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RESUMO 

 

Este estudo teve como objetivo principal avaliar a influência das propriedades de diferentes 
polpas comerciais de Eucalyptus sp. na eficiência de pré-tratamentos e seu impacto no processo 
de obtenção de NFC. Para tal, foram utilizados dois tipos diferentes de polpas celulósicas, sendo 
elas: polpa kraft branqueada, além de polpa kraft liner não branqueada com alto teor de lignina. 
Na primeira etapa caracterizou-se as propriedades químicas e morfológicas detalhadas dos 
materiais. Na segunda etapa, pré-tratamentos alcalinos com hidróxido de sódio (NaOH) foram 
realizados nas polpas branqueadas em diferentes concentrações e tempo de reação para 
obtenção de fibras com diferentes conteúdos de hemiceluloses. Na terceira etapa, para as polpas 
não branqueadas, foram utilizados dois pré-tratamentos enzimáticos seguidos: O primeiro com 
uma enzima laccase com o objetivo de degradar a lignina sem removê-la e o segundo com uma 
enzima endoglucanase para hidrolisar a celulose. As NFC foram obtidas nanofibrilação 
mecânica utilizando um moinho nanofibrilador e o consumo energético foi monitorado. 
Posteriormente as NFC obtidas foram caracterizadas para analisar o impacto dos pré-
tratamentos na sua qualidade. O primeiro artigo (Artigo 1) buscou avaliar as propriedades das 
NFC com diferentes teores de hemiceluloses e polimorfos de celulose II. Foi encontrada uma 
ligação entre estes polissacarídeos e as propriedades das NFC. Foi observada uma diminuição 
da cristalinidade (de 69 para 63%) e mudanças na estrutura cristalina da celulose submetida a 
um ambiente alcalino, promovendo a conversão parcial da celulose I em celulose II (de 2 para 
42%) e impedindo a produção de NFC em concentrações de NaOH superiores a 5%. A maioria 
dos tratamentos mostrou comportamento de fluido pseudoplástico, exceto pelo tratamento de 
NaOH 10% durante 2 horas, que mostrou comportamento de fluido newtoniano. O índice de 
qualidade do tratamento NaOH 5% foi o mais alto (68 ± 3 e 22% de economia de energia em 
comparação com a amostra não tratada), seguido pela amostra não tratada (63 ± 3); e os NaOH 
10% tratados por 1 e 2 horas tiveram índices de qualidade de 51 ± 3 e 32 ± 1, respectivamente. 
O segundo artigo (Artigo 2) buscou avaliar o impacto de um pré-tratamento enzimático 
combinado de laccase e endoglucanase para a produção de nanofibrilas de celulose contendo 
lignina (LCNF). Este pré-tratamento melhorou a qualidade das LCNF (61 ± 3 a 71 ± 2) e 
proporcionou a redução do consumo energético em 42%. As LCNF obtidas após os pré-
tratamentos enzimáticos melhoraram a resistência mecânica em 24% e exibiu boa 
permeabilidade ao vapor d’água (2,42 g.mm/m². kPa.dia) e propriedades de barreira à graxa (kit 
n° 12). A reologia das LCNF exibiu comportamento não newtoniano. Este estudo mostrou que 
os tratamentos alcalinos causaram diferentes níveis de hemiceluloses e conversão parcial em 
celulose II. Foi demonstrado o impacto positivo da mudança no teor de hemicelulose e na 
estrutura da celulose tratadas com NaOH 5% para produção de NFCs. A Laccase mostrou-se 
eficaz no ataque à lignina ajudando a diminuir a recalcitrância da parede celular e tornando as 
cadeias de celulose mais expostas ao contato físico para a ação da Endoglucanase. 
 
Palavras-chave: Celulose microfibrilada (CMF). Celulose nanofibrilada (CNF). Consumo 
energético. Nanotecnologia. Parede celular. Recalcitrância. 
 

 

 

 

 



 
 

ABSTRACT 

 

The principal objective of this study was to evaluate the influence of different Eucalyptus sp. 
commercial pulp properties on the pretreatment efficiency and its impact on the CNFs 
production process. To achieve this, two distinct types of pulps were used: bleached kraft pulp, 
and an unbleached kraft liner pulp with high lignin content. In the first step, the detailed 
chemical and morphological properties of the materials were characterized. In the second stage, 
alkaline pretreatments with sodium hydroxide (NaOH) were performed on the bleached pulps 
at different concentrations and reaction times to obtain fibers with different hemicellulose 
contents. In the third stage, for the unbleached pulps, two enzymatic pretreatments were used 
in a sequence: The first with a laccase enzyme aiming to degrade lignin without removing it 
and the second with an endoglucanase enzyme to hydrolyze cellulose. The CNFs were obtained 
by mechanical nanofibrillation using a nanofibrillator grinder and the energy consumption was 
monitored. Subsequently, the obtained CNFs were characterized to understand the influence of 
the pretreatments on their quality. The present research is divided in two chapters (articles): 
The first article (Article 1) attempted to evaluate the properties of CNFs with different 
hemicellulose and cellulose polymorph II contents. A connection was found between these 
polysaccharides and CNFs properties. A decrease in crystallinity (from 69 to 63%) and changes 
in the crystalline structure of cellulose subjected to an alkaline environment were observed, 
promoting partial conversion of cellulose I to cellulose II (from 2 to 42%) and preventing CNFs 
production at NaOH concentrations higher than 5%. Most treatments showed pseudoplastic 
fluid behavior, except for the 10% NaOH treatment for 2 hours, which showed Newtonian fluid 
behavior. The quality index of the 5% NaOH treatment was the highest (68 ± 3 and 22% energy 
savings compared to the untreated sample), followed by the untreated sample (63 ± 3); and the 
10% NaOH treated for 1 and 2 hours had quality indices of 51 ± 3 and 32 ± 1, respectively; The 
second article (Article 2) aimed to evaluate the impact of a combined enzymatic pretreatment 
of laccase and endoglucanase to produce lignin-containing cellulose nanofibrils (LCNF). This 
pretreatment improved the quality of LCNF (61 ± 3 to 71 ± 2) and provided a reduction in 
energy consumption by 42%. LCNF obtained after the enzymatic pretreatments improved the 
mechanical strength by 24% and exhibited good water vapor permeability (2.42 g.mm/m². 
kPa.day) and grease barrier properties (kit no. 12). The rheology of LCNF exhibited non-
Newtonian behavior. This study showed that the alkali treatments can promote positive 
influence on the change in hemicellulose content and cellulose structure treated with 5% NaOH 
to produce CNFs. Laccase was shown to be effective in attacking lignin, contributing to 
decreasing the recalcitrance of the cell wall and increasing the exposure of cellulose chains to 
physical contact for the action of endoglucanase. 
 
Keywords: Cell wall. Energy consumption. Microfibrillated cellulose (MFC). Nanofibrillated 
cellulose (NFC). Nanotechnology. Recalcitrance. 
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THESIS PRESENTATION 

This thesis is presented in the form of chapters. The first part includes a chapter I, which 

covers five sections: (1) Introduction; (2) Motivation; (3) Objectives; (4) Theoretical 

framework and (5) Considerations. This first chapter aims to introduce the reader to the object 

of study of this thesis, providing tools that help understand the topics covered. Chapter II of this 

thesis addresses the first paper (Article 1) developed in this work entitled “Influence of 

hemicellulose content and cellulose crystal change on cellulose nanofibers properties”. Chapter 

III brings the second article (Article 2) entitled " Eco-friendly laccase and cellulase enzymes 

pretreatment for optimized production of high content lignin-cellulose nanofibrils" developed 

during the post-graduate doctoral sandwich period at Institut Polytechnique de Grenoble - 

France. Finally, the thesis has the chapter IV, "Conclusions of the Thesis," followed by chapter 

V with suggestions for future work and chapter VI of Appendices. 
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CHAPTER I: INTRODUCTION, BACKGROUND, MOTIVATION, OBJECTIVES, 

THEORETICAL REFERENCE, AND CONCLUDING REMARKS 

 

1. INTRODUCTION 

With the concern that the impacts of climate change may cause, and that has already 

started to be felt around the world, mainly due to human activities that use fossil fuels as raw 

material for the most diverse purposes, the understanding that it is even more necessary to find 

alternatives for the consumption of this raw material is growing.  

The obtaining of different conventional synthetic polymers causes impacts from their 

production to their inadequate disposal in the environment, where they take hundreds of years 

to decompose and have created serious problems, especially for marine life, since most of these 

materials end up in the oceans. 

One possibility that has been pointed out to reduce the impact of these materials on the 

environment is the substitution of petroleum-based polymers by natural polymers, also known 

as biopolymers. 

Lignocellulosic biomass may be a promising alternative as a source of these 

biopolymers to replace fossil fuels. In this sense, cellulose stands out before other polymers, 

whether natural or synthetic. Besides being the most abundant biopolymer on Earth, it is 

renewable, biodegradable, and comes mainly from managed forests, and can also be obtained 

from agroindustrial waste, possessing properties that have been of great importance to 

humankind, having served the population as the primary source of raw material for paper, 

clothing, and construction materials among many others. 

Still referring to cellulose, obtaining and using this biopolymer in nanoscale, in which 

at least one of its dimensions is equal to or smaller than 100 nm, has aroused the interest of the 

entire scientific and technological community due to the improved properties inherent to this 

material in nanoscale. However, the large energy requirement for its production is the major 

bottleneck that persists as a barrier in the production of nanocellulose on large scales. 

Several studies have been conducted to offer alternatives through pretreatments of plant 

fibers to reduce the energy consumption required for these processes. These pretreatments can 

be performed mechanically, however chemical, enzymatic pre-treatments or their combination 

can also lead to significant improvements in terms of energy consumption. However, although 

there is a range of studies on the effect of different fiber pre-treatments as facilitators to obtain 

cellulose nanofibrils, information on how the intrinsic characteristics of different plant fibers 
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will influence the effectiveness of these pre-treatments, how these can affect the delamination 

of the cell wall is still limited.  

This work aimed to evaluate the influence of the chemical and morphological properties 

of different plant fibers in the recalcitrance and efficiency of chemical and enzymatic 

pretreatments and their impact on the process of obtaining cellulose nanofibrils. It is expected 

to generate fundamental knowledge of how these pretreatments (Alkaline pretreatment using 

Sodium Hydroxide and enzymatic pretreatments using Laccase and Endoglucanase enzymes) 

influence the intrinsic properties of distinct types of fibers, and the impact on fiber recalcitrance, 

in addition to developing more efficient pretreatments for produce cellulose and lignocellulose 

nanofibrils according to the characteristic of the material. 
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2. BACKGROUND 

Studies related to the production, characterization, and application of cellulose fibers 

and nanofibrils have been gaining prominence in different segments. The development of 

nanocomposites with the incorporation of cellulose nanofibrils assumes a prominent role in the 

demand for materials from renewable sources and biodegradable nature. Since the beginning 

of the century, there has been a greater effort to develop commercially viable and adequate 

processes to deconstruct vegetable cellulose fibers into their individualized structural 

components, called cellulose nanofibrils. Among the types of nanocellulose, the cellulose 

nanofibrils (CNF) or microfibrillated cellulose (MFC), obtained by mechanical processes, 

present themselves as a type of nanocellulose with exciting potential for industrial application, 

whose main advantages are the ease of operation of the equipment, the possibility of using 

fewer chemical reagents, and the relatively low cost for obtaining.  

Cellulose nanofibrils are more attractive raw materials compared to fibers (on a macro 

scale) due to their large surface area and high mechanical ability to function as reinforcement 

in polymeric or cementitious composites or their barrier property that can be widely used in the 

development of biodegradable food packaging. Their nanoscale dimensions and their ability to 

form a tightly interwoven nanoporous network have encouraged the emergence of new high-

value applications. Knowledge of the cellulosic feedstock is essential for industrial applications, 

as well as for the processing and quality of the final product and its subsequent application on 

an industrial scale. The geometric properties (shape, length, and diameter) of cellulosic 

nanofibrils are highly dependent on the extraction process and the initial condition of the 

cellulosic feedstock. 

 

 

 

 

 

 

 

 

 

 



20 
 

3. MOTIVATION 

Biomaterials of plant origin have been identified as future substitutes for those materials 

of natural origin or not, in which their exploitation activity and manufacturing process cause 

considerable damage to the environment in the short, medium, or long term. Within these 

biomaterials, natural and biodegradable polymers, especially cellulose, have been gaining more 

and more interest in research and development activities in academia and industry. In this 

context, cellulose nanofibrils, which is derived from plant fibers, has been highlighted as a 

promising and multifunctional material. Therefore, there is a huge diversity of research in the 

literature that studies the application of this material in different situations, such as in the food, 

pharmaceutical, and biomedical areas, civil construction, composite materials, etc. However, it 

is not simple to extract these nanostructures from lignocellulosic biomass fibers due to their 

natural deconstruction resistance, known as recalcitrance. This hinders and increases the cost 

of large-scale production, making its application still limited. Therefore, understanding how 

this recalcitrance is related to biomass constituents becomes essential for the maximum use of 

these resources with the greatest operational efficiency, developing new pre-treatments or 

optimizing them. 
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4. OBJECTIVES 

4.1 General objective 
 

The primary purpose of this research is to investigate the influence of recalcitrance of 

different Eucalyptus commercial pulps on the effectiveness of pretreatments and its impact on 

the process of obtaining cellulose nanofibrils. 

 

4.2 Specific objectives 
 

As specific objectives, the present research aimed to: 

 

1. To investigate the influence of pre-treatments on different commercial pulps 

(associating the effects generated with their morphology and chemical composition); 

 

2. To investigate the influence of the modifications obtained after pre-treatments on the 

efficiency in the process of obtaining nanofibrils (mechanical nanofibrillation); 

 

3. To suggest a quality index for the cellulose nanofibrils produced under the different 

conditions; 

 

4. Evaluate the energy efficiency of pretreatments in the mechanical nanofibrillation 

process. 
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5. THEORETICAL REFERENCE 

5.1 Plant cell wall ultrastructure 

Wood cells are produced in the vascular cambium from meristematic cells, divided into 

fusiform and radial initials. Since the cells derived from fusiform initials standing on the stem 

occupy an important part of the xylem, woods show remarkable anisotropy. The main functions 

of the xylem tissue are the conduction of water from the roots to the aerial parts, provide 

mechanical support, and physiological function, such as starch storage. Although these 

functions are common in both softwoods and hardwoods, the xylem of the hardwoods are more 

evolved in comparison to softwoods, being adapted for each function (HON; SHIRAISHI, 

2001). 

Conifers have more primitive anatomy than hardwoods, presenting as cells the axial 

tracheids (that occupy up to 95% of the wood volume and carry out conduction and support 

functions for the wood, presenting an average length of 2 to 5 mm), radial and axial parenchyma 

and radial tracheids. Hardwoods, on the other hand, present specialized cells for conduction and 

sustentation. The vessel elements are the main elements of differentiation between the 

coniferous and hardwoods. In the latter, they are responsible for conducting liquids and gases 

in the wood. The fibers play the sole role of mechanical support in hardwoods, being smaller 

than the tracheids, with an average length of 0.5 to 2.5 mm (PHILIPP; D’ALMEIDA, 1988; 

BURGER; RICHTER, 1991).  

According to Fengel e Wegener (1989), the concentric arrangement of the cell wall 

layers is caused by differences in chemical composition and by different orientations of the 

structural elements. Therefore, in this order of magnitude, the components must be subdivided 

into structural components, i.e., cellulose, and substructural components, i.e., hemicellulose and 

lignin. When the hemicellulose and lignin are removed, the texture of the cellulosic elements, 

called fibrils, is visible. 

The wood fiber wall consists of several layers that show differences in their structure 

and chemical composition (Figure 1). These layers are the middle lamella, primary wall, and 

secondary wall (JOFFRE et al. 2016).  
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Figure 1.  The structure of wood, from macroscopic to molecular scale. 

 

Source: Liu et al. (2021). 

The middle lamella is the intercellular region, with the function of holding adjacent cells 

together, not being part of the cell wall. Initially, it is composed mainly of peptidic substances, 

and subsequently, the middle lamella become highly lignified. The primary wall is elastic and 

plastic during the early stages of cell growth and extension. It is composed of an unstructured 

network of cellulose microfibrils randomly deposited, except near the corners of the cell, where 

they are arranged axially along the length of the cell. The microfibrils are embedded in a matrix 

of hemicellulose and pectic compounds. The primary wall becomes lignified only after 

deposition of the secondary wall. The thickness of the primary wall is thin, ranging between 

0.1 and 0.2 µm, making it difficult to distinguish or isolate it from the middle lamella 

(WALKER et al. 1993).  

The secondary wall of wood cells is composed of three layers named S1, S2, and S3. 

These layers are connected by the composite middle lamella (CML), composed of the primary 

wall and the middle lamella. The S2 layer is the central and thickest layer and is the essential 

structural component of the cell wall, providing mechanical support for the tissue  

(RAFSANJANI et al. 2014). 

 

5.2 The recalcitrance of lignocellulosics 

Lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin, plus other 

minor components that create a complex matrix structure that presents natural recalcitrance. 
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This is directly linked to its structure, resulting from these main constituent molecules and their 

interactions. Cellulose, hemicellulose, and lignin are the polymers that form the plant cell wall, 

a very compact, stable, and resistant structure (LORENCI WOICIECHOWSKI et al., 2020).  

The properties of its monomers and the interaction between these polymers make this 

structure present biological, chemical and mechanical resistance that hinders the separation and 

recovery of its three main components, which characterizes the recalcitrance of plant biomass 

(LORENCI WOICIECHOWSKI et al., 2020). 

Due to this characteristic, for more effective utilization of this biomass of vegetal origin, 

it is essential to perform pre-treatments on this material in order to make the cellulose more 

accessible by modifying its physical and/or chemical structure, facilitating the conversion of 

plant fibers into various by-products (KUMAR; SHARMA, 2017). 

Recalcitrance can be divided into structural factors such as the degree of polymerization 

of cellulose, degree of crystallinity, pore size and volume, the specific surface area of cellulose, 

and chemical factors, which include the characteristics of each polymer chemically composes 

the biomass. (PELLEGRINI; SEPULCHRO; POLIKARPOV, 2020; ZOGHLAMI; PAËS, 

2019). 

The extensive knowledge of the three main chemical constituents that form the plant 

cell wall is essential and helps elucidate the phenomena that occur and its behavior in response 

to external phenomena to which the plant fibers may be subjected. The following subtopics 

approach these constituents to understand the work better and better comprehend the 

recalcitrance phenomenon. Recalcitrance can be defined as the ability of the fiber to resist the 

attack of different agents, which can be physical, mechanical, chemical, and biological. 

Keeping its initial characteristics intact. 

5.2.1 Lignin 

Lignin is the third major component that forms the plant cell wall and is the most 

significant non-carbohydrate component (YOO et al., 2020). In mature wood, its amount varies 

between 18 and 38% of the tissue composition (BROWNING, 1963). It is a three-dimensional 

aromatic and amorphous polymer of a rigid and complex structure formed from the 

polymerization of coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol units (FENGEL; 

WEGENER, 1989). 

It is the substance that gives rigidity to the plant cell wall and acts as a cementing agent 

holding the cells together (PHILIPP; D’ALMEIDA, 1988). It can still be considered as a three-

dimensional amorphous polyphenol type polymer of siringyl (S), guaiacyl (G), and p-

hydroxyphenyl (H) units and some non-canonical subunits in monomers that are not repeated 
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(Figure 2) and are still associated with hemicellulose not only by physical bonding but also by 

covalent bonds. It is widely accepted that lignin structure differs considerably due to different 

conditions of extraction, isolation, and different types of plants (GUO et al. 2017; ROWELL, 

2012). According to the units of percussive alcohols in which they are formed, lignin can be 

divided into three major classes. First, the lignin of coniferous wood consists of coniferyl 

alcohol units. Second, hardwoods (dicotyledonous angiosperms) are composed of lignin formed 

by coniferyl and sinapyl alcohol units. Finally, the lignin of grasses and annual monocot 

angiosperms comprises coniferyl, sinapyl, and p-coumaryl units. (SUHAS; CARROTT; 

RIBEIRO CARROTT, 2007). 

 
Figure 2. Example of structure of lignin. 

 

Source: Heitner et al. (2010). 

Lignin also presents abrasiveness and low density. Youssefian and Rahbar (2015) found, 

studying bamboo fibrils, that the density of lignin of this material being equal to 1.33 g/cm³. 

These characteristics make lignin interesting for use as a filler to replace inorganic fillers. With 

specific polymers, in suitable formulations, lignin can form partially or even completely 

biodegradable composites (STEWART, 2008). Many studies have been developed in which 

lignin is used as a substitute for phenol to formulate new adhesives for wood (FERDOSIAN et 
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al. 2017; WANG; YU; DI, 2018), in biomedicine (FIGUEIREDO et al. 2018), composites, and 

nanocomposites (MA et al. 2017; YE et al. 2017), among other purposes 

Literature has described that lignin is one of the most significant factors in the 

recalcitrance of lignocellulosic biomass. (LI; PU; RAGAUSKAS, 2016) Due to its structure, 

lignin can inhibit the action of enzymes on cellulose through physical barriers, such as 

hydrophobicity, surface charges, electrostatic interactions, and hydrogen bonding interactions 

that limit the accessibility of enzymes by decreasing enzyme yield (HUANG et al., 2016; LI et 

al., 2020). 

5.2.2 Hemicellulose 

Hemicellulose are polysaccharides in plant cell walls that have β-(1 → 4) linkages and 

vertical structures with an equatorial configuration. Hemicellulose are formed by different 

monomers of sugars (Figure 3) and includes xyloses, glucose, mannoses, arabinoses, 

galactoses, with smaller amounts of other sugars. These types of hemicellulose are present in 

the cell walls of all land plants except the β- (1 → 3,1 → 4)-glucans, which are restricted to 

Poales and a few other groups. The detailed structure of hemicellulose and their abundance 

varies widely among different species and cell types (ROWELL, 2012; SCHELLER; 

ULVSKOV, 2010).  
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Figure 3. Monomers of the sugars that make up the hemicellulose of wood. 

 

Source: From the author (2021). 

They are still closely associated with cellulose and lignin in all higher plants, where they 

represent 20 - 30% of the plant dry mass and have shown to be a promising resource in the 

production of films, barriers, and hydrogels (FENGEL; WEGENER, 1989; KISHANI et al., 

2018). Furthermore, although less abundant than cellulose, these polysaccharides cooperate 

significantly for the mechanical strength of delignified wood fibers and papers made from these 

fibers (DAHLMAN; JACOBS; SJÖBERG, 2003). Hemicellulose are the second most abundant 

class of hydrophilic polysaccharides in nature (PENG et al., 2008). 

Hemicellulose has much lower molar masses when compared to cellulose, ranging from 

100-200 units (RODRIGUES MOTA et al., 2018) and contains a considerable degree of 

branching between its chains (Figure 4), possessing a highly amorphous nature, unlike 

cellulose, and is more susceptible to chemical hydrolysis under milder conditions (ROWELL, 

2012). The types of hemicellulose present in each material also vary according to the origin of 

the material. Taking as example Pinus (coniferous) and Eucalyptus (hardwood) pulps, we may 

observe that conifers present glucomannans and xylans, while hardwoods present only xylans 

in their chemical composition (LAHTINEN et al. 2014). 
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Figure 4. Part of the chemical structure of a) O-Acetyl-4-O-methylglycuronoxylan from hardwoods and b) 
Arabin-4-O-methylglycuronoxylan from softwoods. 

 

Source: From the author (2021).  

A large proportion of hydroxyl groups are bound in intra- and intermolecular hydrogen 

bonds, and some of these bonds naturally bind water to cellulose molecules. This hydrophilic 

character hinders the development of hemicellulose-based materials. Therefore, chemical 

modifications have been suggested to produce water-resistant materials (PENG, 2008). 

Several studies state that hemicellulose, like lignin, acts as a physical barrier limiting 

access to enzymes. It has been reported that removing hemicellulose by dilute acid or steam 

explosion pretreatment could improve the accessibility of enzymes to cellulose by increasing 

the conversion of cellulose to sugars (KRUYENISKI et al., 2019; SANTOS et al., 2018). 

However, as a pretreatment to obtain cellulose nanofibrils, hemicelluloses may not be 

considered a considerable barrier since it is not the goal to convert cellulose to minor sugars. 

Regarding the role of hemicelluloses in the process of obtaining cellulose nanofibrils, 

there are studies in the literature that point to the presence of these polysaccharides as 

facilitators in the process of nanofibrillation, where the hemicelluloses act by inhibiting fiber 

coalescence, making the delamination of the cell wall easier (DIAS; MENDONÇA; 

DAMÁSIO, 2019; PARK et al., 2017). 

5.2.2.1 Xylans 

Xylans are a diverse group of polysaccharides with the typical structure of β-linked 

xylose residues (1 → 4), the most abundant hemicellulose found in nature (SCHELLER; 

ULVSKOV, 2010). 
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In hardwood, the xylan chains are bound, at irregular intervals, with 4-O-methyl 

glucuronic acid groups with an α- (l → 2)-glycosidic bonds on the xylose units. As a result, 

many of the OH groups on C2 and C3 of the xylose units are replaced by O-acetyl groups. At 

the same time, coniferous wood xylans differ from hardwood xylans by the lack of acetyl groups 

and the presence of arabinofuranose units linked by α- (l → 3)-glycosidic bonds to the xylan 

skeleton. Thus, coniferous wood xylans are arabinan-4-0 methylglucuronoxylans (FENGEL; 

WEGENER, 1989). 

5.2.2.2 Mannans 

Mannans are polysaccharides containing a main linear structure that may consist entirely 

of mannose, as in mannans and galactomannans, or with mannose and glucose in non-repetitive 

pattern glucomannans and galactoglucomannans that link to each other via β - (1 → 4) linkages 

(SCHELLER; ULVSKOV, 2010; PHILIPP; D’ALMEIDA, 1988).  

For hardwood species, glucomannans form lightly ramified chains, and the ratio 

between mannose and glucose monomers is between 1.5 - 2.0: 1 while for coniferous species, 

acetyl, and galactose groups link to the glucomannan structure, and the ratio between mannose 

and glucose monomers is 3:1 (PHILIPP; D’ALMEIDA, 1988). 

5.2.2.3 Galactans 

They are highly ramified, water-soluble polysaccharides, having a linear structure 

containing galactose units linked together by β - (1 → 3) linkages and side chains of galactose 

monomers, galactose and arabinose monomers, arabinose monomers, and only glucuronic acid 

units joined by β - (1 → 6) linkages. In hardwoods, galactans still have raminose units 

(PHILIPP; D’ALMEIDA, 1988). 

5.2.3 Cellulose 
Cellulose is the most abundant organic compound found in nature that can be obtained 

from various sources with an annual global production estimated in tens of billions of tons, 

being present in the cell wall of plant cells and its main constituent, representing about 50% of 

its chemical composition (HABIBI et al., 2010).  

According to Gellersted e Henriksson (2009), its function is different in various kinds 

of organisms. In plants, oomycetes, and probably in some bacteria, cellulose is found in the cell 

wall. In tunicates, cellulose forms a tunic that envelops the entire animal, and in Acetobacter 

bacteria, cellulose is produced in extracellular fibrils forming sheets on which the bacteria float.  

Cellulose is formed from anhydroglucopyranose, which is a natural monomer consisting 

of repeating β- (1→4)- D-glucopyranose units (Figure 5), where this repeating unit is called 
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cellobiose, forming a long linear chain polymer with a high molecular weight ((MORÁN et al., 

2008). The size of the cellulose chains, measured by the degree of polymerization, varies 

according to their source. For example, on the wood, they are reported to vary in size from 300 

- 1700 units; in native wood pulp, the chain size is approximately 10,000 units (BLANCO et 

al., 2018). 

 
Figure 5. Cellulose molecular structure. 

 

Source: From the author (2021).  

The linear cellulose molecules are deposited in multiple overlapping layers, with the 

axial position of the hydroxyl groups stabilizing the structure through intra- and inter-molecular 

hydrogen bonds, creating microfibrils with a hydrophobic interior and hydrophilic exterior, 

which together form macrofibrils (LORENCI WOICIECHOWSKI et al., 2020). 

Cellulose occurs naturally in wood, cotton, bamboo, and other plant materials and can 

also be found in algae, tunicates, and some bacteria (HENRIKSSON et al., 2007; IWAMOTO; 

NAKAGAITO; YANO, 2007; KLEMM et al., 2006) 

In nature, cellulose chains are arranged in an ordered manner to form compact cellulose 

nanocrystals, also known as cellulose nanowhiskers, which are stabilized through inter-and 

intramolecular hydrogen bonds located between the hydroxyls of hydroxyls carbons 3 and 6 

(ALEMDAR; SAIN, 2008). These bonds make the nanocrystals completely insoluble in water, 

and most organic solvents, leading to a material with mechanical strength limited only by the 

forces of the adjacent atoms and has amorphous regions where the chains are arranged 

irregularly (KAMEL, 2007; MARCHESSAULT; SUNDARARAJAN, 1983). 

According to Burger e Richter (1991), during cell division in plant tissue, the middle 

lamella is the first separation membrane to appear between the new pair of cells formed, and its 

function is to promote the union of these cells. Next, there is the deposition of cellulose 

microfibrils inside the cell irregularly, forming the primary wall. The primary wall accompanies 
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the cell until its differentiation, and then there is the deposition of microfibrils in the primary 

membrane that follow a specific orientation in three distinct layers, forming the secondary wall. 

These layers are known as S1, S2, and S3. 

There are several types of crystalline cellulose structures (I, II, III, and IV), being the 

native cellulose or cellulose I (Figure 6), the crystalline form most found in nature and 

presenting the best mechanical properties. The most important and studied are I and II (JIN et 

al., 2016; MORÁN et al., 2008; OSULLIVAN, 1997).  

Figure 6. Unit cell models of a) cellulose Iβ e b) cellulose II. 

 

Source: From the author (2021). 

Cellulose II has different unit cells than cellulose I. Cellulose I has dimensions of 7.8 Ǻ 

in a, 8.2 Ǻ in b, and 10.4 Ǻ in c with angle γ equal to 96.5º, while cellulose II has dimensions 

of 8.1 Ǻ in a, 9.0 Ǻ in b, 10.3 Ǻ in c, and angle γ equal to 117.1º (MACRAE et al., 2008). 

Cellulose II can be obtained through a process known as mercerization that uses the 

alkaline solution, usually sodium hydroxide (NaOH), in concentrations that can vary from 

12.0%, 17.5%, and 20.0% (JIN et al., 2016; SHARMA et al., 2015; WANG et al., 2014). Or 

through the dissolution of cellulose and its subsequent regeneration (PHILIPP; D'ALMEIDA, 

1988). It also has more sites for hydrogen bond formation due to its antiparallel packing, 

resulting in a more stable structure (KROON-BATENBURG; KROON, 1997). Furthermore, 

the use of biopolymers, mainly cellulose on a nanometric scale, such as cellulose nanofibrils, 

has been pointed out as a renewable and biodegradable raw material in several applications, 

showing itself as a proposed solution for the recent industrial challenge to successfully face the 

environmental problems caused by traditional petroleum-based polymers (MOHANTY; 

MISRA; HINRICHSEN, 2000). 

5.3  Lignin-carbohydrate complex 

As explained in the previous sections, the plant cell wall is mainly formed by three 

distinct main polymers: Cellulose, hemicellulose, and lignin. These components do not exist 
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individually in the wall structure and are linked together in what is called the lignin-

carbohydrate complex (LCC) through stable chemical linkages. (YOO et al., 2020; ZHAO et 

al., 2020)  

The occurrence of these bonds between lignin and carbohydrates ultimately hinders the 

selective separation and isolation of lignin and carbohydrate preparations from lignocellulosic. 

In addition, the bonds between lignin and carbohydrates also hinder the efficient selective 

separation of wood components in biorefinery processes (BALAKSHIN; CAPANEMA; 

BERLIN, 2014). Lignin is mainly bound with hemicelluloses by covalent bonds, mainly at the 

benzene ring's carbon-⍺ and C-4 positions. Presumably, lignin-carbohydrate intermolecular 

chemical bonds to a small extent exist natively between lignin, hemicelluloses, and cellulose 

(DU; GELLERSTEDT; LI, 2013; ZHAO et al., 2020). 

Figure 7. A three-dimensional perspective of the lignin-carbohydrate complex (LCC) in the wood cell wall. 

 
Source: Nishimura et al. (2018). 

In the scientific literature, five types of linkages between lignin and carbohydrates 

(cellulose and hemicellulose) are suggested to exist: Phenylglycosides, benzyl ethers, γ-esters, 

ferrule/cumarate esters, and hemiacetal/acetal linkages (GIUMMARELLA et al., 2019). 
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Figure 8. A representation of the known linkages between lignin and carbohydrates in the wood cell wall. 

 
A) Phenyl-glycosides, B) Benzyl ethers, C) γ-esters, D) Ferrule/cumarate esters and E) Hemiacetal/acetal 

linkages. Source: From the author (2021) 
 
The phenyl glycoside and hemiacetal/acetal bonds are not well elucidated compared to 

the other types of linkages. (GIUMMARELLA; LAWOKO, 2016). The benzyl ether bond is 

present in two different forms: 1) the bond form between the α-position of lignin and the 

primary OH groups of glucose, galactose, mannose, and arabinose monomers; 2) that between 

the α-position of lignin and the secondary OH groups of sugar monomers, mainly with xylose 

(YOO et al., 2020; YOU et al., 2015). The benzyl ester bond is another important LCC bond 

that connects the lignin and the carbohydrates via the carbohydrates' uronic acid and the lignin's 

hydroxyl group (TARASOV; LEITCH; FATEHI, 2018). Many angiosperms, such as Graminea 

and Caryophyllales, contain esterified ferulic acid, and to some extent, p-coumaric structures 

covalently linked to carbohydrates. In grasses, the presence of feruloyl arabinoxylan provides 

a convenient and reliable tool for cross-linking polysaccharides (GIUMMARELLA et al., 

2019). 

Thus, further studies of LCC structure can help determine appropriate processes to break 

lignin-carbohydrate bonds and thereby individualize the lignocellulosic components of biomass 

in an effective and more cost-efficient manner (BALAKSHIN; CAPANEMA; BERLIN, 2014). 
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5.4 Cellulose nanofibrils 

Cellulose nanofibrils, also referred to in the literature as Microfibrillated Cellulose 

(MFC), Microfibrillar Cellulose (MFC), Nanofibrillated Cellulose (NFC), or even Cellulose 

Filaments (CF) (NECHYPORCHUK; BELGACEM; BRAS, 2016; RAJINIPRIYA et al., 2018) 

are the fibrillar units resulting from the linear combination of cellulose macromolecules, 

containing both amorphous and crystalline regions of cellulose, with the ability to form 

interwoven networks (GUIMARÃES JR et al. 2015). They were successfully isolated in the 

laboratory for the first time by (TURBAK; SNYDER; SANDBERG, 1983). 

Cellulose nanofibrils have a considerable length to diameter ratio (Aspect Ratio) and 

higher mechanical properties, with tensile strength and modulus of elasticity estimated to be 

around 100-140 MPa and 12-21 GPa, respectively (GUIMARÃES et al., 2015a; ROL et al., 

2017). 

For having a large aspect ratio, large specific surface area with reactive hydroxyl groups, 

and the possibility of obtaining them from natural sources and agro-industrial residues, 

cellulose nanofibrils have been attracting attention of researchers and industrial sectors all over 

the world (JONOOBI et al. 2015; SOUZA, 2010), is seen as exciting material for several 

applications (HENRIKSSON et al. 2007; SIRÓ; PLACKETT, 2010; SYVERUD et al. 2011). 

More recently, studies on the production and application of CNFs have gained significant 

prominence. For example, they can be applied as a reinforcing agent to improve mechanical 

and barrier properties (GUIMARÃES JUNIOR; TEIXEIRA; TONOLI, 2018; KLEMM et al., 

2011), in the paper industry (MIRMEHDI et al., 2018), biomedical and pharmaceutical products 

(JORFI; FOSTER, 2015), cementitious composites (FONSECA et al., 2016) and electronic 

devices (ARANTES et al., 2017). In addition, it provides a wide variety of possible surface 

functionalizations (MISSOUM; BELGACEM; BRAS, 2013). 

As previously mentioned, NFCs can be obtained from different natural sources, which 

is a great advantage compared to other materials. Furthermore, the characteristics of the 

nanofibrils vary according to the fiber source, being able to adapt the species and the production 

method according to the desired use. Several papers in the literature report the production of 

CNFs from wood (BUFALINO et al., 2014, 2015a; GUIMARÃES et al., 2015a, 2015b; 

SCATOLINO et al., 2017a, 2017b) and non-timber resources such as bagasse and rice straw 

(HASSAN et al., 2014), hemp stem (KLEMM et al., 2011; PANTHAPULAKKAL; SAIN, 

2013), banana racks (ZULUAGA et al., 2009), bamboo (GUIMARÃES et al., 2015a), Aloe 

vera (CHENG et al., 2014), sisal and abaca leaves (ALILA et al., 2013), curauá (CAMPOS et 

al., 2013), cocoa industry waste (SOUZA et al., 2019), açaí industry waste (BRAGA et al., 
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2021), and oat straw (LAGO, R. C., DE OLIVEIRA A. L., DIAS, M. C., DE CARVALHO, E. 

E. N., TONOLI, G. H. D., BARROS VILAS BOAS, 2020). 

Chemical or mechanical processes can be applied to obtain cellulose nanofibrils, where 

in the first, there is partial hydrolysis, initially of the amorphous region of the cellulose to obtain 

the nanocrystals (or whiskers). In the second, there is the deconstruction of the cell wall 

structure that generates smaller structures that contain crystalline and amorphous regions.  

Mechanical methods for obtaining nanofibrils cited in the literature are: (1) by shearing, 

usually performed using a stone mill (SYVERUD et al. 2011); (2) high-pressure homogenizer 

(DAVOUDPOUR et al. 2015), (3) microfluidizer (SIQUEIRA et al. 2011), (4) mechanical 

stirring (CHERIAN et al. 2008); (5) cryo crushing (low-temperature maceration) 

(CHAKRABORTY et al. 2005) and more recently by a (6) twin-screw extruder (BANVILLET 

et al., 2021a; ESPINOSA et al., 2020; ROL et al., 2017). 

The mechanical methods are the most used to produce nanofibrils, but they demand a 

high energy cost (ABDUL KHALIL et al. 2014; JOSSET et al. 2014; SAITO et al. 2006).  

According to Siró e Plackett (2010), it was not uncommon that energy consumption 

values of mechanical nanofibrillation reached figures around 20,000-30,000 kW.h/ton, which 

impeded for a long time the production of CNFs on an industrial scale. Several pretreatments 

have been proposed for lignocellulosic biomass to reduce energy consumption and enable the 

industrial production of CNFs. Chemical or enzymatic pre-treatments can reduce energy 

consumption to values around 1,000 kWh/ton of cellulosic fiber (SIRÓ; PLACKETT, 2010). 

Many studies have proposed pre-treatments to reduce energy consumption during the 

production of nanofibrils, among which we can highlight the enzymatic pre-treatments 

(ARANTES et al., 2020; BANVILLET et al., 2021a), which are less aggressive to the structure 

of the nanofibrils and are also environmentally friendly, as they do not produce toxic residues. 

5.5 Pre-treatment of lignocellulosic biomass 

There are different pre-treatment possibilities, such as physical, chemical, biological, 

and/or their combinations. However, the primary objective of any pretreatment is to promote 

the breakdown of cellulose, hemicellulose, and lignin so that these polymers are converted into 

smaller fragments with greater specific surface area, thus facilitating and increasing the yield 

to obtain different by-products from cellulose. 

Chemical and enzymatic pretreatments have been used to weaken the structure of 

cellulose fibers and facilitate nanofibrillation, reducing energy consumption and creating CNFs 

with functional groups. Many pretreatment methods have been reported in the literature, which 
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can be divided into three categories: (1) chemical modifications, which alter the fibers, (2) 

enzymatic method that cuts the fibers, and (3) other types of pretreatment (ROL et al., 2019). 

Below, two types of lignocellulosic biomass pretreatments that were explored in this 

work will be described: 

5.5.1 Alkaline pre-treatments 

Alkaline pretreatments are generally carried out at ambient temperature and pressure. 

The most used alkalis are the hydroxyl derivatives of sodium, potassium, calcium, and 

ammonium salts. Among these hydroxyl derivatives, sodium hydroxide (NaOH) is considered 

the most effective (KUMAR; SHARMA, 2017; KUMAR; WYMAN, 2009).  

The first work that investigated the influence of a pre-treatment using NaOH to cause 

swelling of the fibers in order to facilitate nanofibrillation of cellulosic fibers was by Abe, 

(2016). In this paper, the author analyzed the use of NaOH solutions to facilitate nanofibrillation 

of ball mill dried pulps. Ball milling in 8% NaOH loosened the hydrogen bonds between 

microfibrils of and produced cellulose nanofibrils with a uniform diameter of approximately 

12-20 nm. 

16% NaOH solution was also evaluated and although it also increased nanofibrillation, 

the shape of the original microfibrils disappeared after neutralization, and an integrated, 

continuous network formed by the interdigitation of cellulose nanofibers was observed. 

Alkaline reagents degrade ester side chains and glycosides, leading to structural 

modification of lignin, swelling of cellulose, decrystallization of cellulose, and solvation of 

hemicellulose (ABE, 2016; CHENG et al., 2010; IBRAHIM et al., 2011; SILLS; GOSSETT, 

2011). 

Lee et al., (2018) demonstrated that cellulose nanofibrils produced after pretreatment 

with low concentration NaOH (2%) showed enhanced thermal stability with a dispersing agent 

(carboxymethylcellulose) at low temperature. They showed average onset and maximum 

thermal decomposition temperatures of 305°C and 343°C, respectively, higher than those of 

control NFCs (283°C and 310°C). 

Dias and collaborators (2019) showed that pretreatment with 5% NaOH solution for two 

hours at 80°C leads to partial removal of hemicellulose (Figure 9), where up to a range between 

9-12% facilitates obtaining Eucalyptus cellulose nanofibrils representing a 38% energy saving. 
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Figure 9. Illustration of NaOH acting on the cellulosic fiber and removing sugars (hemicellulose). 

 
Source: From the author (2021). 

5.5.2 Enzymatic pre-treatments 

The use of enzymes in cellulose treatment has been reported as a way to optimize 

bioethanol production (SHOKRKAR; EBRAHIMI; ZAMANI, 2018; SINGHANIA et al., 

2013; VASIĆ; KNEZ; LEITGEB, 2021) in addition to facilitating the mechanical refining of 

cellulose pulps (CUI; MEDDEB-MOUELHI, 2015; GIL et al., 2009; TORRES et al., 2012) 

The first studies on enzymatic pre-treatments to facilitate the obtainment of cellulose nanofibrils 

were developed in 2007 by (HENRIKSSON et al., 2007; PÄÄKKO et al., 2007) and since then, 

this pretreatment method has become more and more established in the industry due to its ease 

and efficiency (ARANTES et al., 2020). 

In the enzymatic breakdown of cellulose molecules, there are two main classes of 

enzymes concerning their mechanism of action on the fiber structure: (1) Exoglucanases or 

cellobiohydrolases, which act by cleaving the ends of the cellulose chain, and (2) 

Endoglucanases, which cleave the inner part of the chain. These enzymes first reduce the 

cellulose into cellobioses and subsequently hydrolyze them into glycosides (ARANTES et al., 

2020), as illustrated in Figure 7. 
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Figure 10. Mechanisms of action of enzymes that act on cellulose. 

 

Source: From the author (2021). 

The enzymatic hydrolysis of cellulose is a process that requires physical contact 

between the glycosidic hydrolases and their substrates, which can be obstructed by lignin in 

several ways (SIPPONEN et al., 2017). In unbleached pulps, insoluble lignin may block the 

access of enzymes to carbohydrate surfaces or may irreversibly bind enzymes and prevent the 

access of enzymes to their substrate. The fate of the catalytic activity of the adsorbed cellulases 

is under debate since there are reports of lignin-bound cellulases retaining most of the activity 

(RODRIGUES et al., 2012). Thus, making it a challenge to develop new pretreatments that 

attack the other compounds to make cellulose isolation more effective. 

More recently, several new enzymes have been tested, such as hemicellulases, lytic 

polysaccharide monooxygenases (LPMO), and laccases. These enzymes do not directly 

hydrolyze cellulose fibers but instead improve the accessibility of cellulose to cellulase and, in 

doing so, improve fibrillation (ROL et al., 2019). 

Laccase enzymes have emerged as important biotechnological catalysts because of their 

environmentally friendly nature and mild working conditions. They are multi-copper enzymes 

capable of catalyzing the direct oxidation of a wide range of aromatic compounds, such as lignin 

monomers, generating reactive radicals, using molecular oxygen as the oxidant (GARCIA-
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UBASART et al., 2012; NLANDU et al., 2020). Figure 11 illustrates the mechanism of action 

of the enzyme laccase in plant biomass, acting mainly on lignin. 

Figure 11. Mechanism of action of the enzyme laccase in plant biomass. 

 

Source: From the author (2021). 

In bioethanol production, pretreatment with a laccase mediator system has been applied 

to remove inhibitory compounds in saccharification. In paper production, the use of laccases 

between steam explosion and kraft pulping increases the delignification rate, even when applied 

to substrates with high lignin content (MARTIN-SAMPEDRO et al., 2011). The catalytic 

degradation of lignin has always been a challenge. However, Steinmetz et al., (2020) have 

demonstrated in their study the potential of laccase as a depolymerizing agent for lignin in a 

semi-continuous depolymerization process under mild conditions (aqueous medium near room 

temperature), helping to improve knowledge of biological catalyst work for the production of 

high-value aromatic compounds. 

Given the above, using the enzyme laccase as a pre-stage before pretreatment of 

cellulose with cellulase enzymes may be a viable alternative to increase the yield and quality 

of cellulose nanofibrils that contain high lignin contents in their composition. 
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6. CHAPTER I: CONCLUDING REMARKS 

In this chapter, the motivation for the development of this work was presented, and a 

literature review was also provided with important information for the reader's immersion and 

a better understanding of the topics covered, as well as to ensure the scientific basis of this 

study. 

It has been seen that lignocellulosic biomass is formed by a complex and well-defined 

structure, known as cell wall, where carbohydrates are closely linked with lignin by a complex 

of chemical bonds in the fiber structure. Which ultimately affects the accessibility of cellulose 

to the attack of chemical and/or biological agents, enzymes, or mechanical agents, making it 

difficult to isolate and deconstruct the fibers into smaller structures. 

The study of the topics covered in the review served as a basis for defining the 

experiments adopted in this research. Overcoming the natural recalcitrance of biomass is still a 

challenge to cheapen the production of cellulose nanofibrils, and that pretreatments of biomass 

have been developed and applied for different purposes. It became clear the need to verify the 

association of fiber components in its recalcitrance and its response to pre-treatments and their 

effects on energy consumption for mechanical nanofibrillation.  

This work is expected to contribute by understanding how the morphological structure 

and chemical composition of different plant fibers influence their deconstruction in different 

pre-treatments. Thus, seeking to indicate more efficient pre-treatments according to the raw 

materials characteristics and to achieve energy efficiency for the large-scale production of 

cellulose nanofibrils for the most diverse applications.
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Abstract: This study aimed to evaluate the properties of cellulose nanofibers (CNFs) with different 
hemicellulose contents and cellulose II polymorphs. A link was found between these polysaccharides and 
the properties of CNFs. A decrease in crystallinity (from 69 to 63%) and changes in the crystalline structure 
of cellulose subjected to an alkaline environment were observed, promoting the partial conversion of 
cellulose I to cellulose II (from 2 to 42%) and preventing CNF production at NaOH concentrations higher 
than 5%. Most treatments showed pseudoplastic fluid behavior, except for the 10% NaOH treatment over 2 
hours, which showed Newtonian fluid behavior. The quality index of the reference CNF (TEMPO-oxidized) 
was the highest (80 ± 3), followed by that of the 5% NaOH-treated (68 ± 3 and 22% energy savings compared 
to the untreated sample), and the untreated (63 ± 3) samples; and the 10% NaOH treatments had quality 
indices of 51 ± 3 and 32 ± 1, respectively. 
 
Keywords: Cellulose nanofibers; Cellulose polymorphs; Nanocellulose; Polyose; Shear rheology. 

 
1. Introduction 

In recent years, there has been growing interest the production and application of cellulose 

nanofibers (CNFs). CNFs are usually obtained from fibers that have native cellulose polymorphs, known 

as cellulose I. There are three other types of cellulose polymorphs, cellulose II, III, and IV. Cellulose I 

and II are the most studied and most commonly used in industrial applications. Some works in the 
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literature report that the conversion of cellulose I to cellulose II hinders the nanofibrillation process 

[1,2]. 

Cellulose II can be obtained from native cellulose by mercerization and regeneration processes 

because it has a more stable structure. However, crystalline structure conversion through these processes 

results in materials with inferior mechanical properties  [2]. 

One of the essential characteristics of nanocellulose-based materials is their complex rheology. 

Because of this characteristic, processing is challenging, especially finding the most suitable application 

according to its produced characteristics, which can vary [3] due to the source of the materials and the 

method by which the materials were obtained. The deformation of these suspensions at different shear 

rates is essential in various potential applications [3]. 

The rheology of an aqueous suspension of nanocellulose is influenced by hydrogen bonding 

between nanofibrils and water molecules [4], which is directly related to the efficiency and quality of 

nanofibrillation, where suspensions with high nanocellulose content have a gel-like appearance and 

consequently a higher viscosity. In comparison, less nanofibrillated materials have a more aqueous 

appearance and a lower viscosity. The viscosity of nanocellulose materials is an important factor that 

must be optimized to be low enough to enable the material’s processing and high enough to improve the 

dispersion [5]. 

The morphological and chemical composition of the raw material affects the rheological and 

mechanical properties of the obtained cellulose nanomaterial and the quality of the final product [6–8]. 

The number of studies regarding CNF production and applications has increased progressively; 

hence, it is essential to extend the knowledge of its behavior and the relations between its chemical 

composition and the performance of derived materials. Therefore, this study aimed to evaluate the 

effects of the modifications on the properties of eucalyptus CNFs, especially the rheology of those 

containing different hemicellulose levels and cellulose I/cellulose II polymorph ratios. 

2. Experimental 

2.1 Materials 

Once-dried BHKP (Bleached eucalyptus kraft pulp) donated by Klabin S.A. (Paraná/Brazil), 

was used throughout this work. All the materials and chemicals were used as received from the 
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manufacturers: deionized water; sodium hydroxide (NaOH) (ACS reagent, ≥98%, Sigma–Aldrich, 

Brazil); TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy free radical - C9H18NO) (ACS reagent, ≥98%, 

Alfa Aesar, Germany); hydrochloric acid (HCl) (ACS reagent, 37%, Neon, Brazil); sodium bromide 

(NaBr) (ACS reagent, 99%, Synth, Brazil); sodium hypochlorite (NaClO) (ACS reagent, ≥10%, 

Dinâmica, Brazil); absolute ethyl alcohol (C2H6O) (ACS reagent, 99%, Sigma–Aldrich, Brazil); 0.5 M 

cupriethylenediamine solution (ACS reagent, Dinâmica, Brazil) and sulfuric acid (H2SO4) (ACS 

reagent, 99%, Sigma–Aldrich, Brazil). 

2.2 Alkaline treatment of cellulose kraft pulp 

The alkaline treatment was performed under different concentration conditions and reaction 

times to achieve fibers with different hemicellulose contents. This step was carried out according to Dias 

et al. (2019)[9]. The pulp was treated with 5 and 10 wt% aqueous NaOH solution at 80 °C for 1 and 2 h 

under continuous stirring (800 rpm). After treatment, the fibers were filtered and repeatedly washed with 

deionized water until the pH reached neutrality. They were then dried in an air-circulating oven at 50 

°C for 24 h. 

2.3 TEMPO-mediated oxidation treatment of cellulose kraft pulp 

This treatment was also performed as a quality reference to compare the CNF properties 

obtained after the alkaline treatments. This step was based on the methodology of Fukuzumi et al. 

(2009)[10]. The fibers (1 g) were suspended in water (40 mL) containing TEMPO (0.016 g) and sodium 

bromide (0.1 g). The NaClO solution (10 mmol) was added to the slurry, and the mixture was stirred at 

room temperature for three hours, and a pH of 10 was maintained by adding drops of 0.5 M NaOH. 

Afterward, 100 mL of ethanol was added to quench the reaction, and the system pH was corrected to 7 

by the addition of drops of 0.5 M hydrochloric acid (HCl). 

2.4 Monosaccharide’s quantification 

Monosaccharides (glucan, xylan, mannan and galactan) were determined after acid hydrolysis. 

The samples were hydrolyzed by adding 50 mg of fibers to 0.5 mL of 72 wt% sulfuric acid. The mixture 

was heated in a water bath at 30 °C for 1 h and then diluted to 4 wt% sulfuric acid concentrations with 

deionized water. The diluted mixture was then heated at 105 °C for 150 min before cooling on ice. An 

ion chromatography system (Dionex ICS 5000, USA) with a Dionex CarboPac PA1 column at 25 °C 
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with a flow rate of 1 mL min-1 of MQ-water. The detector sensitivity was optimized by post column 

addition of 200 mM NaOH at a flow rate of 0.5 mL min-1 to perform the analysis. 

2.5 Cellulose nanofibers (CNF) production 

Eucalyptus cellulose fibers were immersed in distilled water at 2 wt% consistency for three days 

to guarantee fiber swelling. Then, they were nanofibrillated by passing the pulp through an ultrafine 

grinder Supermasscolloider (model MKCA6-2, stone model MKGA6-80, Masuko Sangyo Co., Ltd., 

Japan). The stone speed was fixed at 1,500 rpm [9]. Five passes through the equipment were necessary 

to obtain cellulose nanofibers. 

2.6 Turbidity, visual inspection, and stability of the suspensions 
 

The turbidity, measured in Nephelometric Turbidity Units (NTU), of the CNF suspensions was 

measured with a portable turbidimeter (Aqualytic, AL-250, wavelength 860 nm) on a CNF suspension 

that was diluted to 0.1 wt% and stirred for 1 min with Ultra Turrax (IKA T-25) at 10,000 rpm. The 

suspensions were placed in the test locations for photo acquisition. Images were acquired at 0, 10, 30 

min and 1, 2, 3, 4, 5, 6, 7, 8, and 24 h. Fiji software was used to estimate the CNF decantation in the 

suspensions, and then stability was calculated according to Eq. 1 proposed by Silva et al. (2021)[11]: 

Stability= ൬ 
Dispersed

Total
൰ ×100%                                                                                                   (1) 

where “Dispersed” is the height corresponding to suspended particles, and “Total” is the height of all 

the liquid in the recipient location. 

2.6 Micro size area (µm²) 

The CNF suspensions were characterized using a light microscope (Zeiss Axio AX10, 

Germany). The suspensions were previously diluted to 0.1 wt%, stirred for 1 min with Ultra Turrax 

(IKA T-25) at 10,000 rpm, and sonicated for 5 min in an ultrasonic bath to obtain a better dispersion. 

Photographs were taken at 10x magnification and analyzed using Fiji software. The microsized area was 

obtained by following the methodology described elsewhere [12]. 

2.7 Transmission Electron Microscopy (TEM) 

The morphology of the CNFs was investigated using a Tecnai G2-12 (FEI company, USA) 

instrument with an accelerated voltage of 80 kV. Sample preparation and TEM configurations followed 
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recommendations described elsewhere [24]. Diameter measurements of CNFs were performed for at 

least 300 individual structures per image using Fiji software. 

2.8 X-ray diffraction (XRD) 

XRD analyses were performed using a PANalytical X'Pert PRO MPD X-ray diffractometer 

(Malvern Panalytical, UK) equipped with an X’celerator detector with a Cu-Kα source (λ = 1.5406 Å) 

in the 2θ range of 10-40°. A step rate of 0.066° was used. The equipment was operated at a tension of 

45 kV and a current of 40 mA. 

The theoretical coordinates of native cellulose Iβ (full width at half maximum (FWHM) = 0.1) 

and cellulose II (FWHM = 0.1) were extracted from crystallography information data (.cif) using the 

software Mercury 2020.2.0 (CCDC, UK) obtained from the Supplementary Information accompanying 

the original work Nishiyama et al. (2002)[13]. 

The patterns were deconvoluted using the Gaussian function with Magic Plot 2.9 (Magicplot 

Systems, Russia). For the amorphous halo, the cellulose II pattern with full width at half 

maximum (FWHM = 9), only varying its intensity, was used, as suggested in the literature [14]. 

After deconvolution, the crystalline fraction (CF) was calculated from the ratio between the area below 

all the crystalline peaks and the total area below the curve, determined after deconvolution from Eq. 2: 

CF(%)=
∑ AreaCrystalline Peaks

∑ AreaCrystalline Peaks+ AreaAmorphous Halo
 × 100                                                                   (2) 

For each NaOH-treated sample, the cellulose I (CI) and cellulose II (CII) contents were 

determined. From the sum of the peak area of the same crystal system (∑area for cellulose I and ∑area 

for cellulose II), the CI and CII percentages were calculated using Eq. 3 and 4, which were proposed in 

a study by Oudiani et al. (2011)[15]. 

CI(%)=
∑ AreaCI

∑ AreaCI+ AreaCII
 ×100                                                                                                 (3) 

CII(%)=
∑ AreaCII

∑ AreaCI+ AreaCII
 ×100                                                                                               (4) 

The crystallite size (CS) of the (200) plane peak was calculated according to Scherrer’s equation 

(Eq. 5): 
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D= 
K × λ

β ×cosθ
                                                                                                                                 (5) 

where D is crystallite size (Å), K (0.9) is a constant that refers to crystal shape, λ is the 

wavelength of the ray used (copper), β is the FWHM of the peak, in radians, and θ is Bragg’s angle of 

(200) plane diffraction. 

2.9 Rheological behavior 

The rheological behavior of CNF suspensions at a 1% wt concentration at 25 °C was studied on 

a HAAKE ReoStress 6000 (Thermo Scientific, Karlsruhe, Germany) rheometer coupled to a HAAKE 

A10 (Thermo Scientific) thermostatic bath and a universal temperature control system HAAKE UTM 

Controller (Thermo Scientific brand, Karlsruhe, Germany) using a CC25 DIN Ti concentric cylinder 

sensor (D = 25.0 mm; Gap = 5.3 mm). The Newton law (Eq. 6), Power-law (Eq. 7), and Herschel-

Bulkley (Eq. 8) models were adjusted to the data of the second increasing curve to determine the fluid 

flow profile and obtain the viscosity. The adjustment of the models was performed by the Statistical 

Analysis System 9.1.2 statistical package (SAS Institute Inc, USA) using three repetitions: 

τ = µ × γ                                                                                                                                       (6) 

where τ is the shear stress in (Pa), µ is the dynamic viscosity (Pa.s), and γ is the shear rate (s-1). 

τ = K × γ˙n                                                                                                                                  (7) 

where τ is the shear stress in (Pa), K is the consistency index (Pa sn), γ˙ is the deformation rate (s-1), and 

n is the flow behavior index (dimensionless). 

τ = τ଴ + K × γ˙η                                                                                                                          (8) 

where τ is the shear stress in (Pa), τ0 is the yield stress in (Pa), K is the consistency index (Pa sn), γ˙ is 

the deformation rate (s-1), and n is the flow behavior index (dimensionless). 

The apparent viscosity values were evaluated at a shear rate of 100 s−1, which, according to 

Souza et al. (2019)[16], corresponds to a deformation commonly suffered by fluids in industrial pipes 

due to processes such as pumping and agitation. 

2.10 CNF films casting 

Films were formed by casting, in which 60 mL of samples (1 wt%) was sonicated (Sonifier 

model QR500, Ecosonics, Brazil) at 40% power of the ultrasound for homogenization and later poured 
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onto 15 cm diameter acrylic Petri dishes. The samples were kept in an acclimatized room at 23 ± 2 °C 

and a relative humidity of 50% until water evaporation. CNF films were formed after approximately 

seven days under those conditions. 

2.11 Transparency at 550 nm (%) 

The transmittance of the CNF films was measured at a wavelength of 550 nm using a UV 

spectrophotometer (SP 2000 UV, Bel photonics, Italy) in photometric mode. For each sample, five 

measurements were performed for samples from at least three different films. The transparency (T550) 

of the film samples was calculated according to Eq. 9 adapted from the work of Sothornvit et al. 

(2010)[17]: 

T550= 
(log%T)

b
                                                                                                                          (9) 

where %T is the percent transmittance and b is the film thickness (mm). 

2.12 Mechanical properties of CNF films 

The tensile properties were measured with a tensile testing machine (Instron 3365, USA) 

equipped with a load cell of 5 kN capacity. The films with nominal dimensions of 100 mm x 15 mm 

were pulled at a speed of approximately 5 mm/min, starting with an initial separation of 50 mm between 

clamping jaws. The tensile properties of the samples were determined based on the ASTM Standard 

Method D 882–12. To measure the film thickness, a digital rapid advance micrometer (0–30 mm) with 

a resolution of 0.001 mm was used, and ten random measurements were made for each specimen. Six 

replicates of each film were tested. 

2.13 Simplified quality index (*Q.I.) 

Distinct CNFs were evaluated according to the simplified quality index (*Q.I.) adapted from the 

work of Desmaisons et al. (2017)[12]. In contrast with the original quality index, this adapted simplified 

version is based on four parameters (turbidity, transparency at 550 nm, Young’s modulus, and area of 

microparticles), which are considered and used for the *Q.I. calculation according to the Eq. 10: 

∗ Q. I. = (3 ×  turbidity mark) + (3 × transparency mark) + (3 ×  Youngᇱs modulus mark)

+ (1 × micro size mark)                         (10) 
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where the marks are calculated from the raw measured values as indicated in the original publication. 

The resulting Eq. 11 including the raw test values was therefore: 

∗ Q. I. = 0.3Xଵ + 4.95 ln(Xଶ) − 0. 108 × Xଷ
ଶ + 3.81 × Xଷ − 2.67 ln(Xସ) + 53.91                 (11) 

where X1 is the turbidity (NTU), X2 is the transparency (%), X3 is Young’s modulus (GPa), and X4 is 

the micro size area (µm²). 

2.14 Statical analysis 

Quantitative analyses that required repetition were submitted to statistical validation. Tukey’s 

test at 95% significance was applied to investigate whether the averages were significantly different 

from those of the untreated sample. Statistical analyses were performed using the free software SISVAR 

version 5.6. 

3. Results and discussion 

To better communicate the results and facilitate the reading of the text, Table S1 summarizes 

each treatment carried out in this study, the materials and their respective identification codes. 

3.1 Hemicellulose quantification 

Table 1 gives the chemical composition of the eucalyptus fibers before and after the TEMPO 

and alkaline treatments. All treatments involved removing the hemicellulose from the pulp, although the 

alkaline treatment was more efficient than the TEMPO treatment. 

Table 1: Average and standard deviation of the cellulose and hemicellulose contents of Eucalyptus fibers (F) 
before and after TEMPO and alkaline treatments. * Different letters in the same column indicate significant (ρ ≤ 
0.05) differences between the samples for Tukey’s test. ND = Not detected. 

Samples Cellulose (%) Xylan (%) 
Mannan 

(%) 
Galactan 

(%) 
Total 

hemicellulose 
(%) 

Untreated_F 83.52 ± 0.44c 16.14 ± 0.20a 0.10 ± 0.14a 0.04 ± 0.06a 16.28 ± 0.40a 

TOF 84.83 ± 0.45c 14.85 ± 0.01b 0.22 ± 0.30a ND 15.17 ± 0.45b 

Na5_2_F 89.82 ± 0.77b 9.84 ± 0.52c 0.11 ± 0.16a 0.03 ± 0.04a 9.98 ± 0.72c 

Na10_1_F 95.77 ± 1.35a 4.06 ± 0.26d ND ND 4.06 ± 0.26d 

Na10_2_F 96.58 ± 1.13a 3.30 ± 0.11e ND ND 3.30 ± 0.11e 

 

The hemicellulose content decreased from 16.28 ± 0.39 in Untreated_F to 3.30 ± 0.11 in 

Na10_2_F. Higher NaOH concentrations and longer reaction times led to lower hemicellulose contents. 

Xylan was the major hemicellulosic compound in the fibers, despite treatment. Mannan and galactan 
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were also found in the hemicellulosic fraction, but at extremely low proportions, lower than 0.22%. In 

fact, neither was detected in Na10_1_F and Na10_2_F, and galactan was not found in TOF. Hardwood 

pulp fibers such as those from Eucalyptus contain xylan, which is mainly located on the fiber surface. 

The relative xylan content is higher than that in the corresponding inner layers after the kraft cooking 

process [18], where chemical attack is most efficient, which explains the effect of the treatments. 

Hemicellulose presents a higher affinity for water than cellulose. Reducing the xylan content in 

the CNFs modifies the rheological behavior of the suspension, resulting in a weaker gel structure [19], 

which may affect the nanofibrillation efficiency. 

3.2 Turbidity, visual inspection, and stability of the CNF suspensions 

As expected, TOCNF showed the lowest turbidity (83 ± 5 NTU). The Na5_2_N treatment 

promoted less turbidity (359 ± 4 NTU) than the Untreated_N treatment (377 ± 3 NTU), suggesting that 

treatment with a solution of 5% NaOH can increase the degree of nanofibrillation of the material, while 

Na10_1_N and Na10_2_N showed the highest values (706 ± 8 and 912 ± 1 NTU, respectively), 

indicating less nanofibrillation and aggregation of these CNFs. The turbidity is linked to the material's 

size; if the suspension is only composed of nanoscale materials, the turbidity value is close to zero. 

However, the presence of non-nanofibrillated material in the suspension tends to increase the turbidity. 

These results demonstrate the importance of maintaining certain hemicellulose levels to avoid 

coalescence between the cellulose micro/nanofibrils. 

The sedimentation analysis and the percentage stability over time allowed evaluation of the 

general stability of the aqueous CNF suspensions (Fig. 1). 
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Fig. 1. A) Dispersion states of the 0.1 wt.% CNF suspensions at 0, 10, 30 min, 1, 2, 3, 4, 5, 6, 7, 8, and 24 h. 
Influence of time on CNF suspension stability in water. 

 

TOCNF showed the most stable behavior (97% after 24 h compared to 74% Untreated_N) 

among all the samples, corroborating the previous results. Nanoscale cellulose particles are stable due 

to Brownian motion, which maintains the suspended particles through the interaction of repelling forces, 

according to Silva et al. (2021)[20]. 

The sedimentation results show a tendency of NaOH to strongly affect the stability of the 

suspension. After 24 h, the CNF Na5_2_N showed a stability of approximately 62%, followed by 

Na10_1_N and Na10_2_N with 38% and 22% stability, respectively. The stability decrease may be 

related to two factors: (i) the removal of hemicellulose with the increase in alkali concentration and (ii) 

partial conversion of cellulose I to cellulose II. Hemicellulose acts as an inhibitor of cellulose 

coalescence. Therefore, as the removal of hemicellulose increases, the cellulose fibrils tend to 

agglomerate more, consequently decreasing the suspension stability. 

During alkali treatment, cellulose microfibrils agglomerate via interdigitation. According to Lee 

et al. (2018)[21], the polarities of the cellulose II nanofibrils are the opposites of those of the adjacent 

nanofibrils; thus, neighboring nanofibrils intermingle into irregular aggregates. 

3.3 CNF morphology 

Fig. 2 shows the CNF networks of Untreated_N (Fig. 2a), TOCNF (Fig. 2b), Na5_2_N (Fig. 

2c), Na10_1_N (Fig. 2d) and Na10_2_N (Fig. 2e). 
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Fig. 2. Typical transmission electron microscopy (TEM) and diameter distribution of CNFs and images from (A 
and F) Untreated_N; (B and G) TOCNF; (C and H) Na5_2_N; (D and H) Na10_1_N; and (E and J) Na10_2_N. 
The green arrows indicate more individualized CNFs, while purple arrows indicate more electrodense regions and 
consequently less individualized CNFs. 
 

Note that as expected, TOCNF produced more individualized CNFs (indicated by green arrows) 

with smaller diameters (26 ± 20 nm), followed by Na5_2_N with an average diameter of approximately 

34 ± 22 nm, while Untreated_N led to CNFs with an average diameter of approximately 45 ± 23 nm. 

Na10_1_N showed nanofibril structures with an average diameter of 77 ± 48 nm, and Na10_2_N showed 

structures with an average diameter greater than 100 nm (approximately 194 ± 171 nm). These results 

are associated with the results obtained in the turbidity analysis, in which the treatments with smaller 

diameters were also those with lower turbidity values (Table 2). 

With the excessive decrease in the hemicellulose content before the CNF is obtained (Figs. 2d 

and 2e), the products have larger diameters, indicating less fibril individualization, evidencing, once 

again, the role of these noncellulosic polysaccharides as regulators of the morphological properties of 

the CNF. 

More intense alkaline treatments led to a higher degradation of hemicellulose (xylan) from the 

fiber structure, forming aggregates of cellulose fibrils and affecting the CNF network structure (Figs. 2d 

and 2e). Furthermore, surface xylan played a significant role as an electrostatic stabilizer in the CNF 

dispersions by reducing the cohesion energy between the fibrils, whereas the removal of xylan 

drastically changed the CNF dispersion properties [22,23]. 
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Fig. 2 also shows the diameter distribution of CNFs produced under different conditions. With 

average diameters lower than 30 nm, which make the CNFs potentially useful as reinforcing agents in 

composites [24], the content of CNFs was approximately 33%, 72%, and 62% for Untreated_N, 

TOCNF, and Na5_2_N, respectively, and approximately 12% and 0% for Na10_1_N and Na10_2_N, 

respectively. These results indicate that the alkali-treated sample containing approximately 10% 

hemicellulose (Na5_2) was the only one that led to better nanofibrillation and individualization of the 

fibrils. This treatment presented more homogeneous nanofibrils, with 62% of the elements measured 

within the class of diameter of 15-30 nm, surpassing even the TOCNF treatment that presented 41% of 

the elements measured within the same class. Dias et al. (2019) stated that hemicellulose content in the 

range of approximately 9 to 12% facilitates cell wall deconstruction. 

TOCNF showed a slight reduction in hemicellulose content (from ~16% to ~15%), and it was 

the treatment with the best level of nanofibrillation. However, it is essential to note that, unlike other 

treatments, TEMPO-mediated oxidation promotes cellulose chemical modification through the selective 

oxidation of C6 hydroxyl groups by inserting carbonyl and aldehyde groups [10]. 

The darker regions in Figs 2d and 2e overlap, showing less individualization in these samples. 

The darker color (purple arrows) indicates a more electrodense region. The beam electrons cannot be 

transmitted in these regions, meaning that they are thicker than in Figs. 2a, 2b, and 2c. 

Figs. 2a (Untreated_N), 2b (TOCNF), and 2c (Na5_2_N) more prominently show that these 

samples had better-structured CNF networks (mainly in Figs. 2b and 2c) compared to the others. The 

more efficient the fibrils’ individualization was, the greater the surface area of the material, allowing it 

to have more sites available to bind with water molecules, contributing to its final gel consistency. As 

previously shown in the WRV analysis, the partial removal of xylan to a certain point facilitates the 

penetration of water molecules into the cellulose fibrils, improving the CNF network's swelling. 

According to Pääkkönen et al. (2016) [19], the swelling level has a considerable contribution to the gel 

network's quality, rheological behavior, and dewatering behavior of CNF suspensions. 

3.5 X-ray diffraction (XRD) 

Fig. 3 shows that samples Untreated_N and TOCNF present the typical parallel crystalline 

structure of cellulose Iβ with peaks at 2θ = 14.9°, 16.4°, 20.5°, 22.6 and 34.7°, corresponding to lattice 
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planes (1-10), (110), (102), (200) and (004), respectively [25]. Sample Na5_2_N presents all the 

mentioned peaks related to cellulose Iβ. However, a displacement of the peak at 2θ = 22.6° can be 

attributed to the beginning of the formation of an additional peak at 2θ = 22°. It corresponds to the lattice 

plane (020) of cellulose II, which may indicate the beginning of cellulose mercerization [15]. 

 

Fig. 3. Typical X-ray patterns of Eucalyptus CNF samples obtained from fiber pulps before and after TEMPO and 
alkaline treatments. Characteristic peaks and the associated lattice planes are indicated for Cellulose Iβ (black 
dashed lines) and Cellulose II (red dashed lines), respectively. An amorphous halo of cellulose II with an FWHM 
of 9 is used as a reference for crystalline fraction calculation. 
 

Fig. 3 also shows the partial conversion from native cellulose Iβ to cellulose II on fibers treated 

with an alkali concentration of 10% (Na10_1_N and Na10_2_N). The diffraction peaks observed at 2θ 

= 12.2°, 20.1° and 22.1° correspond to the (1-1 0), (110) and (020) lattice planes of cellulose II, 

respectively [25]. 

The crystalline fractions (CFs) were calculated using peak deconvolution and an area-based 

method because the amorphous component used in the Segal method is substantially influenced by the 
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overlap of crystalline peaks [14]. Table 2 shows the modifications that occurred in the samples after the 

respective treatments. A higher CF average was found in Untreated_N, followed by TOCNF and the 

alkaline treatments Na5_2_N, Na10_1_N and Na10_2_N. 

Table 2: Average and standard deviation values of the crystalline fraction (CF) and crystallite size (CS) for 
Eucalyptus CNFs produced under different conditions. Different letters in the same column indicate significant (ρ 
≤ 0.05) differences between the samples for Tukey’s test. 

Samples 
Crystalline 

fraction (CF%) 
Cellulose I 

(%) 
Cellulose II 

(%) 
Crystallite 

size (CS nm) 
Untreated_N 69 ± 1a 100 0 3.23 ± 0.02c 

TOCNF 67 ± 1a 100 0 3.63 ± 0.03a 

Na5_2_N 67 ± 1a 98 2 3.49 ± 0.04b 

Na10_1_N 63 ± 2b 73 23 2.78 ± 0.01d 

Na10_2_N 63 ± 1b 58 42 2.31 ± 0.01e 

 

All the treatments impacted the crystallinity of the cellulose. TEMPO-mediated oxidation 

preserved the native cellulose I structure of the sample. A slight (nonsignificant) decrease in TOCNF 

crystallinity was observed. This decrease in crystallinity may indicate that decrystallization of crystalline 

cellulose presumably occurred to some extent under oxidation [26]. 

The NaOH concentration also influenced the CF of the samples. As the NaOH concentration 

increased, CF decreased, probably due to the beginning of cellulose mercerization, inducing irreversible 

transformation of the native crystalline structure into cellulose II. According to Banvillet et al. (2021) 

[27], the formation of the cellulose II crystalline structure was globally less organized, leading to a 

decrease in crystallinity. 

In Na10_1_N and Na10_2_N, cellulose II formation with antiparallel chains (Fig. 3) resulted in 

a gradual decrease in the cellulose I crystalline regions to soda cellulose I crystallites (Table 3). Cellulose 

I with antiparallel chains could absorb more alkaline solution, and then it was converted into cellulose 

II [15]. Furthermore, the conversion to cellulose II by the alkaline solution made fibrillation more 

complicated because of the aggregation via the interdigitation of micro/nanofibrils in the fiber's 

secondary cell wall [1]. 

The untreated sample had a crystallite size of 3.23 ± 0.05 nm (Table 3). The following TEMPO 

treatment led to an increase in CS (3.63 ± 0.03 nm). The explanation for this increase is that during 

TEMPO-mediated oxidation, the intra- and intermolecular repulsion increases with the selective 
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oxidation of hydroxyl groups at C6, leading to an increase in crystallite size. TEMPO-mediated 

oxidation is known to insert negative charges to form strong electrostatic repulsion between cellulose 

chains in water [28]. 

Na5_2_N also led to an increase in the CS (3.49 ± 0.04 nm). This increase may be due to the 

rearrangement in the crystal orientation and formation of some interstitial coalescence during the 

conversion of the (200) plane to the (020) plane [29]. In contrast, Na10_1_N and Na10_2_N showed 

decreased CS, 2.78 ± 0.01 nm, and 2.31 ± 0.01 nm, respectively. The stronger alkali solution could 

penetrate the crystalline regions, resulting in a disorder in the fiber crystallites, leading to decreased 

sizes. 

3.6 Rheological behavior 

The rheological behavior of the Eucalyptus CNF suspensions was investigated at 25 °C. The 

curves of apparent viscosity as a function of shear rate are shown in Fig. 4. 

 
Fig. 4. Apparent viscosity vs. shear rate for the CNF suspensions under different conditions. 

In Table 3, Newton’s Law was adequately adjusted for Na10_2_N (R² ≥ 0.9544), while the 

Power law and Herschel-Bulkley models were adjusted for Untreated (R² ≥ 0.9963 and 0.9984, 

respectively), TOCNF (R² ≥ 0.9975 and 0.9983, respectively), Na5_2_N (R² ≥ 0.9941 and 0.9957, 

respectively) and Na10_1_N (R² ≥ 0.9883 and 0.9963, respectively). All the samples presented low 

square root mean square error (RMSE) values (≤ 0.17). 
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Table 3: Parameters of the Newton model for EUC10% 2H and power law and Herschel-Bulkley models for 
Untreated_N, TOCNF_N, Na5_2_N, and N10_1_N. 

Newton’s Law 

Sample µ Pr > t R² RMSE ηinitial (mPa.s) η100 (mPa.s) 

Na10_2_N 0.0024 <.0001 0.9544 0.05 6.0 ± 2 2.0 ± 0.1 

 
Power law 

Sample k (Pa.sn) n (-) Pr > t R² RMSE ηinitial (mPa.s) η100 (mPa.s) 

Untreated_N 2.08 0.34 <.0001 0.9963 0.17 1265 ± 26 99.0 ± 1.0 
TOCNF_N 11.65 0.26 <.0001 0.9975 0.11 4450 ± 131 307.0 ± 5.0 
Na5_2_N 1.01 0.34 <.0001 0.9941 0.10 635 ± 34 48.0 ± 0.7 

Na10_1_N 0.08 0.52 <.0001 0.9883 0.04 70 ± 4 8.0 ± 0.1 
 

Herschel-Bulkley 

Sample t k (Pa.sn) n (-) Pr > t R² RMSE ηinitial (mPa.s) η100 (mPa.s) 

Untreated_N 1.95 1.10 0.43 <.0001 0.9984 0.11 1265 ± 26 99.0 ± 1.0 

TOCNF_N 3.89 9.10 0.29 <.0001 0.9983 0.10 4450 ± 131 307.0 ± 5.0 

Na5_2_N 0.81 0.59 0.41 <.0001 0.9957 0.09 635 ± 34 48.0 ± 0.7 

Na10_1_N 0.24 0.02 0.73 <.0001 0.9963 0.02 70 ± 4 8.0 ± 0.1 

 

It was observed that the consistency index (K) was higher for TOCNF. A higher value of the 

(K) factor may indicate suspensions containing CNFs with a higher aspect ratio, which is expected for 

TEMPO-oxidized CNFs. The (K) and apparent viscosity seem to be strongly influenced by the 

hemicellulose content. It can be observed that the value decreases clearly from Untreated_N to Na5_2_N 

and almost reaches zero to Na10_1_N. According to Pääkkönen et al. (2016), hemicellulose (especially 

xylan) is responsible for linking a significant amount of water to the fiber/CNF structure, conferring 

higher viscosity to the suspensions, thereby increasing the (K) value. 

The morphology of the material (each fibril) may be related to the (K) value. Poor 

nanofibrillated material (Na10_1_N and Na10_2_N) containing particles with larger dimensions leads 

to a weak fiber network with lower stiffness, facilitating its breaking and ordering when subjected to 

shear, thereby decreasing the viscosity [16]. 

Untreated_N presented flow index values of 0.34 (Power law) and 0.43 (Herschel-Bukley), 

while TOCNF presented the lowest values (0.26 and 0.29 for Power Law and Herschel-Bulkley, 

respectively). Na5_2_N presented flow index values of 0.34 and 0.41 (Power Law and Herschel-
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Bulkley, respectively), and Na10_1_N presented (n) values of 0.52 and 0.73 (Power Law and Herschel-

Bulkley, respectively). 

The flow index (n) depends on the structural properties of the entire suspension (Koponen, 2019) 

and indicates the degree of non-Newtonian characteristics of the material. The values for all CNF 

samples (except Na10_2_N) in the Power law and Hershel-Bulkley models point to pseudoplastic fluid 

behavior, presenting values lower than 1. Similar behavior was reported by Naderi et al. (2014) [30] 

when investigating the viscosity of softwood pulp and reported by Souza et al. (2019) [16] when 

studying the rheological behavior of Pinus, Eucalyptus, and cocoa shell CNFs. The decrease in viscosity 

is characteristic of pseudoplastic fluids as the shear rate applied to the fluid increases (Fig. 4). This 

phenomenon is due to the state of order of the material present in the stable solution, which is disordered, 

and, as shear is applied, it starts to become organized, decreasing the viscosity. 

The (K) values can also be linked as an indicator of the viscosity of the suspension, while the 

(n) values can be related to the shear-thinning behavior of the suspension. Thus, highly viscous 

suspensions would yield larger (K) values, while (n) values would decrease as the suspensions become 

more thinning [31]. 

The rheology of nanocellulose suspensions is dependent on the structure, degree of dispersion, 

degree of nanofibrillation, and interactions between the nanocellulose and the solvent or matrix material 

[32]. The presence of a significant amount of surface hydroxyl groups makes them easily dispersed in 

water and provides fluids with shear-thinning rheology and thixotropy, even at low concentrations [33]. 

Rheological behavior characterization is essential for understanding nanocellulose applicability to the 

use of nanocellulose-containing products and processing issues related to coating, extrusion, molding, 

etc. [6]. 

Na10_2_N presented almost Newtonian flow, and the difference from the other treatments may 

be due to the low efficiency of nanofibrillation. Fig. 2 shows that there was no good deconstruction of 

the fiber cell wall in Na10_2_N, so there was no efficient individualization of nanoscale fibrils, leading 

to the absence of a gel-like aspect. Geng et al. (2018) [34] found that without reaching the gel-like point, 

the behavior of CNF suspensions is almost Newtonian. 
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The majoritarian presence of large particles may have contributed to this behavior, as observed 

by Marchessault et al. (1961) [35], who studied the viscosity of cellulose microcrystal suspensions and 

found that particle size influenced the rheological behavior of suspensions, showing Newtonian 

behavior. The low concentration (1%) of this suspension (Na10_2_N) also contributed to this behavior. 

Due to its gel-like behavior, CNFs can be applied in the paper industry as a coating layer on 

paper and paperboards. Coating processes such as bars and extrusion have the advantages of high 

flexibility, absence of adhesive, and low production cost compared to a laminated system [36]. 

The rheological behavior of the CNFs may be correlated to the efficiency of nanofibrillation and 

the morphology of the material, which explains the lower viscosity of the CNFs of Na10_2_N; they 

have more non-nanofibrillated fibers than other CNFs. This discrepancy may result in the lack of a web-

like network, which could facilitate breaking and ordering when the CNFs are exposed to shear force 

[16]. When nanofibrillation is effective, the surface area increases, and therefore, more interactions 

between fibril aggregates occur, leading to higher flow resistance of the suspension [37,38]. 

Two different types of behaviors can be observed in cellulose fiber suspensions: at lower shear 

rates, the pulp suspension is a Newtonian fluid, and at higher shear rates, pulp behavior is a non-

Newtonian fluid [39]. 

Fig. 5 shows the apparent viscosity of CNFs at 100 s-1 under different conditions as a function 

of hemicellulose content. When the hemicellulose content in the CNFs increased, the apparent viscosity 

also increased, demonstrating a direct correlation (R² = 0.9966) between these two parameters. The 

hemicellulose content of Na5_2_N decreased by approximately 39% compared with that of 

Untreated_N, and the apparent viscosity decreased by approximately 52% at a shear rate of 100 s-1. The 

hemicellulose content of Na10_1_N and Na10_2_N decreased by 75% and 80%, respectively, whereas 

the apparent viscosity at shear rate at 100 s-1 decreased 92% and 98%, respectively. 
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Fig. 5. The relationship between apparent viscosity and hemicellulose contents in the different CNFs after 
nanofibrillation. * EUC TEMPO was not considered in the correlation because, unlike the other fibers, it was a 
chemically modified fiber. Schematic representation showing how hemicellulose influences the separation of 
cellulose microfibrils. A) Representation of cellulose nanofibrils composed of crystalline and amorphous domains, 
both formed by ordered and disordered regions of cellulose chains; B) fibers with higher hemicellulose content 
being cut during nanofibrillation and being easily individualized; and C) nanofibrils from fibers with a low 
hemicellulose content are more difficult to individualize due to the coalescence between microfibrils. 
 

However, in TOCNF, substitution by aldehyde and carboxyl groups in C6 caused the nanofibrils 

to create strong electrostatic repulsions with each other, allowing a greater number of bonds with water 

molecules. This bonding resulted in a significant increase in the viscosity of the suspension (210%), 

despite the slight loss of hemicellulose (~7%) due to oxidation in an alkaline environment. 

Hemicellulose plays an essential role in the nanofibrillation of wood pulp because its presence 

impedes microfibril coalescence due to its ability to bind directly to cellulose microfibrils through 
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hydrogen bonds [40]. These results indicate that a higher hemicellulose content supports CNF 

individualization (as shown in Fig. 5) because of the increase in viscosity, implying the formation of a 

complex network of CNFs. In contrast to cellulose, which is more rigid than the other cell wall 

components, the behavior of hemicellulose is more plastic, and hemicellulose can be plasticized, 

reducing the cohesion forces between the microfibrils [41]. 

The viscosity of polymers and their solutions and suspensions is an essential transport property 

that involves their process and applications. The rheological behavior of Untreated_N, TOCNF, and 

Na5_2_N suspensions indicates that these can be applied in processes where viscosity is a determinant, 

such as coating on the paper surface. 

During the coating process, the viscosity of the paper coating is relatively low at high shear 

rates. After being transferred to the paper surface, CNFs in the coating form a highly viscous layer when 

the shear force ends [42]. Na10_1_N and Na10_2_N, due to their low viscosity, may be applied as 

reinforcement agents, where the viscosity is not a limiting factor. 

The viscosities of the Na10_1_N and Na10_2_N samples at a shear rate of 100 s-1 are extremely 

low (8 mPa.s and 2 mPa.s, respectively), indicating that they would not be effective as rheological 

modifiers in the present conditions. The WRV of these samples was also lower (3.41 g/g and 3.25 g/g, 

respectively), indicating that they have more free water in the suspension. This free water in greater 

quantities can harm the healing process of a cement system. 

3.7 Mechanical performance of the CNF films 

Table 4 shows the average and standard deviation values of the mechanical properties of 

different CNF films. 

Table 4: Average and standard deviation values of tensile strength, Young’s modulus, and elongation at break of 
the nanostructured films from CNFs under different conditions. *It was impossible to perform the test on EUC10% 
2H because it was not possible to form films for this treatment. Different letters in the same column indicate 
significant (ρ ≤ 0.05) differences between the samples for Tukey’s test. 

Samples 
Tensile strength 

(MPa) 
Young's modulus 

(GPa) 
Elongation at 

break (%) 
Untreated_N 41.5 ± 5.5b 3.8 ± 0.8bc 1.8 ± 0.4a 

TOCNF 54.5 ± 5.5a 8.5 ± 0.9a 1.2 ± 0.3b 

Na5_2_N 45.9 ± 6.5ab 4.2 ± 0.5b 1.7 ± 0.3a 

Na10_1_N 24.9 ± 6.4c 3.0 ± 0.6c 1.1 ± 0.2b 

Na10_2_N* - - - 



80 
 

TOCNF had higher averages of tensile strength and Young’s modulus, whereas Na10_1_N had 

lower averages. Untreated_N and Na5_2_N presented intermediate averages and did not differ from 

each other. This result can be attributed to the reduction of empty spaces in the interfaces between 

nanofibrils, promoted by the increase in the highly individualized nanofibril surface area. However, 

CNF Na10_1_N (24.9 ± 6.4 MPa) exhibited lower nanofibrillation efficiency. A higher free volume 

between fibrils may have resulted in a reduction in the crystallinity index, thereby decreasing the tensile 

strength and Young's modulus (3.0 GPa) of fibrils themselves [43]. 

Another factor that explains the decrease in the mechanical properties of the CNF Na10_1_N 

films is the partial conversion of cellulose I to cellulose II. In the literature, cellulose II has a lower 

Young’s modulus than cellulose I [44]. 

The hemicellulose content can also influence the mechanical properties of films, as shown in 

the previous section. Na10_1 demonstrated a lower hemicellulose content (~4%) than Untreated 

(~16%), TOCNF (~15%), and Na5_2 (~10%). When the hemicellulose content declined drastically, the 

mechanical properties of the Na10_1 sample film may have decreased. The superiority of samples with 

a higher hemicellulose content on mechanical properties may be due to many hydroxyl groups that 

increase the hydrogen bond energy density [45]. Furthermore, the presence of more xylan contributes 

to the adhesion between CNFs in the dried state, leading to an improvement in the strength of the CNF 

films [46]. 

The elongation at break averages of Untreated_N and Na5_2_N were similar. Na10_1_N 

presented a lower average, although it was similar to TOCNF. In the case of Na10_1_N (1.1 ± 0.2%), 

the decrease may indicate that hemicellulose is essential for plastic deformation of CNF films because 

of their amorphous nature [47]. 

Excessive removal of hemicellulose caused coalescence between fibrils, impeding the formation 

of an interconnected network resulting in low nanofibrillation (Fig. 2D). As already reported, these 

polymers inhibit the coalescence between microfibrils, facilitating cell wall delamination. 

3.8 Effect of modifications on quality of cellulose nanofibers 

The CNFs produced after the different treatments were evaluated by the simplified quality index 

(*Q.I.) proposed by Desmaisons et al. (2017) [12], obtaining the values shown in Table 5. 
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Table 5: Simplified quality indices of CNFs produced by different treatments. Different letters in the same column 
indicate significant (ρ ≤ 0.05) differences between the samples for Tukey’s test. 

Sample 
Turbidity 

(NTU) 
Transparency (%) 

Young's modulus 
(GPa) 

Microsize area 
(µm²) 

*Q.I. 

Untreated_N 377 ± 3c 29 ± 4c 3.8 ± 0.8bc 32.8 ± 1bc 63 ± 3b 

TOCNF 83 ± 5e 77 ± 9a 8.5 ± 0.9a 22.8 ± 1c 80 ± 3a 

Na5_2_N 359 ± 4d 51 ± 4b 4.2 ± 0.5b 28.7 ± 7c 68 ± 3b 

Na10_1_N 706 ± 8b 46 ± 8b 3.0 ± 0.6c 52.5 ± 13b 51 ± 3c 

Na10_2_N 912 ± 1a 43 ± 1bc - 121.2 ± 22a 32 ± 1d 

 

The TOCNF treatment obtained the highest score in the quality index. It was observed that the 

Na5_2_N treatment obtained a quality index score statistically equal to that of the Untreated_N sample. 

However, it promoted economical energy consumption during nanofibrillation, reflecting the efficiency 

of this treatment in reducing the recalcitrance of the fibers, facilitating its deconstruction into smaller 

structures. The quality index score for the Untreated_N sample was similar to those obtained by [48] 

(59.5 ± 5.5)), while the Na10_1_N treatment obtained a lower value than that found by [27] (54.0 ± 

2.8)). 

The Na10_2_N treatment resulted in the lowest score, demonstrating the influence of the 

reaction time of the alkaline treatment. As already discussed in previous sections, this behavior may be 

associated with the hemicellulose content in the samples, which facilitates the deconstruction of the fiber 

cell wall, as shown in the results of the microsized area, where the treatment with less hemicellulose 

showed a larger area of non-nanofibrillated particles. 

The NaOH treatments, in general, promoted increased transparency of the samples compared to 

Untreated_N, which can be attributed to the disorder caused by the alkaline treatment in the cellulose 

structure during the conversion from the native form to cellulose II and to the increased presence of 

amorphous structures [49]. 

4 Conclusions 

NaOH treatments under different conditions promoted changes in fiber properties and the 

crystalline structure of cellulose. The partial removal of hemicellulose to a range close to 10% and the 

coexistence of cellulose I and cellulose II polymorphs (in low quantity) facilitated the production of 

CNFs. Hemicellulose influenced the rheological behavior of the CNFs because its removal reduced the 
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formation of complex networks between nanofibrils because it has free hydrogen bonding sites that 

allow for cross-linking between cellulose chains. It also influenced their mechanical performance; the 

higher removal impaired the entanglement of the nanofibrils, weakening the structure of the films. The 

present paper contributes with valuable information about deconstruction of lignocellulosic biomass and 

provides data support for futher theoretical research. 
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Abstract: The objective of this study was to evaluate the impact of a combined enzymatic pretreatment 
of laccase and endoglucanase for LCNF production. The laccase enzyme loading used was efficient in 
modifying the lignin to facilitate the action of the endoglucanase enzyme on cellulose without causing 
the removal of this macromolecule. This pretreatment improved the quality of LCNF (61 ± 3 to 71 ± 2 
points) and, therefore, can be used to produce LCNF for a variety of applications. The LCNF obtained 
after the enzymatic treatments improved mechanical strength in 24% and exhibited good water vapor 
(2.42 g.mm/m². kPa.day) and grease barrier properties (kit n° 12), being attractive for its use in the 
packaging industry. The rheology of the LCNF suspensions corroborates this potential application 
because they exhibited non-Newtonian behavior and can return to the original resting state after the 
application of a shear force, a typical characteristic of materials of thixotropic nature, playing a key role 
in the consolidation of the coating during the paper coating process. Finally, this pretreatment could be 
suitable for industrial production due to reduced energy requirements. 

 
Keywords: Cell wall. Cellulose nanofibers. Enzymatic hydrolysis. Lignin. Nanofibrillated cellulose. 

1. Introduction 

Cellulose nanofibrils have been widely studied for the most diverse applications as substitutes 

for synthetic and non-biodegradable polymers, and almost always, the raw source to produce of this 

material has been bleached cellulosic pulps, as it is reported that lignin is considered an obstacle in the 

nanofibrillation process (Wen et al., 2019).  

The presence of lignin in the nanofibrils matrix improves the hydrophobicity and thermal 

stability of cellulose nanofibrils, benefitting the compatibility with various hydrophobic polymers 

(Gupta et al., 2017). Recently, studies have incorporated lignin-containing cellulose nanofibrils (LCNF) 

in different applications, like composites films (Wang et al., 2018), additives in papermaking and 

packaging industries (Tayeb et al., 2020), and as a reinforcement agent in wood adhesives (Yan et al., 

2020). 

Lignin is linked to hemicellulose through covalent bonds, at the carbon-⍺ and C-4 positions on 

the benzene ring. Presumably, small-scale intermolecular chemical bonds of lignin-carbohydrates exist 

natively between lignin, hemicellulose, and cellulose (Zhao et al., 2020). Its monomers' properties and 

the inter polymer interactions cause this structure to present biological, chemical, and mechanical 

resistance, hindering separation and recovery of its three main components, characterizing 

recalcitrance.(Lorenci Woiciechowski et al., 2020).  
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Thus, for the most effective use of this plant biomass, it is essential to carry out pre-treatments 

to make cellulose more accessible by modifying its physical and chemical structure, facilitating the 

conversion of plant fibers into several by-products. (Kumar and Sharma, 2017). 

Lignin is the third major component that forms the plant cell wall and the most abundant non-

carbohydrate component (Yoo et al., 2020). It is widely accepted that lignin's structure differs 

considerably due to different conditions of extraction, isolation, and among the most diverse types of 

plants (Guo et al., 2017).  

Researches have described that lignin is highly relevant for the recalcitrance of lignocellulosic 

biomass (Li et al., 2016). Its structure can inhibit the action of enzymes in cellulose through physical 

barriers, such as hydrophobicity, surface charges, electrostatic interactions, and interactions between 

hydrogen bonds, limiting the accessibility of enzymes, decreasing enzyme yield (Li et al., 2020). 

Cellulose enzymatic hydrolysis requires physical contact between glycosidic hydrolases and 

their substrates, which can be obstructed by lignin in several ways (Sipponen et al., 2017). In unbleached 

pulps, insoluble lignin can block enzyme access to carbohydrate surfaces, or it can irreversibly bind 

enzymes and prevent enzymes from accessing their substrate. The fate of the catalytic activity of the 

adsorbed cellulases is under debate since there are reports of cellulases linked to lignin retaining most 

of their activity (Rodrigues et al., 2012). It is challenging to develop new pretreatments that selectively 

attack the other compounds to make the cellulose isolation more effective. 

Laccase enzymes have emerged as important biotechnological catalysts for their ecological 

nature and mild working conditions. They are multi-copper enzymes capable of catalyzing the direct 

oxidation of a wide range of aromatic compounds, such as lignin monomers, of generating reactive 

radicals, and using molecular oxygen as an oxidizer (Nlandu et al., 2020). However, Steinmetz et al. 

(2020) demonstrated the potential of laccase as a depolymerizing agent of lignin in a semi-continuous 

process in mild conditions. 

This study aims to evaluate the effectiveness of two sequential enzyme pre-steps in the cellulose 

nanofibrillation quality and energy consumption: 1) laccase enzyme to depolymerize lignin; and 2) 

cellulase enzymes to facilitate mechanical shearing actions and investigate if it may be a viable 

alternative to increase the yield and quality of lignin-cellulose nanofibrils. 
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2. Experimental section 

2.1 Materials 

Unbleached Eucalyptus kraft liner pulp donated by Klabin S.A. (Paraná/Brazil) was used. All 

the materials were used as received from the producers: acetic acid (CH3COOH) (ACS reagent, ≥99.7%, 

Sigma-Aldrich, France); deionized water; endoglucanase FiberCare 4890 ECU/g enzyme solution 

(Novozymes, Denmark); laccase Novozym ≥1000 LAMU/g enzyme solution (Sigma-Aldrich, France); 

sodium acetate trihydrate (CH3COONa·3H2O) (ReagentPlus, ≥99.0%, Sigma-Aldrich, France). 

2.2 Characterization of the pulp fibers 

The morphological properties of the fiber’s suspensions were measured using a MorFi fiber and 

shive analyzer (TECHPAP, France). This equipment consists of a charge-coupled device (CCD) camera 

that captures the images of the fibers suspension and records them for further analysis with a software 

that conducts the measurements and statistical corrections. The software discriminates between fibers 

and fines by size criteria. A fine element was considered as any detected object present in the pulp with 

dimensions lower than those of fibers, in this case, length under 80 µm or width under 5 µm. 

The samples of fibers suspensions were diluted in deionized water to about 0.400 g/L, and 1 L 

of this suspension was poured into the MorFi and measured for five minutes. Three repetitions were 

performed, and the obtained results averaged. The length values are calculated from the framework of 

the fiber following the course of each segment. It is consequently the real developed length of the fiber. 

The length weighted in length (Lwl) is given by Eq. (1): 

Lwl = 
∑ (Li× Li)

n
i=1

∑ Li
n
i=1

                                                                                                                                 (1)  

Where n is the number of fibers and Li is the length of each individual fiber (1<i<n). 

Soluble lignin and carbohydrates content were determined. Acid-insoluble lignin was 

determined following the standard TAPPI T222-15 and acid-soluble lignin content was evaluated 

following the standard TAPPI UM 250-76. Carbohydrates were determined according to the standard 

TAPPI T249-09. An Dionex ICS 5000 ion chromatography system (ThermoFisher, USA) was used. 
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2.3 Enzymatic pretreatments 

2.3.1 Laccase mediated enzymatic hydrolysis 

Laccase mediated enzymatic pretreatment using a laccase commercial enzyme Novozym 51003 

was performed with a concentration of 60 LAMU/g of cellulose. 200 g of refined pulp with a Schopper-

Riegler degree of 70-80° were introduced at 2 wt% in a reactor pre-heated at 40°C under continuous 

mechanical agitation with a 300-rpm rotation speed. A pH of 4.5 was adjusted by adding an acetate 

buffer composed of acetic acid and sodium trihydrate. Once the temperature (40°C) and pH stabilized, 

an enzyme solution was poured into the reactor and left for a reaction time of 2 h. To stop the enzymatic 

activity, the reactor was heated to 80°C for 10 min, then cooled to 25°C. Finally, the suspension was 

recovered, filtered using a 1 µm nylon sieve, and rinsed with deionized water.  

2.3.2 Endoglucanase mediated enzymatic hydrolysis 

Previously laccase pretreated pulp was pretreated using an endoglucanase commercial enzyme 

FiberCare was performed with a concentration of 300 ECU/g of cellulose. The pulp was introduced at 

2 wt% in a reactor pre-heated at 50°C under continuous mechanical agitation with a 300-rpm rotation 

speed. A pH of 5 was adjusted by adding an acetate buffer composed of acetic acid and sodium 

trihydrate. Once the temperature and pH stabilized, the enzyme solution was poured into the reactor and 

left for a reaction time of 2 h. To stop the enzymatic activity, the reactor was heated to 80°C for 10 min, 

then cooled to 25°C. Finally, the same procedure as the previous pre-treatment was used to recover the 

material. 

All pretreatments were coded to be easily assessed throughout the work (Table 1). 

Table 1: Experimental design and coding of samples. 

Fiber Condition Pretreatment Code 

U
nb

le
ac

he
d 

E
uc

al
yp

tu
s 

K
ra

ft
 P

ul
p Before nanofibrillation 

Not pretreated UEKP 
Laccase treated LT_UEKP 

Laccase-cellulase treated LCT_UEKP 

After nanofibrillation 
Not pretreated ULCNF 

- - 
Laccase-cellulase treated EsT_LCNF 
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2.4 LCNF production by mechanical nanofibrillation 

Refined cellulose pulps were immersed for three days in deionized water at 2 wt% to guarantee 

fiber swelling. Then, they were nanofibrillated by passing the pulp through an ultra-fine grinder 

Supermasscolloider (model MKCA6-2, disk model MKGA6-80, Masuko Sangyo Co., Ltd., Japan). The 

disks speed was fixed at 1,500 rpm (Dias et al., 2019). A three-phase wattmeter was introduced on the 

Masuko device to measure the total active power. 

The energy used during nanofibrillation was determined with a three-phase wattmeter, which 

can measure total input energy using the Eq. (2): 

TEC(୩୛୦/୩୥) = 
TIE (kWh)

m (kg)
                                                                                                                         (2)  

TEC is the total energy consumption (kWh/kg), TIE is the total energy input, and m is the mass of 

cellulose pulp (kg). 

2.5 Turbidity, visual inspection, stability, and Zeta potential of LCNF suspensions 

The turbidity (NTU) of the LCNF suspensions was measured with a portable turbidimeter 

(Aqualytic, AL-250, wavelength 860 nm) on an LCNF suspension that was diluted to 0.1 wt% and 

stirred for 1 min with Ultra Turrax (IKA T-25). The unity NTU refers to Nephelometric Turbidity Units. 

The suspensions were diluted to 0.1 wt%, and 100 mL was placed in test recipients for photos 

acquisition. Images were acquired at 0, 10, 30 min, 1, 2, 3, 4, 5, 6, 7, 8, and 24 h. Fiji software was used 

to estimate NFC decantation in the suspensions, and then stability was calculated according to Eq. 3 

proposed by Silva et al., (2021): 

Stability= ൬ 
Dispersed

Total
൰ ×100%                                                                                                               (3) 

Where “Dispersed” is the height corresponding to suspended particles, and “Total” is the height of all 

the liquid in the recipient. 

The zeta potential test was conducted with a Dynamic Zetasizer (Zetasizer Nano ZS 90, Malvern 

Panalytical Instruments, UK) at 25°C to evaluate the stabilization of LCNF suspensions (0.1 wt%). 

2.6 Light Microscopy (LM) 

The LCNF suspensions were characterized using a light microscope (Zeiss Axio AX10, 

Germany). The suspensions were previously diluted to 0.1 wt%, stirred for 1 min with Ultra Turrax 
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(IKA T-25) at 10,000 rpm, and plunged for five minutes in an ultrasonic bath to obtain a better 

dispersion. Pictures were taken at 10x magnification and analyzed using Fiji software. The images were 

transformed to an 8-byte format and thresholded to perform the analysis. Then, the average size of the 

visible particles was extracted corresponding to the average surface of the particle. The micro size is 

obtained by divided the total surface by the number of particles. Ten images by sample were used in this 

step. 

2.7 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy of the LCNF was investigated using a Tecnai G2-12 (FEI 

company, USA) instrument with an accelerated voltage of 80 kV. A drop of dilute LCNF suspensions 

(0.001%) were deposited onto a carbon-coated electron microscopy copper grid. 

The excess liquid suspension was absorbed by a piece of filter paper, and a drop of 2% uranyl 

acetate negative stain was added before drying. The liquid in excess was blotted, and the remaining film 

of stain was taken to dry at room temperature. Images were post-processed using Fiji. 

2.8 Nano-structured papers preparation 

LCNF nano-structured papers, also called “nanopapers” were prepared with a sheet former (Xell 

Rapid Kothen, ISO 5269-2, PTE, Austria) from 2 g of LCNF (dry content) diluted to 0.5% in deionized 

water. First, the suspension was filtered in a 1 µm nylon sieve under vacuum at −600 mbar during a 

specific time until removing of water supernatant. Then, the sheet was dried at 85°C under 0.8 bar 

pressure between two 1 µm nylon sieves (one on each side) to prevent adherence and two cardboards 

(one on each side) for 20 min. All the nanopapers were stored for 48 h in a conditioned room at 23 ± 

2°C and 50 ± 2% RH before characterization. 

2.9 Porosity (%) 

The porosity of the nanopapers was calculated from the basis weight of each nanopaper (kg/m2) 

and its thickness (µm), using the following Eq. (4) described by Desmaisons et al. (2017). The samples 

were cut at (50×50) mm2 dimensions. 

P(%)=1- ൬
𝐵𝑊

𝑒 ×  𝜌𝑐
൰  × 100                                                                                                                                    (4) 
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where BW is the basis weight (kg/m2), e is the thickness (m), and ρc is the density of cellulose 

(1540 kg/m3). At least five replicates were performed. 

2.10 X-Ray diffraction (XRD) 

The XRD analyses were performed using a PANalytical X'Pert PRO MPD X-ray diffractometer 

(Malvern Panalytical, UK), equipped with an X’celerator detector with a Cu-Kα source (λ = 1.5406 Å) 

in the 2θ range of 10 - 40°. A step rate of 0.066° was used. The equipment was operated at a tension of 

45 kV and a current of 40 mA. 

The theoretical coordinates of native cellulose Iβ (FWHM = 0.1) were extracted from 

crystallography information data (.cif) using the software Mercury 2020.2.0 (CCDC, UK) obtained from 

the Supplementary Information accompanying the original work (Nishiyama et al., 2002). 

The patterns were deconvoluted using the Gaussian function with Magic Plot 2.9 (Magicplot 

Systems, Russia). For the amorphous halo, cellulose II pattern with peak width at half maximum 

(FWHM = 9), only varying its intensity, was used as suggested in the literature (French, 2020). After 

deconvolution, the crystalline fraction (CF) was calculated from the ratio between the area below all the 

crystalline peaks and the total area below the whole curve, determined after deconvolution following 

Eq. (5): 

CF(%)=
∑ AreaCrystalline Peaks

∑ AreaCrystalline Peaks+ AreaAmorphous Halo
                                                                                            (5) 

The crystallite size of the (200) plane peak was calculated according to Scherrer’s 

equation (Eq. 6): 

D= 
K × λ

β ×cosθ
                                                                                                                                             (6) 

Where D is crystallite size (Å), K (0.9) is a constant that refers to crystal shape, λ is the 

wavelength of the ray used (Copper), β is the FWHM of the peak, in radians, and θ is the Bragg’s angle 

of (200) plane diffraction. 

2.11 Rheological parameters 

This step was performed according to Souza et al. (2019). The study of the rheological behavior 

of LCNF suspensions at 1% wt concentration was performed on a Physica MCR 301 (Anton Paar, 

Austria) rheometer coupled to an AWC100 (Julabo, Germany) thermostatic bath using the PP25 DIN Ti 
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parallel plate sensor (D = 25 mm; Gap = 1 mm). The samples were submitted to flow curves using three 

continuous ramps (ascending, decreasing, and ascending) with a deformation rate ranging from 0 to 300 

s-1 for 2 min for each curve at 25 °C. The Herschel-Bulkley (Eq. 7) model was adjusted to the data of 

the second increasing curve to determine the fluid flow profile and obtain the viscosity. The model was 

adjusted by the software Origin 2022 (OriginLab, USA), using three repetitions. 

τ = τ଴ + K × γ˙η                                                                                                                                      (7) 

Where τ is the shear stress in (Pa), τ0 is the yield stress in (Pa), K is the consistency index (Pa 

sn), γ˙ is the deformation rate (s-1), and n is the flow behavior index (dimensionless). 

The apparent viscosity values were evaluated at a shear rate of 100 s−1, which, according to (Steffe, 

1996), corresponds to a deformation commonly suffered by fluids in industrial pipes concerning 

processes as pumping and agitation. 

2.11.1 Viscoelastic properties 

Dynamic viscoelastic moduli, storage modulus (G´) and loss modulus (G´´), were measured as 

a function of angular frequency (ω = 0.1 to 100 s-1) using oscillatory tests. The linear viscoelastic range 

of the sample (LVE) was obtained from an amplitude sweep using constant angular frequency (ω = 1 s-

1) with varying strain amplitude between 0.01 and 100% to perform the frequency sweep test. 

2.11.2 3 Interval thixotropy test recovery measurements (3ITT) 

This step was according to the work of Rantanen et al. (2015). The purpose of the 3ITT 

measurement was to determine the structural recovery of the dynamic elastic network structure after the 

removal of high shear. Initially, samples were subjected to low shear rate (0.1 s-1), then subsequently 

high shear rate (1000 s-1), and finally once again low shear rate, the recovery stage (0.1 s-1). Structure 

recovery was traced in respect to recovery of dynamic transient viscosity (η+) in the third interval, 

expressed as a percentage (%) of ratio η+/ η0 after 250 s of measurements, where η0 is the low shear 

viscosity at the beginning of the first interval. 

2.12 Mechanical properties 

The tensile properties were measured with a tensile testing machine (Instron 3365, USA) 

equipped with a load cell of 5 kN capacity, following the NF Q03-004 standard. The weight basis of the 
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nanopaper specimens was measured using an analytical balance, and the thickness of the specimens was 

measured using a Lhomargy micrometer. These values were then reported into the tensile device to 

obtain the Young’s Modulus. The grips have been selected to limit the slipping of samples. Tensile tests 

were performed at 5 mm/min, and an initial distance of 100 mm between the clamping jaws. The 

dimensions of the samples were 150 mm for the length and 15 mm for the width. For each sample, the 

minimal number of repetitions was seven and the average value was used for further calculations. The 

tear resistance was measured using a tear tester (Noviprofibre, Elmendorf pendulum 4000mN, France). 

Samples were cut at (65×50) mm2 dimensions, and the measurement corresponds to the force (mN) 

needed for tear propagation after a primer. 

2.13 Contact angle, surface wettability and surface free energy of nanopapers 

The contact angle and surface wettability of the nanopapers was determined following the 

standard TAPPI T458-14. This analysis was conducted using a Drop Shape Analyzer model DSA25B 

(Krüss, Germany) and the software ADVANCE version 1.4.1.2. The dispersive and polar components 

of the surface free energy of the LCNF nanopapers samples were determined according to Owens and 

Wendt (1969) using deionized water, glycerol, and ethylene glycol as polar solvents, and diiodo-

methane and 1-bromonaphtalene as apolar solvents. 

2.14 Barrier properties 

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) were 

determined following the standard TAPPI T464 om-18. The nanopapers were sealed on glass containers 

which were placed in a controlled chamber at around 38°C and a 90% RH and weighted at separate 

times intervals to calculate the mass gain. The grease resistance of the nanopapers was determined 

according the standard TAPPI T559 cm-12. 

2.15 Simplified quality index (Q.I*) 

A quality index adapted from the work of Desmaisons et al. (2017) was used for the comparison 

of LCNF suspensions together. Although the quality index (Q.I*) was developed for the analysis of 

enzymatic bleached CNF and not for lignin-containing CNF, it was used to obtain a broad view of the 

quality of the produced material. This value regroups 6 tests assessing LCNF optical and mechanical 
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properties (Turbidity, tear resistance, Young’s modulus, porosity, and macro size,), and is representative 

of the global quality of LCNF suspensions. 

The equation (Eq. 8) that was adapted for quality index calculation was: 

Q. I∗  =  2 × Turbidity mark + 2 × tear resistance mark + 3 × Youngᇱs modulus mark

+ 2 × porosity mark

+ 1 × micro size mark                                                                                                          (8) 

where marks are calculated from raw test values as indicated in the original publication. The resulting 

equation (Eq. 9) including the raw test values was therefore: 

Q. I∗ = −0.02 × Xଵ − 7.18 × ln(Xଶ) − 0.108 × Xଷ
ଶ + 3.81 × Xଷ − 0.32 × Xସ − 5.35 ln(Xହ)

+ 57.2                                                                                                                                          (9) 

with X1 representing the turbidity (NTU), X2 the tear resistance (mN), X3 the Young’s modulus (GPa), 

X4 the porosity (%), and X5 the micro-size (µm²). 

2.16 Statical analysis 

Quantitative analyses that required repetition were submitted to statistical validation. The 

Tukey’s test at 95% significance, was applied to investigate if the averages were statistically different 

from the Untreated sample. Statistical analyzes were performed using the free software SISVAR version 

5.6. 

3. Results and discussion 

3.1 Effect of enzymatic treatments on fiber properties 

The MorFi system was used to understand the modifications on fibers’ structure before and after 

the enzymatic hydrolyses. The considered traits were mean length of fibers, mean fiber width; the 

proportion of fines based on the length of fines (total length of fines to the total length of the elements 

present in the suspension) below 80 µm, the fibrillation index, and the fiber coarseness (Table 2). 
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Table 2: Effect of laccase and cellulase meditated enzymatic hydrolysis treatments of unbleached eucalyptus kraft 
pulp on fibers' morphological properties. *Different letters in the same column indicate significant (ρ ≤ 0.05) 
differences between the samples for the Tukey’s test. 

Sample 
Mean length-

weighted 
length (µm) 

Mean fiber 
width (µm) 

Fine’s 
content (%) 

Fibrillation 
index (%) 

Mean fiber 
coarseness 

(mg/m) 

UEKP 620 ± 4c 18.5a 65 ± 1a 3.01 ± 0.01c 0.0938a 

LT_UEKP 669 ± 3a 18.3b 55 ± 1c 2.86 ± 0.01b 0.0819b 

LCT_UEKP 643 ± 5b 18.6a 62 ± 1b 3.14 ± 0.03a 0.0804b 

UEKP = Unbleached eucalyptus kraft pulp without any treatment; LT_UEKP = Laccase treated unbleached 
eucalyptus kraft pulp and LCT_UEKP = Laccase and cellulase treated unbleached eucalyptus kraft pulp. 
 

Comparing the untreated sample (UEKP) with the one that underwent treatment only with the 

laccase enzyme (LT_UEKP), there was an increase in the average length of the fibers (from 620 ± 4 µm 

to 669 ± 3 µm). Besides, there was a slight decrease in their average width (from 18.5 µm to 18.3 µm). 

Thus, it supports that the laccase enzyme prefers attacking smaller structures present in the suspension, 

represented by the fines. As shown in Table 1, there was a considerable reduction in the content of fines 

after laccase-mediated enzymatic hydrolysis. Additionally, according to Chen et al. (2021), this 

behavior, along with the fibrillation indexes, which decreased from 3.01 ± 0.01 to 2.86 ± 0.01% after 

treatment with laccase, suggests that the enzyme acts more on the surface of the fibers instead of inside. 

The fact that the enzyme attacked the smaller structures caused the average fiber length to increase. 

The decrease in coarseness after laccase-mediated enzymatic hydrolysis (from 0.0938 to 0.0819 

mg/m) can also be observed. The fiber's coarseness measures the amount of fiber per length of fiber, 

and this parameter indicates the fiber’s cell wall thickness, besides how the fiber is being hydrolyzed 

(Mooney et al., 1999). From this result, it can be suggested that the first treatment with the laccase 

enzyme will already facilitate the action of the cellulase enzyme in the subsequent treatment. 

Analyzing the LCT_UEKP sample, the average length of the fibers increased relative to UEKP, 

but when compared to the LT_UEKP sample, it decreased in the average length of the same (from 669 

± 3 to 643 ± 5 µm), which indicates that even with the presence of lignin, the cellulase enzyme was able 

to attack cellulose in the fiber structure. Lignin typically inhibits cellulase enzyme action in cellulose 

through physical barriers, such as hydrophobicity, surface charges, electrostatic interactions, and 

interactions between hydrogen bonds (Li et al., 2020). 
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Concerning the average fiber width, after the enzymatic treatment using cellulase, the fiber 

width slightly increased from 18.5 to 18.6 µm, compared to UEKP, and 18.3 to 18.6 µm compared to 

LT_UEKP. The fines content increased from 55 ± 1% after laccase treatment to 62 ± 1% after cellulase 

treatment. These results indicate that cellulases induce the fibers to swell by attacking the surface and 

the inner of the fibers, allowing more significant amounts of water molecules into the fibers. Moreover, 

according to  Beyene et al. (2018), during cellulase meditated hydrolysis, the fibers swelling by the 

action of carbohydrate-binding modules and non-hydrolytic enzymes, which induce amorphogenesis. 

The increase in fibrillation index (from 2.86 ± 0.01% to 3.14 ± 0.03%) corroborates the earlier 

discussion in this section; it indicates that microfibrils are individualized in the fiber cell wall once again 

because of the cellulase enzyme action. The value of coarseness for LCT_UEKP also decreased after 

cellulase hydrolysis (from 0.0819 to 0.0804 mg/m), which agree with the fiber length change, since the 

longer fibers largely determine the coarseness of a fiber population, and it is more sensitive to changes 

in the weight of that fraction (Mooney et al., 1999). According to Azevedo et al. (2020), fibers presenting 

lower coarseness provide a more wettable surface, facilitating water molecules penetration into the fiber 

structure. 

Table 3 gives the chemical composition of the Eucalyptus fibers before and after the enzymatic 

treatments. Xylan was the main non-cellulosic carbohydrate compound found in the samples. Arabinan 

and Galactan were also found in the hemicellulosic fraction, but in extremely low proportions, while the 

presence of Mannan was not detected in the analysis. Eucalyptus pulp fibers contain mostly Xylan, 

which is mainly located on the fiber surface (Ehman et al., 2020). 
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Table 3: Average and standard deviation of the chemical components content of Eucalyptus fibers before and after 
enzymatic treatments. *Different letters in the same column indicate significant (ρ ≤ 0.05) differences between the 
samples for the Tukey’s test. ND = Not detected. 

Chemical composition (%) 

Samples Glu 
Hemicellulose 

ILig SLig 
Xyl Man Ara Gal 

UEKP 64 ± 0.1a 10 ± 0.01a ND 0.2 ± 0.01a 0.5 ± 0.01a 17 ± 0.3a 3 ± 0.06a 

LT_UEKP 65 ± 0.2a 9 ± 0.07b ND 0.1 ± 0.02a 0.4 ± 0.01a 17 ± 0.1a 3 ± 0.05a 

LCT_UEKP 63 ± 0.4b 10 ± 0.05a ND 0.1 ± 0.00a 0.5 ± 0.00a 17 ± 0.1a 3 ± 0.10a 

Glu = glucan; Xyl = Xylan; Man = Mannan; Ara = Arabinan; Gal = Galactan; ILig = Insoluble lignin; and SLig = 
Soluble lignin. 
 

A slight increase (not significant) in the Glucan content was observed in the material treated 

with the laccase enzyme. This apparent increase is related to the decrease in the content of Xylan in the 

constitution of the material. The significant reduction in Glucan content after hydrolysis with the 

endoglucanase enzyme demonstrates that the previous treatment with laccase was effective in modifying 

the lignin and leaving the cellulose more exposed to the cellulase attack. According to Li et al. (2020), 

the structure of lignin can inhibit the action of enzymes on cellulose through physical barriers, limiting 

the accessibility of enzymes, inhibiting their hydrolysis. 

The content of hemicellulose ranged from approximately 11% for UEKP and LCT_UEKP to 

9% for LT_UEKP. Dias et al. (2019) stated that hemicellulose content in the range of 9 to 12% facilitates 

cell wall deconstruction. The presence of hemicellulose and its carboxylic groups act to regulate the 

extent of microfibril aggregation through electrostatic repulsion forces. This acts to facilitate the 

mechanical nanofibrillation of the fibers. 

Regarding the content of insoluble and soluble lignin, no change was observed in its content, 

showing that the enzymatic load used was able to modify the lignin present in the fiber structure but was 

not enough to remove it, thus preserving the original content of this macromolecule in the fibers and 

LCNF obtained. 
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3.2 Turbidity, visual inspection, stability, and Zeta potential of LCNF suspensions 

The turbidity and sedimentation analysis and the percentage stability over time allowed 

evaluating the general stability of the aqueous NFC suspensions (Figure 1). 

 

Figure 1: Dispersion states of the 0.1 wt.% ULCNF and EsT_LCNF suspensions at 0, 10, 30 min, 1, 2, 3, 4, 5, 6, 
7, 8, and 24 h. Influence of time on LCNF suspensions stability in water. 

The turbidity is an indirect indicator of the nanofibrillation yield due to the light scattering 

produced by large particles in a suspension (Espinosa et al., 2020). The enzyme pretreatments promoted 

a decrease in turbidity in the LCNF suspension (473 ± 5 NTU compared to 541 ± 7 NTU of the untreated 

sample, a first indication that the material has more nanoscale and less aggregated particles. When 

cellulose particles are in nanoscale, they are stable due to Brownian motion, which keeps the particles 

in suspension caused by the interaction of repelling forces (Silva et al., 2021).  

The turbidity measures the light that is dispersed by the material in suspension. As the material 

becomes smaller, the visible light is not dispersed in the material and the turbidity value tends to 

approach zero. The opposite happens when the material is composed mostly of particles with larger 

dimensions in which visible light ends up being dispersed, increasing the turbidity value. According to 

Foster et al. (2018), although turbidity of NFC suspensions is complex due to the number of scatterers 

per unit volume, size distribution, and optical properties of the light-scattering bodies, it is consistent 

method for estimating the quality of nanofibrils. 

Since the existence correlation between particles shapes and sizes, particle agglomerates, and 

stability, sedimentation analysis has been widely used to evaluate cellulose nanoparticles quality (Silva 
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et al., 2021). The sedimentation shows a tendency of enzymes to affect the stability of the suspension 

during the first 24 h. As can be seen in Figure 1, the ULCNF remains highly stable after the first three 

hours of analysis, showing a stability of 98.6%. On the other hand, the EsT_LCNF starts to suffer a 

decrease in stability after only 30 min and after three hours shows a stability of 84.1%. 

After the fourth hour the ULCNF started to show a tendency to decrease the suspension stability 

and at the end of 8 h, it showed 90% stability while the EsT_LCNF after 8 h showed 78% stability. 

Interestingly, after 24 h of analysis, both suspensions showed similar stability (77% for ULCNF versus 

76% for EsT_LCNF). These results indicate that the ULCNF suspension keeps the dispersed particles 

in Brownian motion in the suspension longer than the EsT_LCNF. Due to the latter having more 

repulsion charges as is shown in the Zeta potential values that will be discussed below. Brownian motion 

tends to randomize the orientation of fibrils when the dispersion is diluted enough, which keeps them 

dispersed (Silva et al., 2021). 

The surface charges of nanofibrils are an important parameter for the use of this material as a 

reinforcement agent. Nanoparticles must have high Zeta potential, so that the colloidal suspension can 

resist aggregation, to increase its degree of dispersion in the matrix (Tibolla et al., 2014), but, according 

to Bhattacharjee (2016), higher Zeta potential values are not always a guarantee of greater stability in 

colloidal suspensions, because Van der Waals forces that act between particles can promote their 

agglomeration. 

The Zeta potential values found for the ULCNF sample was -21.3 ± 0.6 mV and for EsT_LCNF 

sample was -19.1 ± 0.4 mV, similar to the value that was found by Bardet et al. (2015) which was -18 ± 

3 mV. The Zeta potential of the EsT_LCNF sample was still close to the values found by Lee et al. 

(2018) for NFC obtained after different sodium hydroxide treatments. The values found in this study 

were higher than those obtained for LCNF found by Imani et al. (2020), these authors obtained a Zeta 

potential of -28.1 ± 1.5 mV. 

These results indicate that the two suspensions are moderately stable due to the presence of 

negatively charged carboxyl groups present in the hemicellulose (Bardet et al., 2015). Zeta-potential 

measurements give an indication of the stability of the colloidal suspensions. It is assumed that 
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suspensions with a zeta-potential higher than +30mV or lower than -30mV are stable (Herrera et al., 

2018).  

3.3 Morphological properties of LCNF 

The morphology of the obtained LCNF was studied using transmission electron microscopy 

(Figure 2). The enzymatic treatments did not cause significant changes in the average diameter of the 

nanofibrils, but there was a differentiation in the distribution of the diameter ranges of the nanofibrils, 

as well as in the overall appearance of the nanofibril network of the two samples. 

 

Figure 2: Typical transmission electron microscope (TEM) images and diameter distribution of CNF from: A) 
Untreated Lignin-cellulose nanofibrils (ULCNF), and B) Enzymes treated Lignin-cellulose nanofibrils 
(EsT_LCNF). 

Both treatments lead to an efficient fibrillation into micro- and nano-scale elements, the analysis 

of TEM images enables to determine that these LCNF are composed of bundles of elementary fibrils, 

with widths between 39 ± 17 nm (ULCNF) and 38 ± 16 nm (EsT_LCNF) and lengths over to 3 μm 

leading to a high aspect ratio, making this material suitable for polymer reinforcement (Zhou et al., 

2012). Dimensions of these nanofibrils were similar to those reported elsewhere for samples treated by 

mechanical nanofibrillation (Dias et al., 2019; Tonoli et al., 2016). 

Figure 2 also shows the diameter distribution of LCNF produced in different conditions, with 

average diameters lower than 30 nm that makes them potentially useful as reinforcing agents in 
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composites (Tonoli et al., 2016), the content of LCNF was around 39%, and 45% for ULCNFand 

EsT_LCNF respectively. These results indicate that the enzyme-treated pulp led to better 

nanofibrillation and individualization of the fibrils, being the treatment that presented more 

homogeneous nanofibrils, with 44% of the elements measured within the class of diameter of 15-30 nm. 

TEM images enable to observe that EsT_LCNF (Fig. 4B) shows less nanofibril aggregates compared to 

ULCNF (Fig. 4A). A lower level of aggregation of LCNF allows them to better interact with polymer 

matrices via hydrogen bonds. This enhances their mechanical and barrier properties and is attractive in 

the production of bio nanocomposites (do Lago et al., 2020; Guimarães et al., 2016). 

3.4 Crystallographic characterization 

The crystalline structure of LCNF was assessed with X-ray diffraction (XRD) before and after 

the treatments. Figure 3 shows that both LCNF presents the typical parallel crystalline structure of 

cellulose Iβ with peaks at 2θ = 14.9°, 16.4°, 20.5°, 22.6 and 34.7°, corresponding to the lattice planes 

(1-10), (110), (102), (200) and (004) respectively (French, 2014). 

 

Figure 3: Typical X-ray diffraction (XRD) patterns of Eucalyptus LCNF samples obtained from fiber pulps a) 
before and b) after enzymatic pretreatments. 

The enzymatic hydrolysis resulted in a considerable increase of CF, from 59.6 ± 1.7% to 64.6 ± 

1.5% for EsT_LCNF. This result may indicate that the laccase enzyme was able to partially 

depolymerize the lignin (Steinmetz et al., 2020), weakening its structure and avoiding the known 

inhibitory effect that lignin has on enzymes in cellulosic fibers (Li et al., 2020). 

The increase of crystallinity means that the endoglucanase enzyme was able to attack the 

amorphous domains of cellulose. It is already reported in several studies that endoglucanase has a 

preferential action of disordered regions of cellulose than crystalline cellulose (Hakeem et al., 2015; 
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Nechyporchuk et al., 2015). This can be confirmed in Table 3 with the decrease in Glucan content in the 

material treated with the cellulase enzyme. The decrease in Glucan indicates that this polysaccharide 

molecules were hydrolyzed into Glucose due to the action of the enzyme. 

Concerning the crystallites size, it was observed that enzymatic hydrolysis led to an increase of 

crystallites’ dimension at the plane (200) from 3.12 ± 0.01 nm to 3.22 ± 0.05 nm. It is expected that after 

the attack of the amorphous domains of cellulose, enzymes begin to attack the small crystallites (Tonoli 

et al., 2016). 

3.5 Rheological behavior 

The behavior of the viscosity of the LCNF suspensions was investigated at 25°C. The flow 

curves and oscillatory tests are shown in Figure 4.  

 

Figure 4: Rheological behavior of LNCF suspensions. A) Apparent viscosity vs. shear rate for the LCNF 
suspensions, and B) Storage (G’) and loss (G’’) moduli of suspensions with 1.0% (w/w) LCNF as a function of 
frequency for: Lignin-cellulose nanofibrils obtained from control) and laccase and cellulase enzymes treated and 
structural recovery in 3ITT experiments plotted as C) transient viscosity recovery in rotational test, and D) 
Transient viscosity recovery in rotational test with normalized transient viscosity (η+/η0). 
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The Herschel-Bulkley model was adjusted appropriately for the data of the flow curve (p < 

0.001), presenting high values of the coefficient of determination (R2≥0.9834 and R²≥0.9932 for 

ULCNF and EsT_LCNF respectively). The rheological parameters of the model, as well as the apparent 

viscosity at 100 s−1, are presented in Table 4. 

Table 4: Parameters of the Herschel-Bulkley model and initial apparent viscosity and at 100 s−1 (η100) for ULCNF 
and EsT_LCNF. 

Herschel-Bulkley 

Sample τ0 (Pa) k (Pa.sn) n (-) Pr > t R² η100 (mPa.s) 

ULCNF 0.90 7.19 0.30 < 0.001 0.9834 303.3 ± 7.6 

EsT_LCNF 6.0 2.12 0.36 < 0.001 0.9932 172.3 ± 4.9 

 

ULCNF presented higher value for the consistency index (K) than EsT_LCNF, indicating that 

this suspension has a higher aspect ratio. The morphology of the material is related to the (K) value, 

which also explains the lower viscosity of the Est_LCNF (along with the degree of polymerization), 

since they present nanofibrils shorter than the ULCNF. Shorter nanofibrils results in a lower stiffness of 

the network, facilitating its breaking and ordering when subjected to shear, thereby decreasing viscosity 

(Souza et al., 2019). 

ULCNF presented flow index values of 0.30 while EsT_LCNF presented 0.36. The flow index 

(n) suggests the entire suspensions' structural property (Koponen, 2020) and indicates the degree of non-

Newtonian characteristics of the material. All the LCNF in the Herschel-Bulkley model point to 

pseudoplastic fluids' behavior presenting (n) values lower than 1. Similar behavior was reported by 

Czaikoski et al. (2020) when investigating the rheological behavior of cellulose nanofibrils obtained 

from cassava peel and reported by Souza et al., (2019) studying rheological behavior of Pinus, 

Eucalyptus, and cocoa shell NFC. The decay of viscosity characterizes pseudoplastic fluids as the shear 

rate applied to the fluid increases (Figure 4A). It is due to the ordination of the material present in the 

stable suspension, which is disordered, and, as shear is applied, it starts to become organized, decreasing 

the system viscosity (Steffe, 1996). 

Oscillatory shear measurements were performed to identify the response of the viscoelastic 

properties of the LCNF suspensions. In Figure 4B, both G′ and G″ were presented as the functions of 

frequency at a fixed strain of 0.2% within the linear viscoelastic region. G′ increased with the frequency 
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and it was much larger than G″, which showed a viscoelastic solid-like feature (gel-like properties), 

indicating that the elastic properties were dominant compared to the viscous properties. Usually, G’ is 

an in-phase elastic modulus associated with energy storage and release in the periodic deformation, and 

G” is an out of-phase elastic modulus associated with the dissipation of energy (Qiao et al., 2016). 

The results show that EsT_LCNF had lower values for G' and G" than ULCNF, which may be 

related to the action of both enzymes that partially depolymerized both lignin and cellulose, making 

their rheological properties smaller when compared to the Control. Jordan et al. (2021) found similar 

behavior studying the variations of the degree of polymerization in rheological properties of lignin-

containing cellulose nanofibrils from cotton gin motes and cotton gin trash containing high lignin 

content and after bleaching with NaOCl2 for reduced lignin content. For an ideal gel that behaves 

elastically, the storage modulus is expected to be independent of frequency and G’ > G” (Qiao et al., 

2016). Table 5 shows the storage modulus (G’), gel stiffness (G'/G'') and the loss tangent value (tan δ) 

of LCNF suspensions. 

Table 5: Values of storage modulus (G’), gel stiffness (G’/G”) and loss tangent value (tan δ(G”/G’)) obtained 
from the mechanical spectra at 25°C and 0.1 rad s-1 for LCNF suspensions at concentrations of 1 wt%. 

 
Samples 

  
  

 Suspension concentration 

 1 wt% 

G' (Pa) G’/G’’ Tan δ 

ULCNF 71.9 6.61 0.15 

EsT_LCNF 62.9 7.58 0.13 

 

The EsT_LCNF showed a higher value of G’/G” (7.58) compared to ULCNF (6.61), revealing 

an increase of the ionic strength of the suspension. According to Naderi and Lindström (2016), the 

stiffening effect might imply a more intimate contact between the nanofibrils, however, the exact 

mechanism behind this notion is not clear. This behavior may explain the higher value of τ0 for 

EsT_LCNF when compared to ULCNF. Figure 4 also shows the dependency of the behavior of G' and 

G” in relation to the frequency applied for both LCNF investigated. Furthermore, G'/G” values are 

between 1 and 10, indicating that the materials present gel-like characteristics (Dimic-Misic et al., 2013; 

Souza et al., 2019). In this situation, the classic structure is related to the existence of a three-dimensional 
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organization of the molecules that are broken under shear, causing the flow of the material, distinct of 

true gels, that break under shearing (Souza et al., 2019). 

The transition from liquid-like to solid-like behavior for a viscoelastic coating material during 

immobilization has been described as the maximum slope of the loss factor, which is the ratio of the 

viscous to elastic modulus (Dimic-Misic et al., 2013). The loss tangent value (tan δ), (G’’/G’) ratio, was 

of the order of 0.1 (tan δ <1) for all the samples investigated. This means that the medium is structured 

in the same way, leading to a gel-like structure. A similar result also was found by Agoda-Tandjawa et 

al. (2010) and Jordan et al. (2021).  

Figures 4C and 4D show the time-dependent structure regeneration after the removal of a high 

shear rate. This analysis shows the deformation and recovery of structure through the regeneration of 

dynamic transient viscosity (η+) after applying a high shear period. This is an important test because it 

simulates a practical application of LCNF. The high shear rate in the test reflects the shear rate during a 

practical application (Dimic-Misic et al., 2013). 

It can be noted that after the breakdown of elastic gel-like structure at high shear during the 

second interval, both LCNF presented a facility to reorganize and recovery the initial state, even 

presenting low viscosity than at the beginning of the first interval at a low shear rate. In both cases, the 

accumulation forces related to the thixotropic behavior of the suspensions and the shear forces compete 

with each other, causing the interruption of the accumulation structure in progress, resulting in an 

oscillatory behavior of the recovery curve (Lê et al., 2018).  

Lê et al. (2018) obtained related results by studying the rheological behavior of suspensions of 

cellulosic nanofibrils with different lignin levels. They concluded that lignin's presence influences the 

level of aggregation and elasticity within the nanocellulose gel network, improving the water release 

properties and increasing the elasticity of the structure. As can be observed in Figure 4D, EsT_LCNF 

showed a slightly faster recovery than ULCNF. This result may be due to the laccase enzyme caused 

the lignin in the fibrils to be made more available on its surfaces or accessible in the aqueous phase. It 

facilitated flocculation and aggregation of particles making recovery of the initial characteristics of the 

suspension faster after the end of the high shear rate, as shows the higher values of (η+/η0) (Imani et al., 

2020). Moreover, it means that the faster the recuperation of the viscosity, the better is the sagging 
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resistance after application on a rough surface (Dimic-Misic et al., 2013). Understanding the 

recuperation of the viscosity of LCNF suspensions is essential for the basis of selecting a proper coating 

procedure. 

3.6 Contact angle, wettability, free surface energy and barrier properties 

Figure 5A shows the contact angle (CA) and wettability for the studied LCNF nanopapers.  

 

Figure 5: Average contact angle and wettability values (A) and WVTR and WPA values (B) for untreated and 
enzymes treated lignin-cellulose nanofibers. 

 
The average contact angles of LCNF nanopapers were 71 ± 4º and 62 ± 5º for ULCNF and 

EsT_LCNF, respectively. Concerning the wettability properties of the nanopapers, the ULCNF sample 

reached a value of 0.05 ± 0.01 (°/s) while EsT_LCNF obtained 0.03 ± 0 (°/s). These values were much 

higher than those found by Nlandu et al. (2020), who for LCNF, these authors found a CA of 30, and 

similar to the result found by (Yook et al., 2020). This difference may be due to how the substrates 

(LCNF) were prepared. In the study by Nlandu and co-workers, these authors prepared films in Petri 

dishes by the casting method and allowed them to dry overnight at a milder temperature (40°C). Whereas 

in this study, nanopapers were prepared under vacuum filtration and drying under pressure and elevated 

temperature, which leads to the formation of a denser and more compact structure with a smaller volume 

of voids. This causes a more hydrophobic surface, caused by the flow of lignin, which can be more 

evenly distributed over the surface due to possible plasticization of the lignin under the temperature and 

humidity conditions used during the nanopaper drying process (Herrera et al., 2018). 

On the other hand, the AC results obtained in this study were lower than those found by (Herrera 

et al., 2018; Wen et al., 2019), This can be explained by the fact that these authors have used high yield 
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pulps (Thermo Chemi-mechanical) with higher lignin contents than the material used in this study. 

However, the values obtained in this work are higher than those found in literature for conventional 

(lignin-free) nanofibrillated cellulose (NFC). Tayeb et al. (2020) found a CA value of 59.4° for NFC, 

while Solala et al. (2018) found ~25° as result for CA, and Wang et al. (2021) found a CA of 12º for 

microfibrillated cellulose (MFC). 

Statistically, the use of laccase enzyme as a pre-treatment step did not result in interference with 

the contact angle and wettability properties of the nanopapers. As it acts depolymerizing the lignin, the 

enzyme could decrease the hydrophobicity of nanopapers, which was not confirmed. We suspect that 

the endoglucanase enzyme, by preferentially attacking the amorphous regions of cellulose, leaving the 

material with more crystalline regions, where fewer sites are available for binding with water molecules, 

when compared to the amorphous regions of cellulose, may have assisted to compensate for the 

depolymerization of lignin. 

The barrier properties of the lignin-cellulose nanopapers were analyzed in terms of water vapor 

transmission rate (WVTR) and water vapor permeability (WVP) and the results are shows in Figure 5B 

and in the Table 4. 

The values for WVTR were 1159 and 1197 g.m². day for ULCNF and EsT_LCNF nanopapers 

respectively, the samples showed no statistical difference between each other. The EsT_LCNF showed 

higher WVP property (2.42 g.mm/m². kPa.day) compared to the ULCNF sample that showed a value of 

2.07 g.mm/m². kPa.day. These values are in agreement with the values reported by other authors for 

different raw materials (Espinosa et al., 2020; Tayeb et al., 2020). The increase of WVP in EsT_LCNF 

is since the enzyme laccase, when attacking lignin, ends up decreasing its hydrophobic nature. The 

presence of lignin reduces the absorption of water molecules during the initial stage of diffusion of water 

molecules in LCNF nanopapers (Espinosa et al., 2020). 

On the other hand, some authors in the literature studying the barrier properties (WVTR and 

WVP) of films from different nanofibrillated cellulose sources with diverse chemical compositions, 

observed an increase in WVTR for the films containing lignin, which according to the same authors may 

be due to the lower quality of hydrogen bonds in the films (Spence et al., 2011). In addition, the barrier 
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properties of LCNF nanopapers are the result of the combination of their crystalline structure as well as 

their ability to form dense networks with low porosity (Espinosa et al., 2020). 

The grease resistance was measured according to the kit test, based on 12 different grease 

solutions numbered from 1 to 12. The material that achieves oil kit number of 12 is the one that shows 

the highest grease resistance during the test. According Lavoine et al. (2014), a paper is considered 

grease resistant when it reaches the kit number of 8 or higher. Table 6 report the grease resistance 

obtained by the LCNF samples. 

Table 6: Grease resistance (oil kit number) and surface free energy (SFE) for the nanopapers of ULCNF and 
EsT_LCNF. *Different letters in the same row indicate significant (ρ ≤ 0.05) differences between the samples for 
the Tukey’s test. 

Characteristic ULCNF EsT_LCNF 

Oil kit number 12a 12a 

SFE (mN/m) 43 ± 3b 47 ± 1a 

Disperse (mN/m) 37 ± 5a 37 ± 1a 

Polar (mN/m) 6 ± 2b 10 ± 1a 

 
Both samples reached the oil kit number of 12, the same result found by Tayeb et al. (2020), 

indicating that they have the potential to be applied as coating agent in paper and packaging. his result 

is still indicative of a satisfactory level of nanofibrillation, since the more nanofibrillated the material is, 

the smaller the pore size in the nanopaper structure makes it more effective at blocking grease and water 

molecules (Wang et al., 2021). 

Table 6 also show the total surface free energy distinguishing the dispersive and polar 

contributions. Surface free energy can provide more detailed information about the lignin-cellulose 

matrix, and it can be calculated from the OWRK model that uses polar and dispersive elements 

(Balasubramaniam et al., 2020). The surface free energy predicts how well a given solvent wets the 

surface of a polymer matrix. The increase of the polar component in EsT_LCNF indicates an 

improvement of their hydrophilic character due to the degradation of non-carbohydrates constituents, 

more specifically the lignin from the fiber surface. It is known that oxidizing agents react mainly with 

lignin, breaking unsaturated bonds and producing final carbonyl and carboxyl structures, thus increasing 

the hydrophilic character of the fibers (Tonoli et al., 2012). In this same context, Steinmetz et al. (2020) 
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demonstrated the potential of laccase as a depolymerizing agent of lignin in a continuous 

depolymerization process in mild conditions. 

Although both samples achieved oil kit number of 12 in the grease resistance test, and the 

dispersive components of surface free energies remain the same for both samples, behavior that was also 

observed by Hossain et al. (2021), the control sample (ULCNF) seems to be more suitable for application 

for oil barrier purposes, since it has a lower polar contribution than EsT_LCNF, this means that its 

surface contains molecules that interact with liquids mainly through dispersive forces, such as Van der 

Waals interactions (Balasubramaniam et al., 2020). The influence of surface energy in grease resistance 

was mentioned in recent works by (Sheng et al., 2019; Tayeb et al., 2020). Figure 6 show ULCNF 

presented higher contact angles with polar liquids (water, glycerol, and ethylene-glycol) when compared 

with EsT_LCNF, leading to lower surface free energy, and a lower surface free energy indicates that 

fewer solvents can wet the sample surface.  

 

Figure 6. Dynamic nanopaper contact angles for the upper and lower sides of untreated lignin-cellulose nanofibrils 
(ULCNF) and Enzyme-treated lignin-cellulose nanofibrils (EsT_LCNF). Polar solvents (Deionized water, 
Glycerol and Ethylene glycol) and apolar solvents (Diiodomethane and 1-bromonaphtalene) were used. 
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3.7 Energy consumption 

The use of enzymatic pretreatments influenced the energy consumption for producing LCNF 

suspensions. In comparison to ULCNF, EsT_LCNF promoted a reduction of 42% in energy 

requirements to produce the nanofibrils, decreasing the consumption of 10.5 kWh/kg to 6.1 kWh.kg. 

The necessary energy to produce nanocellulose materials is a crucial factor to allow competitive 

industrial production commercialization of these materials and their derivatives so that they can compete 

with polymers of petroleum origin. According to Desmaisons et al. (2017), since 2008, studies have 

shown that the use of pretreatments reduces the energy demand for nanofibrillation from 20-30 kWh/kg 

to 1.0 kWh/kg. 

Figure 6A shows for both samples, energy consumption for mechanical nanofibrillation 

increases with the extending of grinding passes. The time spent for each pass through the grinder, for 

all the samples are shown in Figure 7B. The time for each pass tended to increase during the 

nanofibrillation process for all treatments.  

It is interesting to note that the specific nanofibrillation energy for each passage through the 

grinder of the EsT_LCNF sample is greater than that of the ULCNF. Furthermore, the two energy 

consumption evolution curves (Figure 7A) follow a similar trend. In Figure 7B, the time per passage for 

the sample treated with the enzymes is also longer compared to the one without treatment. However, 

even with higher specific energy and nanofibrillation time per pass, the EsT_LCNF sample needed fewer 

passes (6 against 21 passes) and less time to reach the gel point than the ULCNF sample, making it 

consume less overall energy when compared to the control sample. 
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Figure 7: A) Evolution of energy consumption for each pass and B) Time spent vs. nanofibrillation pass for 
ULCNF and EsT_LCNF. The black arrows indicate the point at which it was observed that the suspensions 
acquired a consistent gel appearance. 

One factor that can explain this behavior is that in EsT_LCNF, the fibers' cell wall was 

delaminated more quickly, making the microfibrils more easily individualized, increasing the water 

retention capacity of the suspension and, consequently, increasing its viscosity. Furthermore, increasing 

the nanofibrillation time of the material with each pass through the grinder. This is due to the ability of 

the cellulose nanoparticles to retain a large amount of water. The increase of viscosity along the 

nanofibrillation process is a consequence of the disintegration of fibrils, showing a stronger network 

formation as is typical of cellulose nanoparticles and forming a strong gel structure (Lahtinen et al., 

2014). 

Literature reports that lignin is one of the most significant factors in the recalcitrance of 

lignocellulosic biomass (Li et al., 2016), a fact that is widely observed during the nanofibrillation of 

mechanical pulps (He et al., 2018; Lahtinen et al., 2014). On the other hand, in the case of chemical 

pulps, there are reports that the presence of residual lignin can decrease the energy consumption of 

nanofibrillation (Spence et al., 2011). This different behavior between these two types of pulp may be 

related to the sulfonation of lignin in the compound pulps that allow a more extensive swelling of the 

fibers by water, accompanied by a more extensive softening of the material (Solala et al., 2019). 
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3.8 Quality of lignin-cellulose nanofibrils 

The lignin-cellulose nanofibrils produced without and after enzymatic pretreatments were 

characterized and had their quality evaluated based on the index proposed by Desmaisons et al. (2017) 

obtaining the values shown in Table 7. 

Table7: Quality indexes of lignin-cellulose nanofibrils produced by different conditions. Different letters in the 
same column indicate significant (ρ ≤ 0.05) differences between the samples for the Tukey’s test. 

Quality index of Lignin-cellulose nanofibrils 

Samples Turbidity (NTU) 
Tear 

resistance 
(mN) 

Young’s 
modulus 

(GPa) 

Porosity 
(%) 

Micro-size 
area (µm²) 

Q.I* 

ULCNF 541 ± 7a 49 ± 3a 7.2 ± 0.3b 29.8 ± 1.7a 73 ± 8a 61 ± 3b 

EsT_LCNF 473 ± 5b 41 ± 3b 9.5 ± 0.4a 25.5 ± 1.9b 54 ± 9b 71 ± 2a 

 

As already discussed in the previous section, the decrease of turbidity values obtained by the 

EsT_LCNF treatment already shows the efficiency of the enzymes as a facilitator of nanofibrillation of 

the unbleached fibers. The mechanical tests results show significance differences on nanopapers 

properties. The tear resistance result decrease from 49 ± 3 to 41 ± 3 mN after enzymatic hydrolysis, 

showing the effectiveness of these pre-treatments to facilitate the action of the enzyme endoglucanase 

on the fiber structure that still contains lignin after the action of the enzyme laccase that weakened the 

lignin structure allowing the effective cutting of fibers and generation of fine elements.  

These results present the same tendency as the work of Banvillet et al. (2021), where after the 

use of enzyme hydrolysis, the authors reported decrease of the values of tear resistance. The tear 

resistance of the nanopapers is related to interactions and dimensions of the LCNF; the more 

homogeneous the structures are at the nanoscale, more cohesive the material is, facilitating the 

propagation of the tear by the absence of empty spaces (Desmaisons et al., 2017). The Young’s modulus 

was positively affected by the enzymes, the value increased from 7.2 ± 0.3 to 9.5 ± 0.4 GPa where this 

property is directly influenced by the aspect ratio and interactions of lignin-cellulose nanofibrils. This 

increase is due to the hydrolysis of the amorphous cellulose in the fibers by the enzymatic action that 

caused the relative increase of crystalline domains that led to the increase of the stiffness of the material. 

The decrease of porosity of the nanopapers (from 29.8% to 25.5%) corroborates with the increase of 

Young's Modulus after the enzymatic treatments. According to Benítez and Walther (2017), this occurs 



116 
 
because materials with lower porosity contain more mechanically resistant nanostructures while 

materials with higher porosity contain air instead of a LCNF network with high mechanical strength. 

Also according to the same authors and Banvillet et al. (2021) with an enzymatic pretreatment, 

nanopapers with porosities less than 20% and Young's modulus between 8 and 15 GPa are usually 

obtained. 

Regarding the micro-size area (µm²), the residual non-nanofibrillated fibers was lower for 

EsT_LCNF (54 ± 9 µm²), indicating that in this case there was a greater delamination of the cell wall. 

The pretreatment facilitates the nanofibrillation and leads to the decrease of energy demand. As shown 

in the previous section, the energy consumption along the nanofibrillation process decreased by 42% 

after the enzymatic hydrolysis. After determining the quality index for each material, the EsT_LCNF 

sample achieved a higher value (71 ± 2), with a 10-point advantage over the untreated sample (61 ± 3). 

Besides the quality of LCNF, an essential factor to produce this material in industrial scale is the energy 

consumption required for the deconstruction of the lignocellulosic fiber from the macro to the nanoscale. 

In this study, it was evidenced the effectiveness of the pre-treatments presented as a viable alternative 

to produce lignocellulosic nanofibrils. 

4. Conclusions 

This study confirms the positive impact of a combined enzymatic pretreatment of laccase and 

endoglucanase for LCNF production. The laccase enzyme proved effective in attacking the lignin 

helping to decrease the recalcitrance of the fiber cell wall and making the cellulose more exposed to 

physical contact for the action of the endoglucanase enzyme. The effectiveness of the enzymatic activity 

during pretreatment was proven, with the increase of IC and positive effect on morphological and 

mechanical parameters of LCNF. The pretreatment led to the production of LCNF with lower 

aggregation of nanofibers, evidenced by lower turbidity and by electron microscopy image. The 

enzymes also led to LCNF with superior mechanical properties, evidenced by Young's modulus that 

varied from 7.2 to 9.5 GPa of the control sample compared to the one treated with the enzymes, 

respectively. LCNF production confirmed the positive influence of the combined pretreatment 

compared to the untreated sample, with an increase in the quality index and a decrease in energy demand. 
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The shear viscosity data were fitted with the Herschel-Bulkley equation, and the flow rates 

varied little between the control sample and the one pretreated with enzymes, ranging from 0.30 to 0.36 

indicating that both present non-Newtonian fluid behavior, being necessary the application of an initial 

force to flow them. The results also showed that both suspensions can return to their original state, with 

a greater ease for EsT_LCNF to return to the original resting state after application of a shear force, a 

typical characteristic of materials of thixotropic nature, and thixotropy plays a key role in the 

consolidation of the coating during the paper coating process. The contact angle, wettability and barrier 

properties tests showed that the enzyme laccase did not negatively affect the hydrophobic properties of 

the material, as this enzyme attacks the lignin it could cause increased interaction of the material with 

water molecules. 

This new pretreatment could therefore be used to produce LCNF in various applications, being 

attractive for its use in the packaging industry, or for high value-added applications such as substrates 

for printed electronics. Finally, this pretreatment could be suitable for industrial production (due to the 

decreased energy requirements) and experiments in the present paper provide data support for additional 

theoretical research. 
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CHAPTER IV: CONCLUSIONS OF THE THESIS 

The polymers that constitute the cell wall of plant fibers are closely related to each other 

and this study has shown that during the process of biorefinery of this biomass, it is extremely 

important to consider the intrinsic properties of each one and the interactions between these 

constituents. Both these properties and interactions are responsible for the phenomenon of fiber 

recalcitrance, which becomes a challenge for the efficient separation and/or degradation of 

these constituents. 

Thus, the obtainment of by-products such as cellulose and its derivatives, hemicellulose, 

and lignin can be optimized when the recalcitrance factor can be considerably reduced, 

representing benefits in the quality of the material and energy savings during the biomass 

conversion process. 

In this study, commercial bleached eucalyptus pulps were studied and evaluated with 

different hemicellulose contents in their composition, and the unbleached pulps were 

hydrolyzed with laccase and endoglucanase enzymes and were used as raw material to obtain 

cellulose nanofibrils (CNF) and lignin-cellulose nanofibrils. (LCNF) respectively, using a 

mechanical nanofibrillator. 

Therefore, up to this point, this study showed that the alkaline treatments not only caused 

different levels of hemicellulose but also caused partial conversion to cellulose II. The positive 

impact of the change in hemicellulose content and cellulose structure caused in CNF during 

alkaline treatment with low NaOH concentration (5% w/v) was demonstrated. 

The viscosity of the different CNF obtained from fibers with specific hemicellulose 

content decreased linearly. This occurred because the removal of these polysaccharides reduces 

the formation of complex networks between CNFs since they have free hydrogen bonding sites 

that allow cross-linking between cellulose chains. The rheology of CNF suspensions is an 

essential factor for various applications of this material. 

Lignin was also shown to have a positive influence on CNF properties, and the negative 

aspect of its presence as an obstructive agent for cell wall delamination can be overcome with 

the use of specific ligninolytic enzymes, such as laccases, which was observed in the reduction 

of energy consumption during nanofibrillation. Treatment with the laccase enzyme before the 

endoglucanase enzyme treatment in the unbleached pulps proved to be efficient to avoid the 

inhibition of the endoglucanase action on cellulose by the presence of lignin. 

This study contributed to society with the generation of fundamental knowledge of how 

the other main components of the cell wall (hemicellulose and lignin) interact with cellulose 
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and influence the responses of pretreatment of the fibers to mechanically deconstruct them to 

obtain cellulose nanofibrils. It also contributes to the improvement of industrial technology, 

involving the development of processes to generate innovative products, especially for the 

renewable packaging sector with the development of new materials based on cellulose, 

materials of renewable origin, seeking a more sustainable society concerning petroleum-based 

materials. 

This study not only translates into scientific, technological, and economic impacts, in 

the case of the development of pre-treatments to reduce energy consumption in the production 

of CNF and the possibility of applying the material in the development of new packaging and 

materials, but also in social and environmental impacts by the possibility of generating new 

employment, and the possibility of using materials from renewable sources, contributing to the 

immobilization of carbon in the materials produced, and promoting sustainability. 
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CHAPTER V: SUGGESTIONS FOR FUTURE WORKS 

The following are suggestions for future work: 

1. Evaluate the influence of hemicellulose using enzymes (Mainly xylanase enzymes) to 

avoid the effect of the change in cellulose structure promoted by the action of sodium 

hydroxide. 

2. Evaluate the influence of hemicellulose using a hydrothermal treatment to avoid the 

effect of the change in cellulose structure promoted by the action of sodium hydroxide. 

3. To perform the nanomechanical characterization of the fiber cell wall before and after 

the treatments to evaluate the effect on recalcitrance. 

4. Measure the binding energy of lignin in the fiber structure before and after hydrolysis 

with the enzyme Lacasse. 

5. Evaluate the degree of lignin depolymerization after Lacasse-mediated enzymatic 

hydrolysis. 

6. To evaluate the possibility of simultaneous or continuous enzymatic hydrolysis using 

the enzymes Lacasse and endoglucanase. 
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CHAPTER VI: APPENDICES 

APPENDIX 1: TEMPO - mediated oxidation of cellulosic fibers 
 

RESPONSIBLE RESEARCHER: 
Matheus CORDAZZO DIAS        Supervisor : N. Belgacem 
matheus.cordazzo-dias@ grenoble-inp.fr 
Office: B029 (D2) 

TEMPO - mediated oxidation of cellulosic fibers 

Lab Security 

User must wear safety glasses, gloves, and lab coat 
 
Chemicals 

Cellulosic fibers (C6H10O5) n 
TEMPO (C9H18NO) 
Sodium Bromide (NaBr) 
Sodium hypochlorite (NaClO) 

Ethanol (CH3CH2OH) 
Sodium hydroxide (NaOH) 0.5 M 
Hydrochloric acid (HCl) 0.5 M

Product CAS number 
Mol. Weight 

(g/mol) 
Risks 

Sodium bromide 
NaBr 

 
7647-15-6 102.89 - 

Sodium hypochlorite 

NaClO 
7681-52-9 74.45  

2,2,6,6-Tetramethylpiperidine 1-oxyl 
C9H18NO 

2564-83-2 156.25  

    
Sodium hydroxide 

NaOH 
1310-73-2 40.00 

 
 

Hydrochloric acid 
HCl 

7647-01-0 36.46  

Ethanol 
CH3CH2OH 

64-17-5 46.07 

 

 
Materials: 

- pH-meter 
- Magnetic stirrer 
- Mechanical stirrer 
- 250 mL beaker 

- 100 mL measuring cylinder 
- Precision balance 
- Fume hood
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Amount of NaClO: 

- Density: 1.22 g/cm³ 
- Molar weight: 74.45 g/mol 
- Solution concentration: 12% 
- Molarity: 12 mmol = 0.012 mol 

 

𝑴𝒐𝒍𝒂𝒓𝒊𝒕𝒚 =  
𝑴𝒂𝒔𝒔

𝑴𝒐𝒍𝒂𝒓 𝒘𝒆𝒊𝒈𝒉𝒕 𝒙 𝑽𝒐𝒍𝒖𝒎𝒆
  → 𝟎. 𝟎𝟏𝟐 =  

𝑴𝒂𝒔𝒔

𝟕𝟒. 𝟒𝟓  𝒙 𝟏
 → 𝑴𝒂𝒔𝒔 = 𝟎. 𝟖𝟗𝟑𝟒 𝒈 

 

 

𝑴𝒂𝒔𝒔 =  
𝟎. 𝟖𝟗𝟑𝟒 × 𝟏𝟎𝟎

𝟏𝟐
  → 𝑴𝒂𝒔𝒔 = 𝟕. 𝟒𝟒𝟓𝟎 𝒈 𝑵𝒂𝑪𝒍𝑶 

  

 

𝑫𝒆𝒏𝒔𝒊𝒕𝒚 =  
𝑴𝒂𝒔𝒔

𝑽𝒐𝒍𝒖𝒎𝒆
  → 𝑽𝒐𝒍𝒖𝒎𝒆 =

𝟕. 𝟒𝟒𝟓𝟎

𝟏. 𝟐𝟐
  → 𝑽 = 𝟔. 𝟏𝟎𝟐𝟓 𝒎𝑳 𝑵𝒂𝑪𝒍𝑶/𝟏 𝒈 𝒄𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒆 

 

Protocol: 

- Initially, the cellulosic fibers (70 g) were suspended in 2800 mL of distilled water, obtaining a 
suspension with a concentration of 2.5% (wt%). 
 
- Then, 1.12 g of TEMPO reagent (0.016 g; 0.1 mmol/1 g cellulose) was solubilized in 250 mL 
of distilled water, where it was constantly stirred for 1 hour. 7 g of NaBr (0.1 g; 0.1 mmol/1 g 
cellulose) were also solubilized in 100 mL of water under constant stirring for 1 hour. Later, the two 
reagents were added to the cellulosic fiber suspension and the system was under constant agitation 
for 20 minutes. 
 
- After this period, 427.1750 mL of 12% NaClO (6.1025 mL; 7.4 g; 12 mmol/1 g cellulose) were 
gradually added, leaving the system pH at around 10. 
 
- Subsequently, the pH was maintained at around 10 by adding drops of 0.5 M sodium hydroxide 
solution (NaOH). The reaction carried out for 3 hours with constant stirring and at room temperature. 
 
- After 3 hours of reaction, 100 mL of ethanol were added to stop the reaction and the pH of the 
system was corrected to 7 by the addition of 0.5 M drops of hydrochloric acid (HCl). 
 
- Finally, the fibers have been washed and the effluents must be stored. 

 
Effluent treatment 

Effluent should be put in the “effluent organiques halogénés” container. 

References: 
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APPENDIX 2: Preparation of phosphate buffer solution with pH = 4.5

    
 
RESPONSIBLE RESEARCHER: 
Matheus CORDAZZO DIAS        Supervisor : N. Belgacem 
matheus.cordazzo-dias@ grenoble-inp.fr 
Office: B029 (D2) 

Preparation of phosphate buffer solution (pH = 4.5) 

Lab Security 
User must wear safety glasses, gloves, and lab coat 
 
Chemicals 
Acetic acid glacial (CH3COOH) 
Sodium acetate trihydratate (C2H3NaO2 * 3H2O) 
 

Product CAS number 
Mol. Weight 

(g/mol) 
Risks 

Acetic acid glacial 
CH3COOH 

 
64-19-7 60.05  

Sodium acetate trihydratate 
C2H3NaO2 * 3H2O 

6131-90-4 136.08 

 
 
 
 
 
 

 
Materials: 

- pH-meter 
- Magnetic stirrer 
- 100 mL beaker 

- 1 000 mL volumetric flask 
- Fume hood  
-   Precision balance

 

Henderson-Hasselbalch’s equation 

pKa acetic acid glacial: 4.76 

 

  

 pH = pKa + log10(
[A-]

[AH]
) 

 

 

 

 4.5 = 4.76 + log10(
[A-]

[AH]
) 

 

 10(௣ுି௣௄ ) =  10(ି଴.ଶ଺଴଴) = 0.5495        (salt/acid) ratio (antilog) 

 

Salt with conjugated base (Sodium acetate) 

Weak acid (Acetic acid) 
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Buffer solution desired molarity = 0.05 M         Total mol 

 

Moles salt = 0.05 × ൬
0.5495

(0.5495+1)
൰ = 0.0177 mol of sodium acetate 

Moles acid = 0.05 × ൬
1

(0.5495+1)
൰ = 0.0323 mol of acetic acid 

Then, 

 pH = 4.76 + log10(
0.0177

0.0323
) 

 

 pH = 4.76 + log10(0.5480) 

 

 pH = 4.76 + (-0.2612) 

 

 pH = 4.4988 

 

Molar weight (MW) of acetic acid = 60.05 g/mol 

Molar weight (MW) of sodium acetate trihydratate = 136.08 g/mol 

 

For CH3COOH: 

 

M = 
m

MW ×V
                     0.0323 = 

m

60.05 ×1
                   m = 0.0323 ×60.05 = 1.9396 g (1.8472 mL) 

 

For C2H3NaO2 * 3H2O: 

 

M = 
m

MW ×V
                     0.0177 = 

m

136.08 ×1
                   m = 0.0177 × 136.08 = 2.4086 g 

 

Protocol: 

- Transfer 2.4086 g of sodium acetate trihydrate and 1.8472 mL of glacial acetic acid for 1 000 
mL volumetric flask. 

- Dissolve in water and make up to the mark with the same solvent. 
- Let the solution in a magnetic stirrer for 5 minutes. 
- Adjust the pH of solution if necessary. 

 

 

Reference: 
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APPENDIX 3: Preparation of phosphate buffer solution with pH pH 5 

 

RESPONSIBLE RESEARCHER: 
Matheus CORDAZZO DIAS        Supervisor : N. Belgacem 
matheus.cordazzo-dias@ grenoble-inp.fr 
Office: B029 (D2) 

Preparation of phosphate buffer solution (pH = 5) 

Lab Security 
User must wear safety glasses, gloves, and lab coat 
 
Chemicals 
Acetic acid glacial (CH3COOH) 
Sodium acetate trihydratate (C2H3NaO2 * 3H2O) 
 

Product CAS number 
Mol. Weight 

(g/mol) 
Risks 

Acetic acid glacial 
CH3COOH 

 
64-19-7 60.05  

Sodium acetate trihydratate 
C2H3NaO2 * 3H2O 

6131-90-4 136.08 

 
 
 
 
 
 

 
Materials: 

- pH-meter 
- Magnetic stirrer 
- 100 mL beaker 

- 1 000 mL volumetric flask 
- Fume hood  
-   Precision balance
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Henderson-Hasselbalch’s equation 

pKa acetic acid glacial: 4.76 

 

  

 pH = pKa + log10(
[A-]

[AH]
) 

 

 

 

 5.0 = 4.76 + log10(
[A-]

[AH]
) 

 

 10(௣ுି ) =  10(଴.ଶସ଴଴) = 1.7378        (salt/acid) ratio (antilog) 

 

Buffer solution desired molarity = 0.05 M         Total mol 

 

Moles salt = 0.05 × ൬
1.7378

(1.7378+1)
൰ = 0.0317 mol of sodium acetate 

Moles acid = 0.05 × ൬
1

(1.7378+1)
൰ = 0.0183 mol of acetic acid 

Then, 

 pH = 4.76 + log10(
0.0317

0.0183
) 

 

 pH = 4.76 + log10(1.7322) 

 

 pH = 4.76 + 0.2386 

 

 pH = 4.9986 

 

Molar weight (MW) of acetic acid = 60.05 g/mol 

Molar weight (MW) of sodium acetate trihydratate = 136.08 g/mol 

 

For CH3COOH: 

 

M = 
m

MW ×V
                     0.0323 = 

m

60.05 ×1
                   m = 0.0183 ×60.05 = 1.0989 g (1.0445 mL) 

 

For C2H3NaO2 * 3H2O: 

Salt with conjugated base (Sodium acetate) 

Weak acid (Acetic acid) 
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M = 
m

MW ×V
                     0.0177 = 

m

136.08 ×1
                   m = 0.0317 × 136.08 = 4.3137 g 

 

Protocol: 

- Transfer 2.4086 g of sodium acetate trihydrate and 1.8472 mL of glacial acetic acid for 1 000 
mL volumetric flask. 

- Dissolve in water and make up to the mark with the same solvent. 
- Let the solution in a magnetic stirrer for 5 minutes. 
- Adjust the pH of solution if necessary. 

Reference: 
 

[1] Lawrence J. Henderson (1908). "Concerning the relationship between the strength of acids 
and their capacity to preserve neutrality". Am. J. Physiol. 21 (2): 173–179. 
doi:10.1152/ajplegacy.1908.21.2.173. 

  
[2] Hasselbalch, K. A. (1917). "Die Berechnung der Wasserstoffzahl des Blutes aus der freien 

und gebundenen Kohlensäure desselben, und die Sauerstoffbindung des Blutes als Funktion der 
Wasserstoffzahl". Biochemische Zeitschrift. 78: 112–144. 

 
[3] National Center for Biotechnology Information. PubChem Database. Acetic acid, CID=176, 

https://pubchem.ncbi.nlm.nih.gov/compound/Acetic-acid. 
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APPENDIX 4: Enzymatic hydrolysis mediated by the Laccase enzyme (60 LAMU/g) 

 

RESPONSIBLE RESEARCHER: 
Matheus CORDAZZO DIAS        Supervisor : N. Belgacem 
matheus.cordazzo-dias@ grenoble-inp.fr 
Office: B029 (D2) 

Laccase mediated enzymatic hydrolysis 

Lab Security 

User must wear safety glasses, gloves, and lab coat 
 
Chemicals 
- Cellulosic fibers (C6H10O5) n 
- Laccase from Aspergillus sp. (Novozym 51003) Activity:  ≥ 1000 Laccase Units (LAMU/g) 
- Acetic acid glacial (CH3COOH) 
- Sodium acetate trihydratate (C2H3NaO2 * 3H2O) 
 

Product CAS number 
Mol. Weight 

(g/mol) 
Risks 

Laccase enzyme 
SAE0050 

 
80498-15-3 - 

 
 

 
 

Acetic acid glacial 
CH3COOH 

 
64-19-7 60.05  

Sodium acetate trihydratate 
C2H3NaO2 * 3H2O 

6131-90-4 136.08 

 
 
 
 
 
 

 
Materials: 

- pH-meter 
- Magnetic stirrer 
- Reactor 

- 250 mL beaker 
- Precision balance
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Enzymatic charge:  
 

Cellulosic 
fibers 

Novozym 51003 = 1000 LAMU/g 

200 g  60 LAMU/g 
 

𝑴𝒂𝒔𝒔𝒆𝒏𝒛𝒚𝒎𝒆 =  
(𝟐𝟎𝟎 × 𝟔𝟎)

𝟏𝟎𝟎𝟎
 = 𝟏𝟐 𝒈 𝒐𝒇 𝒆𝒏𝒛𝒚𝒎𝒆 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 𝒂𝒕 𝟔𝟎 𝑳𝑨𝑴𝑼/𝒈  

 

Preparation of acetate buffer solution (pH = 4.5): 

- Transfer 2.4086 g of sodium acetate trihydrate and 1.8472 mL of glacial acetic acid for 1 000 
mL volumetric flask.  

 

- Dissolve in water and make up to the mark with the same solvent. 
- Let the solution in a magnetic stirrer for 5 minutes. 
- Adjust the pH of solution if necessary. 

 
Protocol: 

- The cellulose pulp is diluted to 1.4% and placed in a heated reactor. A temperature 
40°C and a stirring of ~300 rpm is fixed. Do this step during the preparation of buffer 
and enzyme solutions. 

- When the temperature has stabilized, add the buffer solution until a pH 4.5 is reached 
(a pH control and a temperature control are required throughout the reaction phase). 

- Add the enzyme solution. 

- Leave to react for 2 hours. Constantly monitor the pH. 

5. Stopping the reaction. 

- To stop the reaction, heat to 80°C for 10 minutes, then cool to 25°C. 

The suspension is recovered, filtered with a 1 micron membrane, and dispersed in 2% 
deionized water. Add a few drops of chloroform to the suspension as a biocide. 

Store the suspension at 3°C. 
 

 

 

 

Matheus Cordazzo Dias 
Responsible researcher 
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APPENDIX 5: Enzymatic hydrolysis mediated by the Cellulase enzyme (300 ECU/g) 

 

RESPONSIBLE RESEARCHER: 
Matheus CORDAZZO DIAS        Supervisor : N. Belgacem 
matheus.cordazzo-dias@ grenoble-inp.fr 
Office: B029 (D2) 

Cellulase mediated enzymatic hydrolysis 

Lab Security 

User must wear safety glasses, gloves, and lab coat 
 
Chemicals 
- Cellulosic fibers (C6H10O5) n 
- FiberCare Cellulase 4890 ECU/g enzyme solution (Sigma-Aldrich C2730-50mL) 
- Acetic acid glacial (CH3COOH) 
- Sodium acetate trihydratate (C2H3NaO2 * 3H2O) 
 

Product CAS number 
Mol. Weight 

(g/mol) 
Risks 

FiberCare® Cellulase 4890 ECU/g enzyme 
solution 

9012-54-8 - 

 
 

 
 

Acetic acid glacial 
CH3COOH 

 
64-19-7 60.05  

Sodium acetate trihydratate 
C2H3NaO2 * 3H2O 

6131-90-4 136.08 

 
 
 
 
 
 

 
Materials: 

- pH-meter 
- Magnetic stirrer 
- Reactor 

- 250 mL beaker 
- Precision balance
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Enzymatic charge:  

 

Cellulosic 
fibers 

FiberCare 4890 ECU/g 

100 g  300 ECU/g 

 

𝑴𝒂𝒔𝒔𝒆𝒏𝒛𝒚𝒎𝒆 =  
(𝟏𝟎𝟎 × 𝟑𝟎𝟎)

𝟒𝟖𝟗𝟎
 = 𝟔. 𝟏𝟒 𝒈 𝒐𝒇 𝒆𝒏𝒛𝒚𝒎𝒆 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 𝒂𝒕 𝟑𝟎𝟎 𝑬𝑪𝑼/𝒈  

 

Preparation of acetate buffer solution (pH = 5): 

- Transfer 4.3137 g of sodium acetate trihydrate and 1.0445 mL of glacial acetic acid for 1 000 
mL volumetric flask.  

 

- Dissolve in water and make up to the mark with the same solvent. 
- Let the solution in a magnetic stirrer for 5 minutes. 
- Adjust the pH of solution if necessary. 

 
Protocol: 

- The cellulose pulp is diluted to 1.4% and placed in a heated reactor. A temperature 
50°C and a stirring of 250 rpm is fixed. Do this step during the preparation of buffer 
and enzyme solutions. 

- When the temperature has stabilized, add the buffer solution until a pH 5 is reached (a 
pH control and a temperature control are required throughout the reaction phase). 

- Add the enzyme solution. 

- Leave to react for 2 hours. Constantly monitor the pH. 

5. Stopping the reaction. 

- To stop the reaction, heat to 80°C for 10 minutes, then cool to 25°C. 

The suspension is recovered, filtered with a 1-micron membrane, and dispersed in 2% 
deionized water. Add a few drops of chloroform to the suspension as a biocide. 

Store the suspension at 3°C. 


