 

3.2.4.2. Compositional analysis 

The composition of structural carbohydrates and lignin of control and hydrothermally–treated 

wood pulp fibers were determined by a 2–step acid hydrolysis procedure [106]. Samples were 

powdered on a Retsch ZM 200 Ultra Centrifugal Mill (Newton, PA, USA) operated at 8000 rpm 

and passed through a 0.5 mm screen. A sample of wood pulp was hydrolyzed with 72% H2SO4 

(10% solid loading) in a pressure tube at 30 °C for 1 h while continuously stirring with a glass rod. 

The reaction was terminated by diluting the acid to 4% with water. The sample, along with sugar 

recovery standard tubes (to account for sugar degradation), were further hydrolyzed in an 



41 
 

autoclave at 121 °C for 1 h at 0.1 MPa. After cooling the tubes, the solution was vacuum filtered 

on pre–weighted filtering crucibles. An aliquot of the filtrate was neutralized to pH 7 with CaCO3 

powder. The suspension was centrifuged 3300x g for 5 min and the liquid supernatant was 

analyzed for sugars on HPLC (under conditions described in section 3.2.4.1.). Cellulose and xylan 

compositions (wt % original feedstock) were determined using Equation 6 in which W8 is the 

absolute sugar mass (mg) from HPLC analysis, F2 is the anhydro correction factor (0.90 for glucose 

and 0.88 for xylose), W9 is the mass of sample used for acid hydrolysis (mg) and R is the % 

recovered sugar from HPLC analysis of sugar recovery standards. In the case of polysaccharide 

content analysis of pulp after hydrothermal treatment, the mass of sample of W9 represents the 

hydrothermally treated pulp instead of the initial feedstock. Hence, cellulose and xylan 

composition were calculated as wt % hydrothermally treated feedstock. Another aliquot of the 

filtrate was directly analyzed on a UV spectrophotometer (205 nm) to determine the acid soluble 

lignin (%) using Equation 7 in which, A205 is the absorbance reading at 205 nm, V1 is the total 

volume of the filtrate (mL), ɛ is the absorptivity constant (L/g cm) and l is the path length under 

which the absorbance measurement was made (cm). The solids recovered on the filtering 

crucibles were washed with water to remove any soluble sugars and oven dried. Acid insoluble 

lignin (%) was calculated using Equation 8 in which, W10 and W11 are the weights of the filtering 

crucible before and after filtration, respectively. The total lignin (%) was determined from 

Equation 9. 

Polysaccharide = W8 X F2

W9 X R
 x 100%     (6) 

          Acid soluble lignin= A205 x V1 
ɛ x W9 x l

 x 100%     (7) 

           Acid insoluble lignin= W11-W10

W9
 x 100%     (8) 

       Total lignin = Acid soluble lignin + Acid insoluble lignin             (9) 
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3.2.4.3. Fiber structure and dimensions 

A. SEM imaging 

Cellulase–treated fibers were soaked in water (25 mg in 2.5 mL H2O, 1% w/v) and vortexed at 

high speed. A drop of the fiber suspension was mounted onto stubs and dried in a desiccator 

overnight. Samples were carbon coated using a Leica EM SCD005 (Leica Microsystems Inc., 

Wetzlar, Germany). Scanning electron microscope (SEM) (Carl Zeiss AG, Oberkochen, Germany) 

images were generated on a Zeiss Sigma 300 Variable Pressure–Field Emission SEM (VP–FESEM) 

(Department of Earth and Atmospheric Sciences, University of Alberta) whereby electrons were 

accelerated at 10 kV and images were magnified 1000x. 

B. Dimensions from pulp quality monitoring system analysis 

Control fibers (0 h cellulase–treated) were pre–soaked in water (24 g in 2 L H2O, 1.2% w/v) for 4 

h. Since the fibers are intertwined in these feedstocks, a pulp disintegrator (Messmer pulp 

disintegrator MK111C, Messmer Instruments Ltd., Gravesend, UK) operating at 3000 rpm for 1 

min was used to separate individual fibers. Cellulase–treated fibers were in powder form; hence, 

separation was simply conducted by stirring a fiber suspension (2 g in 200 mL H2O, 1% w/v) at 

low speed with a magnetic stirrer overnight.  

The fiber suspensions were further topped up with water to a final volume of 600 mL and loaded 

into the pulp quality monitoring system (PQM 1000, Metso Sweden AB, Sundsvall, Sweden) to 

analyze the average length, width, and length distribution. The system measured the dimensions 

of fibers (70,000 to 240,000 counts) passing through a glass cell, based on image analysis of 

transmitted variable light beam distribution [197]. The instrument use was kindly facilitated by 

InnoTech Alberta (Edmonton, AB, Canada). 

3.2.4.4. Degree of crystallinity of fibers and cellulose nanocrystals 

Cellulase– and hydrothermally–treated fibers were powdered as described in 3.2.4.2. while CNCs 

generated from the respective treatments were already in powder form after freeze drying. The 

degree of crystallinity was analyzed on a Rigaku Ultima IV diffractometer (Rigaku Corporation, 

Tokyo, Japan), at the nanoFAB fabrication and characterization center (University of Alberta). 

Powdered samples were scanned with an X–ray beam generated from a Cu tube (at 40 kV and 44 
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mA and controlled via 10 mm divergent slit), over 5–45° Bragg angles (2θ) and at a scan speed of 

2° per min. The spectra were processed through JADE software (Jade Software Corporation 

Limited, Christchurch, Australia) to format and access the intensity measurements. The degree 

of crystallinity was assessed from the crystallinity index (%) that was calculated based on the peak 

height method using Equation (10) in which Iam is the intensity count of the minimum valley 

between the 110 and 200 planes (around 2θ = 18°) (Figure 16), representing the less ordered 

cellulose, and Itotal is the intensity count at the maximum height of the peak at 200 plane (2θ in 

the range between 22°–24°), representing both crystalline and non–crystalline cellulose 

[198][199]. 

                                            Crystallinity index= Itotal – Iam

Itotal
 x 100%                         (10)  

 

 
Figure 16 X–ray diffraction (XRD) spectra of filter paper showing characteristic intensity peaks for cellulose. 

3.2.4.5. Particle size and zeta potential of cellulose nanocrystals 

A. Dynamic light scattering 

The hydrodynamic diameter and the colloidal stability of CNCs isolated from cellulase– and 

hydrothermally treated fibers were estimated from dynamic light scattering and zeta potential 

analyses on a Malvern Zetasizer Nano–ZS (Malvern Panalytical Ltd., Almelo, Netherlands) at the 

InnoTech Alberta facility (Edmonton, AB, Canada). 
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A.1. Hydrodynamic diameter 

Small particles in colloid exhibit Brownian movement. When a colloid sample is scanned with a 

laser, the motion causes light scattering, whereby the intensity fluctuates over time. A translation 

diffusion coefficient (Dt) can be derived from a correlation function (mathematical functions not 

shown here). This coefficient can be used to calculate the hydrodynamic diameter (dH) of 

spherical particles using the Stoke–Einstein relation in Equation (11): 

   dH= kT
3πηDt

  (11) 

where k is the Boltzmann’s constant, T is the absolute temperature, and η is the viscosity of the 

colloid [200][201].  

CNC colloid was diluted with NaCl (10 mM) solution to a final CNC and salt concentration of 

approximately 0.05 wt % and 5 mM NaCl, respectively. Salt was added to prevent overestimation 

of hydrodynamic diameter by increasing the ionic strength to reduce the thickness of the electric 

double layer surrounding the CNC particles [200]. 

Colloid samples were loaded in a cuvette and scanned with a 633 nm light beam generated from 

a 4.0 mW He–Ne laser. The intensity of scattered light was measured with an avalanche 

photodiode detector positioned at 173° to estimate the light scattering intensity fluctuations. 

A.2. Colloid stability 

Zeta potential is a good indicator of the stability of colloids based on electrostatic repulsive forces 

on the surface charges. When a colloid is subjected to an electric field, the particles move toward 

the opposite charge. While in motion, a hypothetical plane called the slipping plane is formed 

within the electric double layer between the moving charged particle and the dispersant layer. 

The potential difference formed at this plane is called the zeta potential. In estimating zeta 

potential, the particle velocity is derived from the frequency shift of the scattering light. 

Electrophoretic mobility (µe) is determined from the particle velocity (mathematical function not 

shown here) and is used to calculate zeta potential (ζ) from Henry’s equation (Equation 12): 

 ζ= µe3η
2εrε0f(Ka)

  (12) 
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where εr is the dielectric constant of the medium, ε0 is the permittivity of vacuum, f(Ka) is Henry’s 

function, and η is the viscosity of the colloid [200][202].  

An electric field was induced by an electrode (dip cell) inserted into the cuvette containing the 

same CNC colloid aliquot for hydrodynamic diameter analysis to estimate the frequency shift of 

the scattering light. Light scattering data were automatically analyzed and computed on the 

built–in Zetasizer software to generate hydrodynamic diameter and zeta potential estimations. 

B. Particle size from TEM analysis 

Freeze dried CNCs isolated from cellulase–treated fibers were re–suspended in water (0.1 g in 

100 mL H2O, 0.1% w/v) and sonicated for 15 min. A droplet of the CNC colloid was mounted on 

a copper grid (300 mesh) coated with formvar film (Ted Pella Inc., Redding, CA, USA) for 20–30 

min. Excess liquid was removed with filter paper and the grid was negatively stained with 

phospho–tungstic acid (2% w/v) for 15 sec. Excess stain was removed with filter paper and the 

copper grid was loaded on a transmission electron microscope (Philips/FEI Morgagni 268, 

Hillsboro, OR, USA), at the Advanced Microscopy Facility (Department of Biological Sciences, 

University of Alberta) to generate CNC images. The instrument was operated at 80 kV electron 

speed and 110,000x magnification. Length and width of well separated CNC rods (total count of 

75 from all triplicates), with distinguishable tip ends and widths, were analysed using image J 

software (National Institute of Health, Rockville, MD, USA). A straight–line tool, standardized by 

the scale bar generated from the TEM micrograph, was used for manual measurement of 

individual particles on the software. The aspect ratio of an individual CNC particle was calculated 

from the ratio of the longest side to the shortest side. 

3.2.4.6. Thermal stability of cellulose nanocrystals  

A thermogravimetric analyzer Q50 (Thermal Analyzers, Newcastle, DE, USA) at the Lipid 

Chemistry Group Laboratory (Department of Agricultural, Food and Nutritional Science, 

University of Alberta) was used to analyze the thermal stability of CNC. Freeze–dried CNCs 

isolated from cellulase–treated filter paper (5–17 mg) and wood pulp (3–10 mg) were heated in 

a furnace under nitrogen gas (60 mL/min flow rate), with temperature increasing at a rate of 10 

°C/min from room temperature up to 500 °C. The onset of degradation temperature (°C) was 
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identified from the intersection of an initial line tangent to the constant weight line and a final 

line tangent to the inflection point, implicating weight loss from thermal degradation. The 

temperature (°C) corresponding to the maximum rate of change in weight was attained from the 

derivative plot. 

3.2.4.7. Elemental analysis of cellulose nanocrystals 

Freeze dried CNCs isolated from hydrothermally–treated wood pulp were kept in a vacuum oven 

at room temperature for 8 h [203]. Carbon, hydrogen, nitrogen and sulfur compositions were 

determined based on the Pregl–Dumas method. The analysis was carried out on a Thermo 

Scientific Flash 2000 Elemental Analyzer (Themo Fisher Scientific Inc, Rodano, Milan, Italy) at the 

Analytical and Instrumentation Laboratory in the Department of Chemistry, University of Alberta. 

The oxygen content was calculated by taking the difference of the sum of all other elements from 

100%. Approximately 1.5–1.8 mg of sample was combusted at 1000 °C in the presence of oxygen. 

The combustion products were carried through a gas chromatographic column (Porapak QS, 4 

mm internal diameter and 2 m long) with Helium (mobile phase). Signals of the separated gases 

identified by a thermal conductivity detector were analyzed on Eager Xperience software (Themo 

Fisher Scientific Inc, Rodano, Milan, Italy). 

3.3. Data analysis 

All reported data (mean ± standard deviation) represent analyses from experimental triplicate 

analysis, unless specified. One–way ANOVA combined with Tukey’s test, at a 95% confidence 

interval (CI) was used for pairwise comparison of means on Minitab 17 and 18 software, versions 

17.3.1 and 18.1, respectively (Minitab Inc., State College, PA, USA). Outliers were detected from 

the data set using an interquartile range test.  
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4. Results and discussion 

4.1. Cellulase–treatment mediated cellulose nanocrystal isolation 

In the following sections, all findings from efforts to develop a biorefinery strategy that integrates 

cellulase treatment with acid hydrolysis to efficiently co-generate fermentable sugars and CNC 

will be discussed. 

4.1.1. Effective cellulase loading for hydrolysis 

This study was conducted to select an effective cellulase loading, which is a dosage with an 

activity that does not further increase significantly with higher concentration. Glucose yield (wt 

% original feedstock) curves from 24 h hydrolysis of filter paper and wood pulp as a function of 

cellulase loadings were evaluated (Figure 17). 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 filter paper and wood pulp at enzyme dosages above 25 and 15 

FPU/g, respectively. At these points, all of the enzyme–accessible binding sites would have been 

saturated [204]. Further addition of enzyme would not contribute to cellulose hydrolysis and only 

incur unnecessary additional cost to the process. Therefore, these effective cellulase loadings for 

the respective feedstocks were selected for subsequent cellulase treatment investigations. It was 

evident that higher dosage (1.7 fold) was required for the filter paper substrate relative to wood 

pulp. Whatman™ No. 1 filter paper is made from cotton pulp and has a greater crystallinity (83%) 

than hard wood pulp (73% CI) [99][205]. It has been previously suggested that the hydrolysis of 

crystalline cellulose requires higher loading for synergistic action of cellulases catalyzed by 

certain classes of exoglucanases [87]. 
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Figure 17 Glucose yield response curve as a function of cellulase dosage. Each data represents the mean of the 

total value–added products with standard deviation denoted by error bars from experimental triplicates.  Values 

that are denoted by different letters within each plot are significantly different (p < 0.05). 

4.1.2. Cellulase saccharification profile 

Filter paper and wood pulp were treated with cellulase (25 and 15 FPU/g, respectively) for 2–10 

h, prior to acid hydrolysis with the objectives of identifying treatment period for: (a) recovering 

fermentable sugars efficiently from preferential degradation of non–crystalline celluloses and 

xylan with minimal loss to CNC pecursors; and (b) generating a feedstock with accumulated CNC 

precursors (large crystalline cellulose that is fragmented to CNC by acid) for an efficient acid 

hydrolysis. Cellulase treatment hydrolysis rates over time were assessed to identify efficient 

saccharification. Glucose yields from cellulase treatment of filter paper ranged from 23.7 ± 0.2 to 

42.0 ± 2.2 (wt % original feedstock) (Table 5). Hydrolysis rate plateaued after 6 h with no 

significant increase in yield. Therefore, 2–6 h cellulase treatment can be considered as an efficient 

saccharification period. A plateau in the hydrolysis rate is also a signal for recalcitrance of the 

residual substrate due to accumulation of crystalline cellulose after substantial hydrolysis of the 

easily accessible non–crystalline celluloses [35][87][206]. Consequently, there could be an 

increase in CNC precursor concentration in the solid residue, which can be exploited to isolate 

CNC efficiently. However, there is the possibility that CNC precursors are also simultaneously 

degraded at this point. This is because some crystalline chains exposed to enzyme binding are 

susceptible to hydrolysis even in the presence of non–crystalline celluloses if the latter domains 

are buried between crystalline chains making them inaccessible to cellulases or acid hydrolysis 
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[95][96]. Xylose yield from filter paper was relatively poor and did not exceed 1.3%. This is 

because cotton is almost entirely composed of cellulose (98%) with only a small fraction of 

hemicelluloses (0.5%) [47]. 

Table 5 Sugar yields and solid recovery from cellulase treatment of filter paper and wood pulp 

over a period of 2–10 h  

Cellulase 

treatment 

(h) 

Filter paper  

(wt % original feedstock) 

Wood pulp  

(wt % original feedstock) 

Glucose Xylose Solid recovery Glucose Xylose Solid recovery 

0 0.0 ± 0.0  0.0 ± 0.0 99.5 ± 0.5A 0.0 ± 0.0 0.0 ± 0.0 100.5 ± 0.5a 

2 23.7 ± 0.2A 1.0 ± 0.0A 79.2 ± 0.2B 21.0 ± 0.6a  6.1 ± 0.2a 74.5 ± 0.7b 

4 32.4 ± 0.6B 1.1 ± 0.0B 70.4 ± 0.4C 30.6 ± 1.1b 8.5 ± 0.3b 62.7 ± 1.3c 

6 36.5 ± 0.3BC 1.2 ± 0.0BC 65.4 ± 0.2D 36.6 ± 0.8c 9.8 ± 0.2c 54.0 ± 1.4d 

8 40.2 ± 2.0C 1.3 ± 0.0C 62.5 ± 2.3E 39.9 ± 2.2c 11.1 ± 0.6d 50.7 ± 0.2e 

10 42.0 ± 2.2C 1.0 ± 0.1A 60.0 ± 0.2E 44.2 ± 1.4d 12.1 ± 0.3e 45.4 ± 1.8f 

Each data represents the mean ± standard deviation from experimental triplicates. Values within each column that 

are denoted by different letters (in superscript) are significantly different (p < 0.05). The effective cellulase loading 

for filter paper and wood pulp treatment were 25 and 15 FPU/g to ensure that enzyme concentration is not a 

limiting factor based on dosage response curve analysis. 

Wood pulp hydrolysis released glucose (21.0 ± 0.6 to 44.2 ± 1.4 wt % original feedstock) and 

xylose (6.1 ± 0.2 to 12.1 ± 0.3 wt % original feedstock) from cellulose and xylan degradation during 

2–10 h treatment. Hydrolysis rate did not plateau over the treatment period with a significant 

increase in yields for both sugars (except for glucose at 8 h). Crystallinity may not be a rate–

limiting factor during the treatment period evaluated in the present study. This is most likely due 

to the high non–crystalline cellulose and xylan composition of wood pulp relative to filter paper 

[99][205]. Yet, it is probable that the cellulase treatment during this period can preferentially 

saccharify the abundantly available non–crystalline cellulose and xylan leading to accumulation 

of CNC precursors. An efficient treatment will be dependent on the extent of damage to CNC 

precursors and consequently the loss in CNC yields. 

Xylan degradation suggests that the cellulase preparation contains xylanase enzyme with high 

activity. Generally, residual hemicelluloses in wood pulp are not easily accessible to enzymatic 



50 
 

degradation. The degradation of side chains during the pulping process facilitates the xylan linear 

chains to attain a high level of ordering that promotes integration of xylan into crystalline 

cellulose domains [116]. Hence, xylan in wood pulp cannot be completely degraded at the initial 

stages due to inaccessibility. The hydrolysis profile confirms this hypothesis as xylose yield (12.1 

± 0.3 wt % original feedstock) after 10 h accounted for only 50% conversion of the available xylan 

(21.2 ± 0.6 wt % original feedstock). Addition of a supplementary xylanase may be required to 

develop an enzyme formulation that is even more aggressive to xylan. This has been suggested 

for other commercial preparations when hydrolyzing feedstock with high xylan content [147]. 

Glucose and xylose sugars generated can be fermented to ethanol using genetically engineered 

yeast strains, as demonstrated in commercial cellulosic ethanol facilities [169]. Hence, this study 

provides insights on how cellulase treatment mediated CNC isolation pathway can efficiently 

recover fermentable sugars for cost effective production of ethanol. This biorefinery strategy can 

be integrated into pulp mills to offset CNC production cost and co–generate ethanol sustainably. 

Residual solids after cellulase treatment were separated from the liquid hydrolysate by 

centrifugation, washed and freeze dried to determine the solid recovery (wt % original feedstock 

{Table 5}). The mass loss due to cellulase hydrolysis was close to the total sugar release. 

4.1.3. Characteristics of cellulase–treated fibers 

The following sections discuss the characteristics of cellulase–treated fibers to make inferences 

on the mechanism and impact of cellulase treatment on the overall structure, dimension and 

crystallinity of filter paper and wood pulp. 

4.1.3.1. Fiber structure and dimension 

SEM and pulp quality monitoring (PQM) system analyses were conducted to study the structure 

and size of cellulase–treated fibers, respectively. Despite substantial degradation (with solid 

recovery of only 45.4 ± 1.8 wt % original feedstock {Table 5}), fibers with lengths up to millimeters 

in length were apparent in SEM micrographs of both feedstocks (Figure 18, 10 h). This implies 

that the cellulases did not entirely cut the fiber length into very short fragments or fines. PQM 

system analysis showed that cellulase treatment significantly reduced the average fiber length 
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from 1.21 ± 0.10 down to 0.68 ± 0.03 mm in filter paper and from 1.10 ± 0.01 down to 0.75 ± 0.06 

mm in wood pulp (Table 6). No significant change was observed in the length as a function of 

cellulase treatment period (except at 10 h for filter paper). 

                                      Filter paper              Wood pulp 

  
   (0 h)                                                                        (0 h) 

  
   (2 h)                                                                        (6 h) 

  
  (10 h)                                                                     (10 h) 

Figure 18 Scanning electron microscopy (SEM) micrographs of cellulase–treated filter paper (left) and wood pulp 

(right) fibers at different times 

10 µm 10 µm 

10 µm 10 µm 

10 µm 10 µm 
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Table 6 Average length and width of cellulase–treated filter paper and wood pulp fibers based 

on pulp quality monitoring system analysis 

Cellulase  

treatment  

(h) 

Filter Paper Wood Pulp 

Length  

(mm) 

Width  

(μm) 

Length  

(mm) 

Width  

(μm) 

0 1.21 ± 0.10A 29 ± 1A 1.10 ± 0.01a 32 ± 0a 

2 0.90 ± 0.11B 33 ± 1B 0.88 ± 0.07b 37 ± 1b 

6 0.71 ± 0.01B,C 36 ± 1B 0.75 ± 0.07b 42 ± 1c 

10 0.68 ± 0.03C 35 ± 2B 0.75 ± 0.06b,* 41 ± 1c 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates after removing an outlier). Values with different letters (in superscripts) within each column are 

significantly different (p < 0.05). 

The length distribution data shows that the abundance of short fragments (0–0.2 and 0.2–0.5 

mm) significantly increased as a function of enzyme hydrolysis period until 6 h (Figure 19). 

However, these fragments only accounted for 19% of the total distribution. Fiber lengths in the 

range of 0.5–1.0 mm dominated the distribution (29–37%) of cellulase–treated fibers. These 

findings were in correspondence with observations from SEM. Conversely, the abundance of 1–

3 mm fibers, which was the most prominent in the untreated wood pulp (37–42%), was 

significantly reduced (10–16%) by cellulase treatment until 6 h. The abundance of 3.0–7.0 mm 

long fibers did not change throughout the treatment period. The degradation of long fibers ≤7 

mm to fragments >3 mm long was likely masked due to the broadness of the distribution range. 
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Figure 19 Length distribution of cellulase–treated (a) filter paper and (b) wood pulp fibers. Each data represents 

the mean with standard deviation denoted by error bars from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters are significantly different (p < 0.05) from comparisons within a given 

fiber length size as a function of time for each chart. 

Remarkably, fiber width was not reduced even with longer treatment periods, with broad fibers 

(up to 24 µm) still visible in the SEM micrographs (Figure 18). PQM system analysis revealed that 

the width of filter paper and wood pulp fibers significantly increased from 29 ± 1 to 36 ± 1 µm 

and 32 ± 0 to 42 ± 1 µm, respectively due to cellulase treatment (Table 6). In the case of wood 

pulp, a significant increase in width as a function of cellulase treatment period (until 6 h) was 

observed. Song et al. reported significant reduction in lengths but no changes in the diameter 

(several micrometers in dimension) of cellulase–treated fibers [207]. During cellulase hydrolysis, 

the fibers have likely undergone swelling by the action of cellulose–binding domains and non–

hydrolytic enzymes, which induce amorphogenesis [131]. 

Detailed investigation on the structure of individual cellulase–treated pulp fibers under SEM 

revealed weak junctions along the length (Figure 18, 2 h), which appeared deeper with longer 

enzyme treatment periods (Figure 18, 10 h). After prolonged treatment (10 h), the erosion of 

smaller fragments from these degradation sites was also visible, while some long fibers were still 

apparent (Figure 18, 10 h). In summary, analysis of cellulase–treated fibers revealed interesting 

findings such as the prevalence of very long fibers, low abundance of very short fragments, 

implications of fiber swelling, and indications of progressive weakening of the fiber structure 
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along the length. These observations suggest that during enzymatic treatment of cellulose fibers, 

fragmentation and peeling were simultaneously in effect, facilitated by amorphogenesis [145]. 

4.1.3.2. Degree of crystallinity of cellulase–treated fibers 

The crystallinity indices of fibers from cellulase–treated feedstock were assessed by XRD spectra 

analyses based on the peak height method. Increase in the crystallinity of residual cellulose would 

imply concentration of crystalline cellulose composed of CNC precursors. The fiber crystallinity 

indices of cellulase–treated filter paper at 6 h (88.6% ± 0.6%) and 10 h (88.4% ± 0.4%) improved 

significantly, relative to the original, untreated feedstock (85.9% ± 0.7%) (Table 7). The non–

crystalline cellulose was likely preferentially hydrolyzed by the cellulases, which led to an increase 

in the concentration of crystalline domains. The tightly packed chains in the crystalline regions 

were not hydrolysed rapidly due to inaccessibility to not only enzymes, but also water and even 

acids [81][207]. This finding corresponds with the plateau in cellulase hydrolysis rate of filter 

paper after 6 h (Table 5). 

Table 7 Degree of crystallinity of cellulase–treated filter paper and wood pulp fibers 

Cellulase  

treatment 

(h) 

Crystallinity Index  

(%) 

Filter Paper Wood Pulp 

0 85.9 ± 0.7A 76.6 ± 0.8a 

2 87.3 ± 1.0A,B 75.9 ± 1.8a 

6 88.6 ± 0.6B 76.0 ± 1.4a 

10 88.4 ± 0.4B,* 78.0 ± 1.8a 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters (in superscripts) within each column are significantly different (p < 

0.05). 

As a function of hydrolysis time, no significant difference was observed in the fiber crystallinity 

index of cellulase–treated filter paper (Table 7). There was also no significant change in 

crystallinity index of wood pulp fiber due to cellulase treatment. It can be suggested that either 

there was simultaneous hydrolysis of non–crystalline and crystalline cellulose or accumulation of 

crystalline cellulose was not significant to be detectible from the analysis. Ramos et al. observed 
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no changes in the fiber crystallinity index of cellulase–treated cellulose and suggested that the 

enzymes were peeling off the crystalline domains on the exposed surfaces [208]. As discussed 

previously,  non–crystalline cellulose embedded in the core of crystalline chains are inaccessible 

to hydrolysis [95][96]. Simultaneous amorphogenesis and gradual erosion of layers, also evident 

from the fiber structures on SEM (Figure 18), are likely to expose the crystalline celluloses to 

enzymatic hydrolysis [95][145]. Therefore, enzymatic treatment, in the presence of 

exoglucanases that also act on crystalline cellulose, may not be entirely selective to non–

crystaline cellulose [29]. In addition, filter paper could have a very low composition of non–

crystalline cellulose. This was evident from the requirement of higher effective cellulase loading 

(as discussed in section 4.1.1.) to degrade the more prevalent crystalline cellulose. Despite being 

recalcitrant, these abundant crystalline regions are likely to be the only available substrate for 

cellulase adsorption and hydrolysis. Hence, the simultaneous degradation of crystalline and non–

crystalline cellulose has led to a constant crystallinity index as a function of enzyme treatment 

period. 

Generally, conflicting findings have been reported in the literature regarding the correlation 

between enzyme hydrolysis and degree of crystallinity. Some studies have reported that fiber 

cellulose crystallinity index improved due to cellulase treatment [176][209][210]. In contrast, 

other studies did not find any change in fiber crystallinity indices, even after 90% hydrolysis, using 

a more sensitive (CP/MAS) 13C–nuclear magnetic resonance (NMR) spectroscopy analysis 

[34][208][211]. After investigating multiple XRD and NMR analyses, Park et al. concluded that in 

order to make inferences about preferential hydrolysis, the non–crystalline cellulose in the 

substrate must be severely degraded [95]. The longest treatment in the present study, with the 

highest extent of degradation (45.4 ± 1.8 wt % original feedstock solid recovery from 10 h 

hydrolysis), may not have reached the level of severity required to make interpretations. In 

addition, the limitations in the XRD data interpretations via the empirical method could mask 

changes in crystallinity index. In Equation 10 (section 3.2.4.4.), the 200 plane is the only position 

that was accounted for in the crystalline cellulose domains. However, 4 other planes (11�0, 110, 

102, and 004) also display characteristic crystalline XRD peaks in the spectra (Figure 16) [95]. The 

improvement in crystalline content in these regions may have been overlooked. XRD 
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deconvolution is an alternative method for calculating the crystallinity index from XRD spectra. 

The contributions by the amorphous peaks can be identified using a curve fitting software using 

a reference amorphous cellulose spectra [95]. However, curve fitting was found to be subjective 

and non–reproducible from multiple efforts to deconvolute XRD spectra generated in the present 

study. 

4.1.4. Cellulose nanocrystal isolation from cellulase–treated fiber 

4.1.4.1. Cellulose nanocrystal yield1 (wt % feedstock for acid hydrolysis) 

The cellulase–treated undigested solid recovered (washed and freeze dried) was acid–hydrolyzed 

at a constant solid–to–acid ratio to isolate CNCs. The effect of the cellulase treatment on the acid 

hydrolysis process was determined by calculating the yield (CNC yield1) from a fixed mass of 

feedstock that enters the acid hydrolysis reactor (wt % feedstock for acid hydrolysis). The CNC 

yield1 from 0–10 h cellulase–treated filter paper and wood pulp ranged from 59.3 ± 0.1 to 69.9 ± 

1.8 and 10.3 ± 0.1 to 19.2 ± 1.5%, respectively (Table 8). Cellulase treatment increased the CNC 

yield1 by up to 1.2 and 1.9 fold for filter paper and wood pulp, respectively, compared with the 

untreated feedstock. 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 

xylan (for wood pulp) by cellulase treatment during the study period [32]–[34][36]. The increase 

in the crystallinity index of cellulase–treated filter paper further supports this hypothesis. 

Therefore, it is likely that the cellulase–treated fiber feedstock with concentrated CNC precursors 

improved the acid hydrolysis efficiency to isolate more CNC relative to the untreated filter paper 

or pulp. It was surprising that despite such strong implications of significant CNC precursors 

accumulation from the CNC yield1 data, no change in the crystallinity index was identified in 

cellulase–treated wood pulp.  The limitations of XRD analysis (as discussed in section 4.1.3.2.) 

may have hindered the detection of any improvement.  
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Table 8 CNC yield1 from cellulase–treated filter paper and wood pulp 

Cellulase 

treatment 

(h) 

Filter paper Wood pulp 

CNC yield1 

(wt % acid–hydrolyzed 

feedstock) 

Improvement in  

CNC yield1  

(fold) 

CNC yield1 

(wt % acid–hydrolyzed 

feedstock) 

Improvement in  

CNC yield1  

(fold) 

0 59.3 ± 0.1A – 10.3 ± 0.1a – 

2 63.8 ± 2.7B 1.1 16.2 ± 1.5b 1.6 

4 65.2 ± 0.8B 1.1 17.7 ± 0.9b 1.7 

6 66.7 ± 1.6BC 1.1 19.2 ± 1.5b 1.9 

8 67.2 ± 0.6BC 1.1 17.3 ± 1.9b 1.7 

10 69.9 ± 1.8C* 1.2 18.4 ± 0.7b 1.8 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values within columns that are denoted by different letters (in superscript) are significantly 

different (p < 0.05)  

The improvement in CNC yield1 due to cellulase treatment will proportionally decrease the input 

requirement for an acid hydrolysis process to isolate a given amount of CNC. The volumes of 

water and H2SO4 for acid hydrolysis will be correspondingly reduced. Improvement in CNC yield1 

from the reactor will concequently decrease water and NaOH requirements and enhance the 

throughput of the downstream purification operations, which conserves time and energy. Hence, 

the number of costly operation cycles for processes such as centrifugation, tangential flow 

filtration and drying can possibly be reduced. Alternatively, a more efficient acid hydrolysis 

process can reduce the capital expenditure to establish a new CNC plant with the requirement of 

lower capacity reactors and systems to generate CNC with equivalent productivity. Furthermore, 

fewer sugars and their degradation products will be disposed into the acid waste stream, which 

eases acid recovery. The cellulase treatment mediated process will require more filter paper and 

wood pulp substrate relative to the control, to generate the feedstock with concentrated CNC 

precursors. This is due to the mass loss from cellulase degradation of the substrates to sugars, 

which is proportional with the decrease in solid recovery (Table 5). Overall, the biorefinery 

strategy that integrates cellulase treatment with CNC isolation can reduce CNC production cost 

that will boost commercial production and use of CNC. 
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When the two feedstocks were compared, irrespective of the cellulase treatment, CNC yield1 

from filter paper was significantly higher (up to 6 fold) than wood pulp. This is likely due to the 

higher content of CNC precursors in filter paper (85.9 ± 0.7%), which is more crystalline relative 

to wood pulp (76.6 ± 0.8%) (Table 7). Previous studies have reported CNC yield1 from cotton in 

the range of 23–65% [47][176].  

During the course of cellulase treatment, there was no significant improvement in CNC yield1 

over time from acid hydrolysis of cellulase–treated substrates (except at 10 h for filter paper). 

The constant crystallinity index values as a function of time (Table 7) also support these findings. 

This implies that the cellulase treatment did not show exclusive preference to non–crystalline 

cellulose due to inaccessibility [95]. Therefore, it is likely that CNC precursors exposed to cellulase 

attack are simultaneously disintegrated by amorphogenesis inducing proteins and hydrolytic 

cellulases. On the other hand, the improvement in CNC yield1 relative to the untreated substrate 

suggest that the disintegration and/or dissolution rate of the CNC precursors, is relatively much 

slower due to recalcitrance [36]. During this delay, peeling off due to amorphogenesis could have 

possibly exposed non–crystalline cellulose layers, that were buried in crystalline sheets for 

simultaneous degradation but at a faster rate. It is also possible that acid hydrolysis conditions 

were too aggressive and led to dissolution of CNC precursors that are more accessible in the 

cellulase–treated fiber. The original feedstock has layers of amorphous and para–crystalline 

cellulose enclosing the CNC crystalline core [19][93]. In cellulase–treated substrates, these layers 

were likely softened (amorphogenesis) and/or completely removed with longer treatments 

exposing more CNC precursors for acid hydrolysis. Improved accessibility to acid could cause 

dissolution of cellulose chains, instead of fragmentation, along the length or the surface of the 

CNC precursor and thus reduce CNC yield1. Therefore, milder acid hydrolysis conditions for a 

cellulase–treated feedstock should be investigated in the future. 

Following the findings of the present study, our group also investigated cellulase mediated CNC 

isolation using purified endoglucanase (NS 51137, Novozymes® A/S) that has specific activity 

towards non–crystalline cellulose [29][133][212]. The aim was to develop a cellulase treatment 

strategy that prevents loss of CNC precursors due to exoglucanase activity in the enzyme 

preparation (NS 51129) used in the present study. Since endoglucanase hydrolysis primarily cuts 
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chains and releases oligosaccharides, a secondary hydrolysis with the complete cellulase 

preparation composed of endoglucanase, cellobiohydrolase and β–glucosidase (NS 51129) was 

introduced to generate monosaccharides [29][133]. The glucan conversion from endoglucanase 

treatment (5 U/g, 72 h) integrated with secondary hydrolysis (72 h) was 14.1 ± 1.2 wt % glucan. 

There was no xylose yield as the endoglucanase lacks xylanase activity. The CNC yield1 from acid 

hydrolysis of endoglucanase–treated wood pulp (16.9 ± 0.7) significantly improved (1.3 fold) 

relative to the control (13.2 ± 0.6). The crystallinity index of endoglucanase–treated wood pulp 

(83%) was significantly higher than the control (77 %), which implies selective non–crystalline 

cellulose degradation that led to accumulation of crystalline cellulose and increase in CNC yield1. 

These findings demonstrate the potential of endoglucanase mediated CNC isolation to co–

produce fermentable sugars and CNC with improved recovery. However, very high enzyme 

dosage (volume), long treatment time (72 h) and a secondary cellulase hydrolysis were required 

to generate glucose yields and improve CNC yield1 at a lower magnitude relative to the present 

study.  

4.1.4.2. Cellulose nanocrystal yield2 (wt % original feedstock) 

The CNC yield2 was defined as the yield from the initial feedstock, accounting for the mass loss 

due to enzymatic saccharification of cellulose chains (wt % original feedstock). These data give 

an indication of CNC precursor disintegration or dissolution during enzymatic and/or acid 

hydrolysis relative to the untreated feedstock. The CNC yield2 from cellulase–treated filter paper 

significantly decreased compared with the untreated substrate and stabilized after 4 h (Table 9). 

The implication is that cellulase treatment and/or acid hydrolysis conditions have led to 

significant degradation of CNC precursors in the filter paper substrates. This finding also 

corresponds with the stable CNC yield1 as a function of cellulase treatment period. However, in 

the case of cellulase–treated wood pulp, there was no significant difference in the CNC yield2 

from 2–8 h relative to the untreated feedstock. This was apparent despite almost 50% weight 

loss of original feedstock after 8 h cellulase treatment (solid recovery was 50.7 ± 0.2 wt % original 

feedstock, Table 5). It can be suggested that there was a relatively more preferential degradation 

of the more abundant non–crystalline cellulose in wood pulp substrate. The 10 h time period was 

possibly the turning point when CNC precursors were substantially more accessible to 
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disintegration or dissolution by the enzymes and/or acid hydrolysis. The endoglucanase mediated 

CNC isolation strategy also did not significantly change the CNC yield2 from wood pulp, which 

also implied selective non–crystalline cellulose degradation [212].    

Table 9 CNC yield2 and over–sized rejects from cellulase–treated filter paper and wood pulp 

Cellulase 

treatment 

(h) 

Filter paper 

(wt % original feedstock) 

Wood pulp 

(wt % original feedstock) 

CNC yield2 Over–sized rejects CNC yield2 Over–sized rejects 

0 59.0 ± 0.4A 2.6 ± 1.4  10.3 ± 0.1ab 1.0 ± 0.3 

2 50.5 ± 2.2B ND 12.1 ± 1.0a 0.9 ± 0.2 

4 45.9 ± 0.6C ND 11.1 ± 0.7a 1.1 ± 0.1 

6 43.6 ± 1.1C 1.1 ± 0.8 10.3 ± 0.7ab 1.1 ± 0.3 

8 42.0 ± 2.0C 1.2 ± 0.5 8.8 ± 1.0bc 0.9 ± 0.3 

10 42.0 ± 1.2C* 0.8 ± 0.2 8.3 ± 0.2c 0.7 ± 0.0 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters (in superscripts) within each column are significantly different (p < 

0.05). ND, not determined. 

As discussed previously (section 4.1.3.2.), filter paper has significantly more CNC precursors than 

wood pulp. There is a very high probability for the CNC precursors in filter paper to serve as 

substrates for cellulase dissolution due to the higher relative abundance. This was apparent even 

during the very early stages of cellulase hydrolysis (2 h) of filter paper, which consequently 

reduced the CNC yield2 by 17% relative to the yield from the untreated feedstock. There was no 

significant change in CNC yield2 from 4–10 h cellulase treatment, possibly due to the recalcitrance 

of the residual CNC precursors. The plateau in cellulase hydrolysis rate after 6 h (Table 5) further 

supports this argument. 

Beltramino et al. studied the effect of cellulase treatment of cotton linter on the CNC yield2 [176]. 

Significant yield improvement was reported from hydrolysis of cellulase–treated cotton with 62 

wt % H2SO4 for 45 min. It was suggested that selective degradation of non–crystalline cellulose 

by the enzymes improved the accessibility of the CNC precursors to acid hydrolysis. Interestingly, 

the cellulase treatment did not significantly change the CNC yield2 when 64 wt % acid 

concentration was used. In the present study, acid resistant solids recovered after acid hydrolysis 
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of cellulase–treated feedstock ranged from only 0.7 ± 0.0 to 2.6 ± 1.4 (wt % original feedstock) 

(Table 9). This suggests that accessibility to CNC precursors is unlikely to be a limitation to isolate 

CNCs at longer acid hydrolysis time (2 h) relative to the shorter period (45 min) in the study by 

Beltramino et al. Cellulase treatment in the present study was not expected to improve the CNC 

yield2. This is because preferential hydrolysis of non–crystalline celluloses by the cellulase cannot 

increase the native CNC precursor content in the original feedstock. The aim of cellulase 

treatment was to concentrate the CNC precursors to improve the acid hydrolysis efficiency, 

which was implied in the CNC yield1.  

CNC and fermentable sugar yields from the cellulase–mediated process were added to assess the 

% total value–added product yield from the original feedstock. This total yield rose from 59.0 ± 

0.4 up to 85.0 ± 3.3% for filter paper and from 10.3 ± 0.1 up to 64.6 ± 1.8% for wood pulp, relative 

to the untreated feedstock (Figure 20). There was no significant difference in the total yield 

between 6–10 h for filter paper substrate while further cellulase hydrolysis of wood pulp to 

sugars at 10 h showed a significant increase. Co–generation of sugars and enhanced acid 

hydrolysis efficiency can improve the process economics of the CNC industry. However, reduction 

in the CNC yield2 could likely affect the economic feasibility of using filter paper as feedstock. The 

market value of CNC can reach up to $1000 USD/kg (Blue Goose Biorefineries Inc., Saskatoon, SK, 

Canada), which is substantially higher compared with $0.84 USD/kg cost for dextrose [213][214]. 

In the case of the wood pulp substrate, over the course of the 2–8 h cellulase treatment, the CNC 

yield2 was not compromised. Overall, cellulase treatment for 8 h is the most feasible pathway 

that demonstrated an efficient saccharification (with the highest glucose and xylose yields) and 

improvement in CNC yield1 (1.7 fold that was not significantly different from 2–10 h treatments) 

without compromising CNC yield2. Techno–economic assessments can give insights on the 

potential of commercializing the cellulase–mediated CNC isolation pathway in pulp mills for co–

production of ethanol and CNC. This study is the first report of an effort to efficiently integrate 

saccharification with CNC isolation in the biorefinery strategy. 
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(a) 

 
(b) 

Figure 20 Total value–added products (CNC and sugars, wt % original feedstock) extracted from (a) filter paper and 

(b) wood pulp, via cellulase–mediated CNC production process. Each data represents the mean of the total value–

added products (wt % original feedstock) with standard deviation denoted by error bars from experimental 

triplicates (*is an exception calculated from duplicates). Values with different letters (in superscripts) within each 

column are significantly different (p < 0.05). 

4.1.5. Characteristics of cellulose nanocrystals isolated from cellulase–treated fibers 

CNCs were successfully isolated from cellulase–treated filter paper and wood pulp with improved 

recovery. The following sections discuss characterization studies to evaluate the quality of the 

isolated CNCs relative to the control and determine if cellulase treatment affected any property. 

4.1.5.1. Particle size 

A. Dynamic light scattering analysis 

The average hydrodynamic diameter of CNC was estimated from dynamic light scattering 

analysis. The particle size of CNCs from cellulase–treated filter paper and wood pulp ranged from 

221 ± 34 to 294 ± 51 nm and 196 ± 31 to 245 ± 63 nm, respectively (Table 10). The effect of 

cellulase treatment was only observed on the filter paper feedstock with a significant decrease 

in the average hydrodynamic diameter of CNC particles starting from 2 h cellulase–treated 

cellulose. The CNC crystals in filter paper were possibly more accessible to cellulase degradation, 

which reduced the dimension of the CNC precursors. This is likely due to the relatively higher 

degree of crystallinity of filter paper fibers (85.9 ± 0.7%) relative to wood pulp (76.6 ± 0.8%). 
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Cellulase hydrolysis had no significant effect as a function of cellulase treatment period. 

Beltramino et al. studied the characteristics of CNCs from cellulase–treated cotton linter and 

reported that the particle size did not change due to enzymatic hydrolysis [176]. 

Table 10 Particle size and colloidal stability of CNCs isolated from cellulase–treated filter paper 

and wood pulp based on dynamic light scattering and zeta potential analyses 

Cellulase 

treatment (h) 

Filter Paper Wood Pulp 

Average 

hydrodynamic 

diameter  

(nm) † 

Zeta potential 

(mV) 

Average 

hydrodynamic 

diameter  

(nm) 

Zeta potential  

(mV) 

0 294 ± 51A –40.5 ± 2.5P 245 ± 63a –39.8 ± 3.6p 

2 229 ± 53B –41.9 ± 1.5P,Q 225 ± 12a –42.6 ± 1.4p 

6 213 ± 9B –43.8 ± 0.8Q 243 ± 45a –42.6 ± 3.5p 

10 209 ± 14B,* –43.8 ± 0.6Q,* 205 ± 16a –38.9 ± 2.7p 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters (in superscripts) within each column are significantly different (p < 

0.05). †average diameter of the peak showing the highest intensity abundance (81–99%). The conductivity, pH, and 

temperature of the colloid were 0.7–0.9 mS/cm, 4.6–4.8, and 25 °C, respectively. The polydispersity indices that 

measures the broadness of the size distribution ranged from 0.3–0.6. Colloid with an index value <0.05 is 

monodisperse, <0.08 is nearly monodisperse, 0.08–0.7 is midrange value, and >0.7 has a broad distribution [215].  

Dynamic light scattering analysis is a valuable tool for measuring the size of nanoparticles in a 

colloid system. The hydrodynamic diameters are estimated from light scattering analysis based 

on the Stoke–Einstein relation (Equation 11). However, there are limitations in analysis of rod–

shaped particles like CNCs as this equation works best for measuring the diameter of a spherical 

particle in a colloid as a function of the translational diffusion coefficient. CNCs have a rod/needle 

shape structure with two unequal dimensions of length and width (Table 1). Boluk and Christophe 

compared the length estimations from the Stoke–Einstein equation with TEM image 

measurements [200]. A substantial difference was found in the length, most likely due to the 

influence of the width on the overall diffusion rate. The translation diffusion rate parallel to the 

longitudinal axis is known to be faster than the motion perpendicular to it. Hence, the estimation 

from dynamic light scattering analysis is an interdependent parameter referred to as 
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hydrodynamic diameter. Yet, this measurement is still useful for relative comparison of CNC 

particle size.  

B. Transmission Electron Microscopy image analysis 

CNC particles from both feedstocks had an elongated needle–like shape under TEM (Figure 21). 

The lengths and widths of the CNCs were measured from the micrographs. The average lengths 

of CNCs isolated from untreated (0 h) filter paper and wood pulp feedstock were 116 ± 30 and 

113 ± 30 nm, respectively. Cellulase treatment did not have any significant effect on CNC lengths 

in both feedstocks (except at 2 h for filter paper) with sizes ranging from 123 ± 45 to 138 ± 44 nm 

for CNC from filter paper and 109 ± 33 to 126 ± 42 nm for CNC from wood pulp (Table 11). As 

expected, these length measurements were substantially different from the hydrodynamic 

diameter as the latter is only an indirect estimation (as discussed in section 4.1.5.1.A.). The widths 

of CNCs from cellulase–treated filter paper were uniform (9.5 ± 3.0 to 10.2 ± 3.0 nm) and similar 

with CNCs from untreated (0 h) filter paper (8.8 ± 2.5 nm) (except at 2 h). However, cellulase 

treatment significantly decreased the width of wood pulp CNC from 9.2 ± 3.3 nm (untreated, 0 

h) to up to 6.8 ± 2.1 (6 h). Studies in literature have reported the particle size of CNC from TEM 

analysis of wood and cotton in the range of 70 to 300 nm in length and 4 to 20 nm in width 

[46][47][51][127][177][216]–[218]. Siqueira et al. isolated CNC by acid hydrolysis of cellulase–

treated and mechanically sheared pulp with particle size of 230–250 nm in length and 7 nm wide 

[160]. 
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Filter paper 

 

Wood pulp 

 
(0 h) (0 h) 

  
(2 h) (2 h) 

  
(10 h) (10 h) 

Figure 21 Transmission electron microscopy (TEM) micrographs of CNC isolated from cellulase–treated filter paper 

(left) and wood pulp (right) at different times. 
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Table 11 Particle size of CNC isolated from cellulase–treated filter paper and wood pulp based 
on transmission electron microscopy (TEM) micrograph analysis 

Cellulase 

treatment  

(h) 

Filter Paper Wood Pulp 

Length  

(nm) 

Width  

(nm) 
Aspect Ratio 

Length  

(nm) 

Width 

(nm) 

Aspect 

Ratio 

0 116 ± 30A 8.8 ± 2.5P 13.2 ± 3.6W,X 113 ± 30a,b 9.2 ± 3.3p 13.4 ± 5.1w 

2 138 ± 44B 10.2 ± 3.0Q 13.5 ± 3.8W,X 126 ± 42a 6.8 ± 2.1r 18.8 ± 5.4x 

6 123 ± 45A,B 9.8 ± 3.0P,Q 12.0 ± 3.7X 109 ± 33b 7.9 ± 1.9q 14.0 ± 4.4w 

10 134 ± 40A,B,* 9.5 ± 3.1P,Q,* 15.1 ± 7.0W,* 123 ± 32a 7.6 ± 2.3q,r 17.5 ± 7.3x 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters (in superscripts) within each column are significantly different (p < 

0.05). 

The aspect ratios (calculated from the ratio of length to width) of filter paper CNCs ranged from 

12.0 ± 3.7 to 15.1 ± 7.0 nm, with no significant change in size due to cellulase treatment relative 

to the control (Table 11). No clear trend was observed in the aspect ratios of wood pulp CNC, 

which ranged from 13.4 ± 5.9 to 18.8 ± 5.4 nm. The aspect ratios of CNC from wood pulp were 

relatively lower than those reported (23–31 nm) by Beck–Candanedo et al. [46]. Bias in the 

selection of particles from the TEM micrograph may have affected the average length and width 

measured in the present study. Despite the repulsive forces from the negative surface charge, 

self–aggregation was apparent on the copper grid (Figure 21), as reported in literature 

[123][218]. In addition, CNC particles isolated from cotton and wood are likely to form more 

aggregates compared with crystals from other sources such as tunicate [51][217]. In the present 

study, it was observed that longer particles aggregated more than smaller size particles. This is 

most likely due to the relatively higher surface area for hydrogen bond formation. Therefore, the 

preferential selection of shorter length particles due to the characteristic dispersion probably led 

to an overall underestimation of the length and hence lowered the aspect ratio values. Aspect 

ratios were also calculated from the dataset without removing outliers to retain the longer CNC 

particle sizes, assuming that these particles were not apparent in the micrograph due to 

experimental error or by chance. However, no substantial change in the value of the aspect ratio 

and interpretation were observed.  
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4.1.5.2. Zeta potential analysis 

The stability of a colloid due to electrostatic repulsive forces of the charged surfaces was assessed 

from zeta potential measurement. A stable colloid is desirable to prevent self aggregation, which 

is critical for the reinforcement filler to impart strength properties to the composite material [4]. 

The zeta potential absolute values of CNC colloids extracted from filter paper (−40.5 ± 2.5 to 

−43.8 ± 0.8 mV) and wood pulp (−38.9 ± 2.7 to −42.6 ± 3.5 mV) (Table 10) were above the 

minimum threshold (±30 mV) for electrostatic stability [219]. Studies have reported zeta 

potential values of −15 mV from controlled microbial hydrolysis of filter paper, −25 to −31 mV 

from acid hydrolysis of cotton fibers, −31 mV from cellulase treatment of recycled paper, and −52 

to −58 mV from acid hydrolysis of filter paper [25][47][200][220]. Large zeta potential values do 

not always guarantee stability, as strong van der Waals attractive forces may cause 

agglomeration [202]. Based on visual observation of some samples, the colloids in the present 

study did not show precipitation for several days and hence support the stability implications 

from the estimated zeta potential values. 

Similar to the particle size estimations, only the zeta potential values of filter paper CNC were 

affected by cellulase treatment. The zeta potential values of CNC isolated from filter paper 

treated with cellulase for 6 and 10 h were significantly lower than the control. The enzymes likely 

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 [176]. 

4.1.5.3. Cellulose nanocrystal degree of crystallinity 

Isolation of CNC by acid hydrolysis increased the crystallinity indices of filter paper and wood pulp 

celluloses (0 h, untreated) from 85.9 ± 0.7% (fiber, Table 7) up to 88.2 ± 0.5% (CNC, Table 12) and 

76.6 ± 0.8% (fiber, Table 7) up to 80.2 ± 0.9% (CNC, Table 12), respectively. This implies that the 

strong acid substantially hydrolyzed the non–crystalline celluloses during CNC isolation. The 

crystallinity index of filter paper CNC (86.0 ± 0.6–88.9% ± 0.3%) was much higher compared with 

wood pulp CNC (78.5 ± 2.2–80.9 ± 0.8%). This implies that the level of ordering of the crystalline 

fractions in the filter paper CNC is higher relative to wood pulp. It can be suggested that acid 

hydrolysis of non–crystalline cellulose does not guarantee a uniform CNC crystallinity index from 
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any given feedstock. The CNC degree of crystallinity is a function of the level of crystalline 

cellulose chain ordering in the native structure of the feedstock. The substantially higher fiber 

crystallinity index of the original untreated filter paper cellulose (85.9% ± 0.7%) relative to wood 

pulp (76.6% ± 0.8%) also supports this suggestion. Variable CNC crystallinity indices, from XRD 

analysis of acid hydrolyzed cotton (87%–91%), rice straw (86%–91%), wood (75%–85%), bagasse 

(73%), and coconut fiber (66%) have been reported in literature [47][48][50][123][177][221]. 

Table 12 Degree of crystallinity of CNCs isolated from cellulase–treated fibers 

Cellulase  

treatment  

(h) 

Crystallinity Index  

(%) 

Filter Paper Wood Pulp 

0 88.2 ± 0.5A 80.2 ± 0.9a 

2 87.6 ± 0.9A,B 80.7 ± 3.5a 

6 86.0 ± 0.6B 78.5 ± 2.2a 

10 88.9 ± 0.3A,* 80.9 ± 0.8a 

Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters (in superscripts) within each column are significantly different (p < 

0.05). 

The crystallinity index of cellulase–treated fibers at a given treatment period (for instance, 2 h, 

Table 7) was compared with the crystallinity index of CNCs isolated from acid hydrolysis of the 

same fiber (2 h cellulase–treated feedstock, Table 12). In the case of the filter paper feedstock, 

no substantial differences in crystallinity indices of fibers and CNCs were identified. There could 

have been a subtle change in the degree of crystallinity that was not detected from the XRD 

analysis due to the limitations discussed in section 4.1.3.2. On the other hand, it is possible that 

a value close to the maximum achievable degree of crystallinity of fiber was attained due to the 

substantial cellulase degradation of poorly ordered cellulose, even within 2 h. Hence, during acid 

hydrolysis, the exposed/ available CNC precursors in the cellulase–treated fibers were likely 

attacked, which led to the dissolution to sugars (Table 5) and decrease in CNC yield2 (Table 9). In 

contrast, the CNC crystallinity indices from cellulase–treated wood pulp improved by up to 5%, 

relative to the cellulase–treated wood pulp fiber across the same time period. Even though the 

concentration of CNC precursors in cellulase–treated pulp was evident from the improvement in 
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CNC yield1, the feedstock still had substantial composition of non–crystalline cellulose. As 

discussed previously, this is likely due to the inaccessibility of non–crystalline cellulose chains that 

are trapped in the core structure [95]. 

CNC crystallinity indices did not show any significant difference due to cellulase treatment or as 

a function of time in both feedstocks (except for CNC from 6 h cellulase–treated filter paper) 

(Table 12). This implies that despite some evident crystalline cellulose degradation in the fiber, 

cellulase treatment does not change the quality of the CNC precursor crystals. 

4.1.5.4. Thermal stability 

Thermogravimetric analysis was conducted to assess the degradation profile of CNC particles as 

a function of temperature. Ideally, CNC as a reinforcement filler should have high thermal 

stability to withstand the high temperatures in composite processing [22][121]. The onset 

temperature of degradation could not be quantified as the change in slope of the weight (%) for 

majority of the samples was ambiguous (Figure 22). The derivative plots did not show clearly 

distinguishable peaks that led to highly subjective sketching of the final tangential line. Hence, 

the estimations of the onset temperature of degradation could not be accurately reported in this 

comparative study. However, it was evident from the curves on the plot that there was no 

substantial difference due to cellulase treatment and/or as a function of time for both feedstocks 

with the onset temperature of degradation falling between 250–300 °C. Conversely, the 

derivative plots distinctly showed the temperature profile for maximum rate of weight loss of 

CNCs from the steepest peaks. The peak degradation temperatures for filter paper and wood 

pulp CNCs were between 290 ± 32 to 311 ± 1 °C and 301 ± 2 to 305 ± 1 °C, respectively (Table 13). 

Yildirim et al. reported a maximum rate of CNC weight loss at 247.9 °C [222]. Cellulase treatment 

had no significant effect on this rate in both feedstocks (except at 10 h for wood pulp).
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                                                   (a)                                                                            (b) 

Figure 22 Onset temperature of degradation of CNC isolated from (a) filter paper and (b) wood pulp cellulase–

treated for 0, 2, 6 and 10 h. 

Table 13 Rate of CNC weight loss as a function of temperature 

Cellulase 

treatment  

(h) 

Temperature for Maximum Rate of Weight Loss (°C) 

Filter Paper  

 

Wood Pulp  

 

0 290 ± 32A 301 ± 2a 

2 310 ± 1A 303 ± 0a,b 

6 311 ± 1A 302 ± 1a,b 

10 310 ± 2A* 305 ± 1b 

 Each data represents the mean ± standard deviation from experimental triplicates (*is an exception calculated 

from duplicates). Values with different letters (in superscripts) within each column are significantly different (p < 

0.05). 

4.2. Hydrothermal treatment mediated cellulose nanocrystal isolation 

The following sections discuss the results and interpretations from hydrothermal treatment 

experiments on wood pulp to generate furfural as a value-added product from xylan degradation 

and form new CNC precursors to improve CNC yields from acid hydrolysis. 
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4.2.1. Degradation profile of wood pulp fiber 

Square cut wood pulp suspended in water (2.5% solid loading) was hydrothermally treated in 

batch mode for 1 h. The pressure in the reactor vessel rose from 0.414–2.551 MPa as the 

temperature increased from 150–225 °C (Table 14). The water heated at 150 and 175 °C was not 

subcritical as the recorded pressures (0.414 and 0.827 MPa, respectively) were below the 

saturation vapor pressures (0.478 and 0.894 MPa, respectively) for these temperatures [223]. 

The pressures at 200 and 225 °C (1.551 and 2.551 MPa, respectively) were very close to the 

saturation vapor pressures (1.553 and 2.548 MPa) and hence, the heated water was on the 

borderline with the subcritical region.  

Table 14 Characteristics of the hydrothermally treated pulp 

Hydrothermal 

treatment 

(°C) 

Recorded  

pressure  

(MPa) 

Solid recovery  

(wt % original 

feedstock) 

Polysaccharide composition  

(wt % hydrothermally treated 

feedstock) 

Crystallinity  

Index 

(%) 

Cellulose Xylan 

RT * 98.9 ± 0.4A 74.3 ± 0.1H  19.2 ± 0.1P 76.7 ± 0.8W 

150 0.414 97.3 ± 0.6A 75.6 ± 2.6H 18.8 ± 0.7P 77.5 ± 1.7WX 

175 0.827 92.2 ± 0.3B 78.0 ± 3HI 15.5 ± 0.6Q 81.4 ± 1.5XY 

200 1.551 78.5 ± 0.6C 83.6 ± 2.3I 7.2 ± 0.3R 83.8 ± 2.4Y 

225 2.551 46.6 ± 1.2D 73.4 ± 0.5H 1.9 ± 0.2S 80.2 ± 0.8WXY 

Each data represents the mean ± standard deviation from experimental triplicates. Values with different letters (in 

superscripts) within each column are significantly different (p < 0.05). *carried out at atmospheric pressure. RT–

room temperature as a control.

Solid recovery ≥ 175 °C hydrothermal treatment was significantly reduced due to wood pulp 

degradation (Table 14). Consequently, the square cut dimension (approximately 6 × 8 mm) of 

wood pulp was reduced to coarse and fine powder at 200 and 225 °C, respectively (Figure 23). 

Furthermore, the hydrothermally treated pulps were faint yellow, light brown and dark brown 

colored at 175, 200 and 225 °C, respectively. The color could arise from insoluble dark sugar 

degradation products produced by caramelization [224][225]. The pH of the liquid hydrolysate 

was reduced from pH 5 (control) down to pH 2.5 (225 °C) due to the release of acetic and formic 

acids from xylose degradation (Table 15) [79][226][227].  
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Figure 23 Color imparted on wood pulp due to hydrothermal treatment 

Degradation products were analyzed using HPLC to study the composition of hydrothermally 

treated pulp (after 2 step acid hydrolysis of the polysaccharides to sugars, Table 14) and the liquid 

hydrolysate (Table 15). There were no changes in xylan and cellulose contents of hydrothermally 

treated wood pulp at 150 °C. Very poor peak intensities of oligo–, monosaccharide and other 

degradation products were detected in the liquid hydrolysate at this temperature. Pulp 

degradation was initiated at 175 °C with significant xylan hydrolysis. Hemicelluloses generally 

solubilize at 180 °C and are relatively less stable because of accessibility of glycosidic bonds with 

lower levels of crystallinity than celluloses [79]. The xylan composition in the hydrothermally 

treated wood pulp (wt % hydrothermally treated feedstock) significantly decreased at 200 °C (7.2 

± 0.3 %) and 225 °C (1.9 ± 0.2 %) relative to the original feedstock (19.2 ± 0.1 %). Bizikis et al. also 

reported significant loss in hemicellulose from 25–28% down to 4, 9 and 12% due to 

hydrothermal treatment of birch wood, aspen and alder wood, respectively for 1 h at 180 °C 

[190]. The formation of an acidic medium by organic acids, evident from the low pH, has likely 

facilitated autohydrolysis reactions [42].  
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Table 15 Composition of the liquid fraction from hydrothermal treatment 

Hydrothermal 

treatment 

(°C) 

pH Sugars and degradation product recovery 

(wt % original feedstock) 

Glucose Xylose Hydoxy–

methyl 

furfural 

Furfural Formic  

acid 

Acetic  

acid 

RT 5.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

150 4.5 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0A 0.0 ± 0.0 0.0 ± 0.0 

175 3.9 0.1 ± 0.0 0.8 ± 0.0 0.0 ± 0.0 0.3 ± 0.0A 0.1 ± 0.0P 0.0 ± 0.0 

200 3.3 1.6 ± 0.1 1.7 ± 0.1 0.0 ± 0.0 3.7 ± 0.2B 0.2 ± 0.0P  0.2 ± 0.0W 

225 2.5 7.0 ± 1.5 0.0 ± 0.0 0.0 ± 0.0 4.1 ± 0.8B 1.4 ± 0.2Q 0.4 ± 0.0X 

Each data represents the mean ± standard deviation from experimental triplicates. Values with different letters (in 

superscripts) within each column are significantly different (p < 0.05). *carried out at atmospheric pressure. RT–

room temperature as a control.  

The xylose sugars recovered in the liquid hydrolysate were not proportional to the xylan 

degradation in the recovered solid at these temperatures. Substantial concentrations of furfural 

and traces of formic and acetic acids were detected, which imply xylose degradation at 200 and 

225 °C. Acetic acid and secondary products such as furfural, carboxylic acids (formic, lactic and 

oxalic acids), aldehydes, dihydroxyacetone and dark insoluble brown product from xylan 

degradation have been reported from treatments at subcritical temperatures [225][228][229]. 

Among the degradation products, furfural has versatile applications as a solvent, platform 

chemical or ingredient in oil refinery, agriculture, pharmaceutical and cosmetic industries 

[43][44]. It is produced by thermal hydrolysis of lignocellulosic biomass catalyzed by dilute acid 

as a sole product at low yields below 50% with high energy consumption for processing [44][193]. 

Improvements in the recovery process has increased the yields by up to 70%. Furfural was the 

major sugar degradation product (except for glucose at 225 ̊ C) generated from the hydrothermal 

treatment. Hydrothermal treatment at 200 and 225 °C produced 3.7 ± 0.2 and 4.1 ± 0.8 furfural 

(wt % original feedstock), respectively that is equivalent to 19 and 21% xylan conversion (wt %). 

Hence, there is a potential to generate furfural as a value–added co–product with CNC through 

hydrothermal treatment mediated acid hydrolysis process as a biorefinery strategy.  
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An unidentified peak, with substantial intensity was separated at 35 min retention time and 

detected by UV analysis at 284 and 275 nm. Pinkowska et al. also detected unknown peaks from 

xylan degradation at 180–300 °C and suggested that these could be aldehydes, carboxylic acids 

or other sugar degradation products [229]. If this product was quantified and the concentrations 

of other degradation products were pooled, a complete mass balance may be achieved.  

Cellulose accumulation became apparent in the hydrothermally treated pulp with significant 

xylan degradation at 200 °C. There was only minor cellulose loss as very low glucose content (1.6 

± 0.1 wt %) and oligosaccharide peak intensities were detected from analysis of the liquid 

hydrolysate at 200 °C. Cellulose was significantly degraded at 225 °C with glucose yields of 7.0 ± 

1.5 wt % original feedstock. The recovery of glucose and lack of hydroxymethyl furfural peaks in 

the hydrolysate at 225 °C suggest that glucose was relatively stable to thermal decomposition. 

Interestingly, the mass balance from the 225 °C hydrothermal treatment was far from complete. 

Insoluble dark brown products that were not accounted for in the analysis of the 2 step acid 

hydrolysis procedure could make up for the mass difference.   

4.2.2. Crystallinity of hydrothermally treated wood pulp 

Hydrothermal treatments at 175–225 °C significantly improved the crystallinity index of wood 

pulp from 76.7 ± 0.8 up to 83.8 ± 2.4% (Table 14). Crystallinity could have improved as a result of 

concentration of crystalline chains due to degradation of xylan and some non–crystalline 

cellulose as indicated in the findings from cellulase treatment. Significant thermal degradation of 

xylan and cellulose to some extent at 225 °C (as discussed in section 4.2.1.) supports this 

assumption. The other hypothesis is that hydrothermal treatment can also promote the 

reorientation of para–crystalline celluloses to form new compact crystals [185][187]. Heat can 

also rotate bond angles in the functional groups involved in hydrogen bonding between 

crystalline chains that facilitate higher level crystalline ordering [39]. Isogai et al. reported an 

increase in crystallinity index of hydrothermally treated amorphous cellulose [186]. Inagaki et al. 

also observed that heat–treatment (140 °C, up to 100 h) of raw wood conferred increase in the 

crystallite thickness [185]. In addition, it is likely that xylan degradation promotes cellulose 

crystallization [114][115][189]. The removal of the non–crystalline xylan interspersed between 
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the cellulose chains can give more freedom of mobility for the semi–crystalline celluloses to 

reorient and form compact crystals [189]. If the newly formed crystals are as compact as CNC 

precursors, then this hydrothermal treatment strategy has the potential to improve not only CNC 

yield1 but also CNC yield2. The newly formed crystals conferred by hydrothermal treatment have 

been reported to be stable to subsequent soaking or washing [230].  

4.2.3. Cellulose nanocrystal yields from hydrothermally treated wood pulp 

CNC was isolated from hydrothermally treated wood pulp (washed and freeze dried) by acid 

hydrolysis. CNC yield1 (wt % feedstock for acid hydrolysis) improved by 1.4 fold, doubled and 

quadrupled due to heat treatment at 175 °C (13.9 ± 0.4%), 200 °C (19.8 ± 0.6%) and 225 °C (38.3 

± 2.4%), respectively, relative to the control (9.8 ± 1.3%) (Table 16). It can be suggested that heat 

treatment increased the CNC precursor composition of the feedstock going to the acid hydrolysis 

reactor. An efficient CNC yield1 reduces the consumption of chemicals, water and, operational 

costs in upstream and downstream process as in the case of cellulase mediated acid hydrolysis. 

Table 16 CNC yields from hydrothermally treated wood pulp 

Hydrothermal 

treatment 

(°C) 

 CNC yield1 

(wt % feedstock 

for acid 

hydrolysis) 

Improvement in 

CNC yield1  

(fold) 

CNC yield2 

(wt % 

original  

feedstock) 

Improvement in 

CNC yield2  

(fold) 

25  9.8 ± 1.3A – 9.7 ± 1.3P – 

150  10.1 ± 0.8A 1.0 9.8 ± 0.8P 1.0 

175  13.9 ± 0.4B  1.4 12.8 ± 0.4Q 1.3 

200  19.8 ± 0.6C 2.0 15.5 ± 0.6R 1.6 

225  38.3 ± 2.4D 3.9 17.8 ± 1.4R 1.8 

Each data represents the mean ± standard deviation from experimental triplicates. Values with different 

letters (in superscripts) within each column are significantly different (p < 0.05). 

The CNC yield2, which was calculated by accounting for the mass loss due to hydrothermal 

degradation, was significantly improved above 150 °C from 9.7 ± 1.3% (control) to up to 17.8 ± 

1.4% (225 °C). If the effect of hydrothermal treatment was only to concentrate the crystalline 

cellulose, then the CNC yield2 should have been constant. Therefore, the increase in CNC yield 
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implies that heat treatment of wood pulp induced crystalline ordering that led to the formation 

new CNC precursors. It can be suggested that these newly formed crystals in the hydrothermally 

treated wood pulp significantly amplified the XRD intensities (Table 14). It is worth noting that, 

XRD analysis was not sensitive to the changes in cellulase–treated wood pulp (Table 7) due to the 

concentration of CNC precursor implied from the improvements in CNC yield1 (Table 8). Agarwal 

et al. reported 8–19% CNC yield2 (lignin containing CNC) from hydrothermally–treated (167–225 

°C) raw poplar wood, while the yield was negligible without the treatment [39]. Therefore, partial 

crystallization of wood pulp cellulose by hydrothermal treatment improves the carbon use 

efficiency of the acid hydrolysis process. This strategy not only improves CNC productivity, which 

potentially generates more revenue, but also minimizes the sugar degradation products entering 

the acid stream to ease recovery. It was not surprising that CNC yields did not improve at 150 °C 

as no transformation was evident from both compositional  and crystallinity analysis of the 

hydrothermally treated wood pulp (Table 14 and 15). This is the first report of a biorefinery 

strategy that integrated hydrothermal treatment with CNC isolation for the co–production of 

furfural and CNC with improved CNC yield. 

4.2.4. Characteristics of cellulose nanocrystals from hydrothermally treated wood 
pulp 

Hydrothermal treatment did not change the crystallinity of CNC and increasing the temperature 

also did not have any effect (Table 17). This suggests that the newly formed crystals had 

equivalent level of crystalline ordering as the native crystals in wood pulp. Hence, fragmentation 

of these newly formed CNC precursors with the acid generated CNCs with similar degree of 

crystallinity. Agarwal et al. reported that crystallinity of CNC at 200 °C was not substantially 

different from treatment at 170 °C from XRD analysis, while 13.8 % improvement due to 

hydrothermal treatment was identified from Raman spectroscopy [231]. 
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Table 17 Crystallinity, particle size and colloidal stability of CNCs isolated from hydrothermally 

treated wood pulp 

Hydrothermal 

treatment  

(°C) 

Crystallinity 

Index 

(%) 

Average hydrodynamic 

diameter  

(nm)† 

Zeta potential  

(mV) 

RT 80.9 ± 2.5A 242 ± 58PQ –41.3 ± 1.0W  

150 81.0 ± 1.2A 199 ± 75Q –41.8 ± 0.8W 

175 81.1 ± 2.0A 255 ± 54PQ –41.8 ± 0.5W 

200 74.3 ± 9.2A 320 ± 42P –41.7 ± 1.9W 

225 79.0 ± 1.5A 254 ± 75PQ –38.8 ± 2.0X 

Each data represents the mean ± standard deviation from experimental triplicates. Values with different letters (in 

superscripts) within each column are significantly different (p < 0.05). †average diameter of the peak showing the 

highest abundance intensity (67–79%). The conductivity, pH, and temperature of the colloid were 0.7 to 0.8 

mS/cm, 4.6 to 4.8, and 25 °C, respectively. The polydispersity indices ranged from 0.6 to 0.8, which measures the 

broadness of the size distribution. Colloid with an index value below 0.05 is monodisperse, below 0.08 is nearly 

monodisperse, 0.08–0.7 is midrange value, and above 0.7 is a broad distribution [215]. Data represent mean ± 

standard deviation of analytical triplicates of treatment triplicates. 

The hydrodynamic diameter of CNC was not affected by hydrothermal treatment of wood pulp. 

The visually observed reduction in size of the square cut pulp to coarse and fine powder at 170 

and 200 °C, respectively, did not influence the CNC dimensions after acid hydrolysis. These results 

were also in agreement with CNCs from cellulase–treated pulp. This implies that the permeability 

of CNC precursors to the acid under these conditions (64 wt % H2SO4, 2 h, 45 °C) were conserved 

irrespective of the fiber size. Zeta potential, which is an indicator of surface charge that confers 

colloid stability by electrostatic repulsion, did not change due to hydrothermal treatment until 

225 °C. This was also supported by the significantly low sulfur content (0.9 ± 0.1 wt % at 225 °C) 

of CNC relative to the untreated pulp (1.3 ± 0.1 wt %) (Table 18). Degradation products bound to 

the surface of the hydrothermally treated pulp (as shown in Figure 23) may have prevented 

esterification of sulfonate groups. Elemental analysis of CNC at 225 °C had significantly higher 

carbon content (44.2 ± 1.5 wt %) and lower hydrogen and oxygen contents (5.56 ± 0.05 and 49.3 

± 1.4 wt %) relative to the untreated CNC (40.4 ± 0.4, 5.75 ± 0.05 and 52.5 ± 0.4 wt %, 

respectively). This data and the intense dark brown coloration also observed from CNC isolated 
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from pulp treated at this temperature (Figure 24) indicate caramelization. Boonstra and 

Tjeerdsma also reported an increase in carbon content and reduction in oxygen content in 

hydrothermally treated wood [224]. It was suggested that such changes from hydrothermal 

treatment are due to dehydration, decarboxylation and condensation. Colored CNC could be 

undesirable for certain applications and caramelized products bound on the surface could likely 

affect the chemistry of the CNC and hence the reactivity with polymer matrices. 

Table 18 Elemental analysis of CNCs isolated from hydrothermally treated wood pulp 

Hydrothermal 

treatment  

(°C) 

Elemental analysis (wt % CNC) 

Carbon Hydrogen Nitrogen Sulfur Oxygen 

RT 40.4 ± 0.4A 5.75 ± 0.05H 0 1.3 ± 0.1P 52.5 ± 0.4W 

150 40.5 ± 0.3A 5.76 ± 0.03H 0 1.2 ± 0.1P 52.5 ± 0.3W 

175 40.4 ± 0.1A 5.77 ± 0.02H 0 1.3 ± 0.1P 52.5 ± 0.1W 

200 41.1 ± 0.2A 5.82 ± 0.03H 0 1.2 ± 0.1P 51.9 ± 0.2W 

225 44.2 ± 1.5B 5.56 ± 0.05I 0 0.9 ± 0.1Q 49.3 ± 1.4X 

Each data represents the mean ± standard deviation from experimental triplicates. Values with different letters (in 

superscripts) within each column are significantly different (p < 0.05). 

                       

 

 

 

 

       Room Temperature                      175 °C                                200 °C                                225 °C 

Figure 24 CNC isolated from hydrothermally treated wood pulp at 175, 200 and 225 °C 
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5. Conclusions and recommendations 

This thesis study demonstrated 2 novel biorefinery strategies that can be consolidated in pulp 

mills to generate new value–added product streams while improving the efficiency of the CNC 

isolation process. The transformation to diverse multi–purpose renewable materials, chemicals 

and fuels is vital for the sustainability of the industry in overcoming declining markets for 

conventional products. In this study, cellulase and hydrothermal treatments were introduced 

prior to CNC isolation via acid hydrolysis. The integrated pathways generated fermentable sugars 

and furfural, respectively, as new value–added co–products. These treatments were also 

specifically chosen to confer structural modifications in the feedstock that improve the efficiency 

of acid hydrolysis for CNC isolation without compromising the quality of the CNC.  

In the cellulase–mediated CNC isolation biorefinery strategy, filter paper (as a model substrate) 

and wood pulp were treated with cellulases for 2–10 h prior to acid hydrolysis. Substantial 

glucose (20–40 %) and xylose (6–12 %) yields (wt % original feedstock), which can be readily 

fermented to ethanol, were recovered within a short period. Efficient saccharification with 

increasing hydrolysis rates was attained until 6 h for filter paper and throughout the 10 h 

treatment for wood pulp. Hence it was demonstrated that fermentable sugars can be recovered 

efficiently from preferential degradation of non–crystalline cellulose and hemicellulose 

components. This strategy of preserving the crystalline cellulose lowers ethanol production cost 

as there is no need for expensive and energy intensive pretreatment and saccharification 

processes that are currently employed in the biofuel industry to reduce crystallinity. 

Consequently, CNC yield1 per acid hydrolysis reaction was successfully improved by 1.2 and 

almost 2 fold from cellulase–treated filter paper and wood pulp, respectively. Hence a cellulase 

treatment pathway that accumulates CNC precursors in the feedstock for efficient acid hydrolysis 

was established in this study. This strategy can decrease CNC production cost from the reduced 

requirement of reagents and operations, both upstream and downstream, or it could lower 

capital expenditure for establishing a plant with equivalent production capacity. Furthermore, 

cellulase treatment did not attack CNC precursors in wood pulp and hence CNC yield2 was not 

compromised until 10 h. Hence, a biorefinery system was developed with efficient 

saccharification and CNC isolation pathways for the co–generation of fermentable sugars and 
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CNCs from wood pulp. There was a substantial decrease in CNC yield2 due to the degradation of 

CNC precursors in filter paper, which were much more abundant in the substrate and hence 

accessible for hydrolysis. However, the feedstock conversion to value–added product was 

improved from 60 to 84 % (wt % original feedstock). 

This cellulase treatment pathway can be further optimized to achieve an even more efficient and 

selective saccharification process. Substrate swelling in buffer and high solid loading could be 

investigated to increase the surface area and throughput, respectively. Cellulase composition 

(particularly endoglucanase and cellobiohydrolase concentrations, and oxidative enzyme 

supplementation) can also be manipulated to develop a highly selective enzyme formulation. This 

novel approach of selectively degrading non–crystalline cellulose with minimal loss to CNC 

precursor can give life to cellulase extracts or formulations that have been shelved due to poor 

activity on crystalline cellulose that was conventionally desirable by the cellulosic ethanol 

industry. Acid hydrolysis reaction conditions used in the present study were adopted from the 

CNC pilot plant operations at InnoTech Alberta (Edmonton, AB, Canada) at the start of the project 

in 2014. However, these conditions can be optimized for cellulase–treated feedstock, which has 

a different structural composition relative to the parent material, to preserve more CNC 

precursors and achieve higher CNC yields.  

The second novel biorefinery strategy developed in this study integrated hydrothermal 

treatment and CNC isolation. This is the first demonstration of a pathway that co–produces 

furfural along with CNC from wood pulp feedstock. Hydrothermal treatment at 175–225 °C 

degraded xylan and significant dehydration of the resulting xylose sugars to furfural was achieved 

with 20% conversion efficiency (wt % xylan) at 200 and 225 °C. Even though established furfural 

production processes generate higher yields (50–70% xylan conversion) from acid catalyzed 

thermal degradation, other lignocellulosic components are not utilized. The hydrothermal 

treatment mediated biorefinery approach thus has a competitive advantage in transforming the 

cellulosic feedstock to CNC as a high value co–product. The addition of furfural into the product 

stream will open up new and growing markets for the pulp and paper industry as the molecule is 

a platform chemical and solvent for diverse products in various industries. In addition to furfural 

co–production, this is the first report of an improvement in CNC yield1 and yield2 due to 
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crystallization of cellulose in a kraft pulp feedstock. These findings suggest that in addition to CNC 

precursor accumulation from degradation of xylan (for furfural generation), hydrothermal 

treatment can re–orient para–crystalline cellulose to form crystals that are equivalent to CNC 

precursors. Significant CNC yield1 (up to 4 fold) and CNC yield2 improvements (up to 2 fold) were 

achieved from 175–225 °C. This will have significant impact not only in improving the process 

cost but also production capacity, which makes integration of this pathway in CNC plants highly 

attractive and feasible. It is possible to further optimize furfural production and crystallization by 

investigating parameters such as solid loading, treatment period, and reactor cooling time and 

method. The prospect of integrating cellulase hydrolysis to preferentially degrade residual 

amorphous cellulose in the hydrothermally treated wood pulp to co–generate not only furfural 

but also fermentable sugars will also be interesting to explore. 

Pulp mills can adopt both biorefinery strategies developed in this thesis to offset CNC production 

cost from: (a) the additional revenue streams that can be generated from the co–products and 

(b) improvements in CNC yields. This is a step forward in realizing the commercial production and 

application of CNC as a renewable and sustainable material in various products. This study was 

carried out in collaboration with research facilities and industry partners including InnoTech 

Alberta and Al–Pac Forestry Industries, which are on the verge of establishing a demonstration 

scale CNC plant. Therefore, there is an opportunity to consider integrating the biorefinery 

strategies after evaluating scaled–up operations and assessing technoeconomic feasibility.   

Similarly, generation of ethanol and furfural as co–products from the biorefinery stream is a 

potentially viable production strategy that would substantially reduce the production cost of the 

chemicals. In recent times, the cellulosic ethanol industry has been struggling to survive with the 

closure or transformation of major plants established by companies such as DuPont and 

Abengoa. This is a result of competition with the low price of gasoline and high production costs. 

The coproduction pathway from a biorefinery is a sustainable approach for biofuel production to 

maintain the global efforts to reduce greenhouse gas emissions and dependency of petroleum 

oil. Furfural production from a biorefinery is also more feasible as current production processes 

have high energy requirements and other processing costs. Both pathways in the present study 

also achieved better carbon use efficiency of amorphous and para–crystalline celluloses, as well 
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as hemicelluloses, that would have otherwise entered the acid stream. Hence, acid recovery 

efficiency will also be improved, which reduces recycling process cost and operations. 

Overall, the findings and implications from this study on cellulase and hydrothermal treatment 

mediated CNC production processes are promising for establishing potentially viable biorefinery 

systems. This strategy can be integrated in the pulp and paper industry for the coproduction of 

CNC, furfural, and ethanol at reduced cost, which will help the industry enter diverse and bigger 

growing markets to maintain sustainability.   
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