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RÉSUMÉ 

Dans ce travail, la surface de nanocristaux de cellulose (CNC) a été modifiée en utilisant un 

polymère cationique, le polyéthylèneimine (PEI), pour améliorer leur compatibilité avec des 

milieux non polaires. La modification de surface, réalisée par un procédé simple et sans utiliser de 

solvants organiques, a été confirmée par différentes techniques analytiques : spectroscopie XPS, 

spectroscopie FT-IR et mesures de potentiel zêta. Une analyse thermogravimétrique (TGA) a été 

réalisée pour étudier la stabilité thermique des CNC séchés-modifiés (mCNC). La spectroscopie 

UV-Vis a également été réalisée pour étudier le taux de sédimentation des mCNC dans l'eau, ainsi 

que la stabilité du modificateur. Les charges de surface des mCNC ont été modifiées par les 

polycations, et les mCNC ont précipité dans l’eau ; ils pouvaient cependant être dispersés dans le 

toluène. On a également montré que les mCNC étaient stables sur une plage de températures 

adéquate (jusqu'à 200 °C), compatible avec la dispersion en polymère fondu. Être en contact avec 

un milieu neutre (l’eau et huile minérale) n'a pas affecté l'efficacité du modificateur de surface. De 

plus, une augmentation significative des propriétés viscoélastiques et du comportement gel est 

observée pour les suspensions aqueuses de mCNC, attribuée à l'effet électrovisqueux et à la 

formation d'une structure d’agglomérats du PEI/CNC en suspension aqueuse. Ces résultats 

indiquent que PEI a un grand potentiel pour être utilisé commercialement comme modificateur de 

surface des CNC grâce à un processus efficace, à faible coût et respectueux de l'environnement. 

Au-delà du traitement par PEI, la modification de surface de CNC a été préliminairement examinée 

utilisant deux grades de chitosanes. Les résultats obtenus ont démontré que le chitosane peut 

adsorber sur la CNC chargée négativement par interaction électrostatique et modifier ses propriétés 

de surface. Les CNC séchées-modifiées avec le chitosane (CHI-CNC) précipitent dans l'eau, mais 

se dispersent dans toluène. Les propriétés viscoélastiques de la suspension aqueuse CNC à une 

concentration de CNC de 1% massique augmentent de manière significative en ajoutant une faible 

quantité de chitosane (1% massique par rapport à la charge en CNC). Ceci est attribué à la structure 

du chitosane et une affinité élevée entre le chitosane et la CNC. En raison des propriétés bénéfiques 

du mélange CNC-chitosane, une étude plus approfondie de ce biopolymère en tant que 

modificateur de surface est proposée. 
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ABSTRACT 

In this work, the surface of cellulose nanocrystals (CNC) was modified using a cationic polymer, 

polyethyleneimine (PEI), to improve their compatibility with non-polar media through a simple 

process without using any organic solvents. The successful surface modification was confirmed 

through different analytical techniques: XPS, FT-IR spectroscopy and zeta potential 

measurements. Thermogravimetric analysis (TGA) was carried out to investigate the thermal 

stability of dried-modified CNC (mCNC). UV-Vis spectroscopy was also performed to study the 

precipitation rate of mCNC in water, as well as the stability of the modifier. The surface charge of 

mCNC was changed through this modification and mCNC precipitated in fresh water; they could 

however be dispersed in toluene. The mCNC were also shown to be stable in an adequate 

temperature range (up to 200 °C) for polymer melt processing. Being in contact with a neutral 

media (water and mineral oil) did not affect the efficiency of the surface modifier. In addition, a 

significant increase in viscoelastic properties and gel-like behavior were observed for PEI/CNC 

aqueous suspensions, ascribed to the electroviscous effect and to the formation of an agglomerates 

structure resulting from the hydrophobic nature of PEI/CNC aqueous suspension. These results 

indicate that PEI has a great potential to be used commercially as a CNC surface modifier through 

an efficient, low cost and eco-friendly process.  

In addition, the surface modification of CNC using two grades of chitosan was preliminary 

investigated. The obtained results showed that chitosan adsorbs on negatively charged CNC 

through electrostatic interaction and changes the surface properties of CNC. Dried-modified CNC 

with both chitosan grades (CHI-CNC) sedimented in water, however CHI-CNC dispersed in 

toluene. The viscoelastic properties of CNC aqueous suspension at CNC concentration of 1 wt.% 

significantly increased when adding a low amount of chitosan (1% wt.% respect to CNC) due to 

chitosan structure and high affinity between chitosan and CNC. Thanks to the beneficial properties 

of CNC and chitosan, the use of this biopolymer as a surface modifier of CNC is proposed for 

further investigation. 
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CHAPTER 1    INTRODUCTION 

    Cellulose nanocrystals (CNC) are renewable and biodegradable materials that have unique 

properties such as low density, high aspect ratio, high mechanical properties as well as low cost   

[1-3]. This nanomaterial has a great potential to use in different industries (automobile, packaging 

etc.) [4] and received a great deal of attention in recent years.  

    CNC are produced through acid hydrolysis (with H3PO4, HCl, or H2S04 [5]) or periodic 

oxidation [6, 7] of cellulosic material such as wood pulp ,cotton ,alga, tunicate[2, 5]. Commercial 

CNC are generally produced as stable aqueous suspensions mostly through sulfuric acid hydrolysis 

of wood pulp [8, 9]. The CNC surface is hydrophilic and negatively charged due to the presence 

of sulfate half-ester groups [2, 10]; This hydrophilic nature has restricted the use of CNC as 

nanofillers to hydrophilic [11] or water soluble polymers [12-14]. 

    The major obstacle for using CNC in conventional polymer matrix and developing their 

application as an industrial nanofiller is their hydrophilicity nature and tendency to form 

agglomerates, which causes significant problems especially when dispersing into non-polar media 

such as polyolefins [15, 16]. Therefore, surface modification is necessary to improve the 

compatibility between the CNC surface and non-polar suspending media [17, 18]. 

    In the other hand, CNC have highly reactive surfaces that can be readily functionalized. Hence, 

the surface of CNC can be tuned by surface chemical modification. Several covalent and                

non-covalent modification approaches have been developed to functionalize CNC surface and to 

improve their surface properties [19] including, acetylation [20], esterification [21], etherification 

[22], periodic oxidation [23], coupling agent treatment [24], polymer (copolymer) grafting [25] 

and gas phase treatments [26, 27]. Except for gas phase methods, most of these methods are tedious 

and involve the use of organic solvents, which can cause environmental issues and increase 

production expenses [27]. It is noteworthy that chemical modification may change the structure of 

cellulose to some extent and consequently decrease its mechanical and thermal properties [28]. 
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      The surface of CNC can also be modified using non-covalent approaches [29-35]. Cationic 

surface modification [30-32] is a traditional non-covalent method to modify the CNC surface due 

to the presence of half-ester groups (OSO3
-) on most commercial CNC.  

    In terms of modification process, the adsorption of surfactants on CNC through a simple mixing 

with a surface modifier is easier and more economic compared to chemical surface modification. 

However, this method has some drawbacks: most studies reported that non-covalent surface 

modification of CNC is inefficient, namely due to incomplete surface modification and low thermal 

stability of non-covalent bonds [36]. This can negatively affect the thermal and mechanical 

properties of the final products. In addition, previous studies reported the desorption and low 

efficiency of surface modifiers with increasing the temperature (above 70 ℃) [37, 38]. 

    The main challenge in industrial surface modification of CNC is to design an efficient, simple, 

thermally stable and low cost modification protocol without any negative effect on CNC or matrix 

properties [39].  

     Polyethyleneimine (PEI)1 is a cationic polymer composed of repeating units of amines groups 

and two aliphatic carbons [40]. This polymer exists in both linear and branched molecular 

structures; a branched PEI contains all types of primary, secondary and tertiary amine groups while 

a linear PEI composed of only secondary and primary amine groups[41]. This cationic polymer 

exhibits one of the highest charge densities among polyelectrolytes when protonated in aqueous 

media [42]. Compared to common commercial surface modifiers, PEI has a higher density of amine 

groups [43] and a unique branched structure [44] that can interact with the negative groups on CNC 

at lower concentration, without the drawbacks associated with thermal stability of low molecular 

surfactant and incomplete surface coverage. Recent studies have demonstrated that PEI is an 

appropriate candidate to functionalize carbon fillers [45-48] to improve interfacial properties and 

their compatibility with polymer matrix.  

    

                                                 

1 H(NHCH2CH2)nNH2 
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   Objective 

       The main objective of this work is to modify CNC with PEI through a low-cost, efficient, and 

eco-friendly process, thereby increasing the hydrophobicity and compatibility with non-polar 

media. As a point of comparison, surface modification of CNC is also undertaken and studied with 

chitosan (CHI). CHI is produced through the partial de-acetylation of the second most abundant 

biopolymer (chitin) in nature after cellulose. CHI also possesses many interesting characteristics 

such as, biocompatibility and biodegradability as well as non-toxicity. The positive charges on CHI 

resulting from the presence of several amino groups can also allow the binding of anionic 

compounds, such as CNC surface treated by sulfuric acid. 

 

Outline: 

Chapter 1: Introduction; In this chapter, the challenges were described and the main objective of 

this work was presented. 

 

Chapter 2 Literature review; This chapter presents a background of the research, leading to 

research objectives. 

 

Chapter 3. CNC surface modification with PEI; In this chapter, CNC modification using 

polyethyleneimine (PEI) is described and the properties of modified CNC are characterized.  

 

Chapter 4. CNC surface modification with chitosan; to complete the studied the modification of 

CNC surface using two grades of chitosan as another cationic polymer are briefly discussed. This 

chapter serves as a starting point for further investigation of CNC surface modification with 

chitosan.  

 

Chapter 5. Conclusion and perspectives. The thesis closes with concluding remarks and 

recommendation for further studies. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1. Cellulose nanocrystals (CNC) 

   Cellulose is one of the renewable biopolymer which is provided by nature and thanks to the 

production rate of cellulose (100 billion metric tons/year), this biopolymer can be used as a 

permanent and low cost source for more decades [49]. Nowadays, cellulose is used as a raw 

material in various applications such as paper industries, food, and pharmaceutical industries. 

Because of its and low cost, availability as well as its interesting chemical and physical properties 

[3]. 

   The chains of this high molecular weight biopolymers are self-assembled into microfibrils and 

composed of amorphous and crystalline domains (Fig 2.1). 

 
Figure 2.1.The chemical structural of the cellulose components from tree to the anhydroglucose 

molecule  [50]. 
 

 

   From a chemical point of view, cellulose is composed of 1,4-anhydro-D-glucopyranose units (Fig 

2.2). 
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Figure 2.2. The molecular structure of cellulose (adapted from [51]). 

 

   Commercial CNC are produced mostly through sulfuric acid hydrolysis of wood pulp. In this 

process, the disordered amorphous domains are released to the crystalline domains (Fig .2.3) [9, 

52]. 

 

 
Figure 2.3.The isolation of cellulose nanocrystals through sulfuric acid hydrolysis (adapted from 

[52]). 

 

   The source of cellulose materials affects the dimensions and the degree of crystallinity of 

produced CNC (Table 2.1) [1, 53, 54]. 

 

 



6 

 

Table 2-1.The crystallinity and dimensions of CNC provided from different sources 

Source Length (nm) Width(nm) Crystallinity (%) Ref. 

Cotton 100-300 5-10 70-90 [2] 

Alga ≥1000 20 - [2] 

Bacterial 100-1000 10-50 72-74 [2] 

Tunicate 100-3000 10-30 83-90 [16] 

Wood pulp 100-300 3-15 70-85 [2, 8] 

Hard wood 140-150 4-5 40-65 [8] 

 

   CNC has attracted significant interest of researchers during recent years, largely attributed to the 

potential of cellulose nanocrystals to be used as a renewable and rigid nanomaterial. The number 

of publications on cellulose nanocrystals considering all mentioned terms in recent years are 

presented in Fig 2.4. Several names and abbreviations have been used for this nanomaterial in 

literature; “rod-like cellulose microcrystals”,“nanocrystalline cellulose”, “cellulose nano 

whiskers” and “cellulose nanocrystals”. TAPPI’s International Nanotechnology Division 

recommended cellulose nanocrystals as standard term for this nanomaterial in 2011. 
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Figure 2.4. The number of publications on cellulose nanocrystals in recent years (Web of Science2). 

 

2.2. The structure and properties of cellulose nanocrystals 

2.2.1. The chemical structure of CNC 

    One of the most specific characteristics of CNC is the presence of three hydroxyl groups in each 

unit of CNC resulting a reactive surface with multiple active hydroxyl groups (Fig 2.2). These 

hydroxyl groups depending on their position act as a primary or secondary alcohol [55, 56]. 

Intermolecular and intramolecular hydrogen bonding occur between OH groups of CNC; 

Intramolecular hydrogen bonds occur between the oxygen of glucose unit (O) and OH group of the 

C3 carbon [56]. The intermolecular hydrogen bonds occur between the oxygen of glucose units and 

other OH groups[57] (Fig 2.2).  

                                                 

2 May 15,2017 
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    As mentioned in Chap. 1, the sulfate half-ester groups are introduced on the CNC surface during 

sulfuric acid hydrolysis via an esterification reaction (sulfation) between surface hydroxyl groups 

and H2SO4 molecules. Therefore, the surface of CNC is highly negatively charged, which leads to 

well-dispersed aqueous colloidal suspensions due to the presence of OSO3
-. The surface charge of 

CNC can be controlled through the duration time and temperature of acid  hydrolysis [58, 59]. 

Phosphate [60] and carboxyl [61] groups can also be introduced on CNC surface during acid 

hydrolysis. However, commercial CNC are produced through sulfuric acid hydrolysis [58, 59]. The 

sulfate half-ester groups on the surface make CNC hydrophilic and, therefore, incompatible with 

hydrophobic matrix. This results in low mechanical properties and inefficient reinforcement 

because of poor dispersion induced by inferior interfacial interactions between CNC and non-polar 

polymer matrix [62] . 

 

2.2.2. The morphology and surface properties of CNC 

     CNC have a rod-like or needle-like morphology (Fig.2.5). The morphology and geometrical 

dimensions of CNC are varied depending on its cellulosic source (Table 2.1) [2, 53, 63]. In 

addition, the dimensions of CNC also depend on the hydrolysis conditions [2, 64, 65]. The 

dimensions of commercial cellulose nanocrystals3 are 7 ± 3 nm diameter and 120 ± 8 nm long, 

giving a high geometric average aspect ratio in the range of 11 to 32. The dimensions and ion 

strength of CNC affect the CNC surface properties and play an important role in the behavior of 

CNC in different media [8, 66-69]. 

 

 

    

 

                                                 

3 -Produced by FPInnovation (Canada) 
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Figure 2.5. Morphology of CNC: (a) Scanning electron microscopy (SEM); (b) transmission 

electron microscopy (TEM); (c) Atomic Force Microscopy (AFM) [70]. 
   

   The specific surface area of CNC (50-150 g/m2) is depend on its particle size. Dufresne et al. 

reported  the variation of CNC specific surface area as a function of diameter ( Fig 2.6) [71]. 

 
Figure 2.6.The variation of CNC specific surface area as a function of diameter[71]. 

(Density of 1.5 g cm-3) 

 

                    

  2.2.3. Mechanical properties of CNC 

  Cellulose nanocrystals possess attractive mechanical properties that can vary based on their 

source, morphology, geometrical dimensions, crystal structure, degree of crystallinity as well as 
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the synthesis process [2, 64, 72-74]. The mechanical properties of CNC are also varied in two 

directions attributed to rod-like shape of this nanomaterial; the tensile strength of CNC is in the 

range of 7.5–7.7 GPa while the axial modulus ranges from 110-220 GPa [2, 75-77]. These 

remarkable mechanical properties are within the range of other nanofillers, such as clay 

nanoplatelets or carbon nanotubes [2]. The modulus and tensile strength of CNC compared to other 

stiff materials are in the range that would qualify them for use as nanofillers in polymer matrix 

(Table 2.2). However, the low density , its high potential for surface modification, and its renewable 

and biodegradable nature distinguishes it from the other nanofillers [9].  

 

Table 2-2. Modulus and tensile strength of CNC compare to other stiff materials  

Materials 

Density 

g/cm3 

Tensile 

strength 

(GPa) 

Modulus 

(longtitudinal) 

(GPa) 

Modulus 

(transverse) (GPa) 
Reference 

Kevlar 1.4 3.5 124-130 2.5 [2] 

Carbon fiber 1.8 1.5-5.5 150-500  - [2] 

Steel wire 7.8 41 210-369  - [2] 

Carbon 

nanotube (CNT) 

1.5-2 10-60 300-1000 - [78] 

Nanoclay 1.8-2.2 - 120-180 - [79] 

CNC 1.6 7.5-7.7 130-250 10-50 [2] 

 

2.2.4. Thermal properties of CNC 

   Many parameters influence the thermal stability of CNC, such as type, temperature and time of 

acid hydrolysis as well as the concentration of acid during the process [36, 80]. These parameters 
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also affect the degree of crystallinity of CNC [36, 80-83]. The onset temperature for CNC 

degradation was reported in literature in the range of 230–280°C [36, 80-83]. Moreover, the 

presence of acid sulfate groups decrease the thermal stability through the dehydration reaction [84]. 

Usually, the higher number of sulfate groups on the surface of CNC, the lower the degradation 

temperature [84]. If hydrochloric acid is used instead of sulfuric acid to hydrolyze the cellulose, 

the thermal stability of the prepared CNC improves, but the nanocrystals tend to aggregate due to 

a deficiency of electrostatic repulsion [85].  

 

2.3. The market and applications for CNC 

   CNC have unique properties such as excellent mechanical properties, high aspect ratio, 

renewability, biodegradability, as well as lower cost versus common nanomaterials (carbon 

nanotubes, nanoclay, etc.), leading to an increase in the its applications in recent years. The 

production of CNC in industrial scale and the use of this nanomaterial in industrial application are 

the main subjects in this field. 

   Alberta Innovates-Technology Futures has constructed the first pilot plant to produce cellulose 

nanocrystals in the world. The joint venture of Domtar Corp. and FPInnovations (CelluForce) built 

a large commercial-scale plant to produce cellulose nanocrystals in North America. The world 

production capacity of cellulose nanocrystals in 2015 are presented in Table 2.3. 

 

Table 2-3.The production capacity of cellulose nanocrystals in 2015 [86]  

Company Capacity (kg/day) 

CelluForce, Canada 

American Process, U.S 

Holmen, Sweden 

Alberta Innovates, Canada 

US Forest Products 

Blue Goose Bio-refineries, Canada 

India Council for AG Research 

FPInnovations, Canada 

1000 

500 

100 

20 

10 

10 

10 

3 
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Figure 2.7.Global nanocellulose market 2015-2021(adapted from [87]). 

 

   North America will have the high demand for CNC and its end-user industries by 2020 [86]. The 

market size of CNC in terms of capacity and value will have large annual growth in the future 

years[87](Fig 2.7). On the other hand. it is predicted that more than 30% of CNC would be 

consumed in polymer composite to prepare polymer nanocomposites [88] due to their unique    

properties as well as its low cost4 compared to other nanomaterial such as carbon nanotube (Fig 

2.8). 

                                                 

4 Price of analytical grade: 4.5-5.0 $/g (www.celluloselab.com) 
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Figure 2.8.Forcasting of CNC demand in 2017 in different application fields  (adapted from [88]). 

   The properties of CNC surface affect the fabrication process as well as the properties of produced 

composite (nanocomposite)[2, 89]. The fabrication of nanocomposite using commercial polymers 

as matrix and CNC has been mostly unsuccessful due the hydrophilic properties and poor 

compatibility of this nanofiller with hydrophobic polymer, restricting it use in hydrophilic or water-

soluble polymers [12-14, 90]. In other words, the one of the major blockade in industrial production 

of CNC/polymer nanocomposites and developing applications for CNC is to achieve a good 

dispersion of CNC in common polymers such as polyolefins. Therefore, modification is necessary 

to improve the compatibility between the CNC and host polymer [91]. 

  The dispersibility of CNC in polypropylene (PP) and polylactic acid (PLA) was studied by 

Khoshkava et al., [62]. They reported that, the interfacial surface properties of CNC and host 

matrices strongly affect the dispersibility of CNC in polymer. They showed the effect of CNC 

surface modification on the dispersion level of CNC and resulting mechanical properties of 

polymer nanocomposite. In the other work, the dispersion level of modified CNC using 

polyethylene oxide in low density polyethylene (LDPE) was studied and the dispersibility 

improvement and reduced thermal stability of the CNC were demonstrated [82]. 

  The effect of polypropylene molecular weight on dispersion and mechanical properties of CNC-

PP composite in the presence of a compatibilizer using different processing methods was 

investigated by Sojoudiasli et al. [89]. They demonstrated that the low molecular weight PP 

15%
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composite produced via twin-screw extrusion had higher mechanical properties than the composite 

produced through internal batch mixer due to the better dispersion of CNC in the PP matrix. In 

another study, the dispersion level of CNC in a solution of polylactide was investigated by 

Bagheriasl et al. [92] using rheological methods. 

   The core of most of studies in fabrication of CNC/polymer nanocomposite is mechanical 

properties of nanocomposites. Nevertheless, the barrier properties of CNC composite are also 

interesting [93, 94]. The crystallinity nature of CNC as well as its compacted network can decrease 

permeability of CNC/polymer composites [93, 94]. 

  Cellulose nanocrystals can also be used in medical applications: 

• CNC was proposed as an agent for protein/enzyme immobilization due to its nonporous 

structure as well as its large surface area [95]. 

• CNC also was proposed for drug delivery due to biocompatibility and  its unique properties 

[96]. 

• Due to high surface area and possibility of CNC functionalization, CNC was proposed to 

produce bio-sensors and bio-imaging systems [97]. 

 

     2.4. Colloidal stability of particles 

Colloidal stability is achieved through a balance between the attraction and repulsion forces 

between adjacent particles. 

2.4.1. Theories of colloidal stability 

The stabilization of particles against aggregation can occur through two main mechanisms, 

(depending to the type of repulsion force): 

• Electrostatic stabilization 

• Steric stabilization  

A combination of the two mechanisms is also possible which called “electrosteric” stabilization. 
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• Electrostatic stabilization 

   Balancing between attractive van der Waals forces and repulsive Coulomb forces of charged 

particles lead to electrostatic stabilization of colloids. Charged colloidal particles, for example, 

sulfated CNC, are stabilized by the electrostatic repulsive force between the particles. When two 

particles become close, the electric double layer (EDL) around the particles prevents their 

aggregation and keeping them apart [2, 10]. On the other hand, the charge of particles play an 

important role in the electrostatic stabilization of colloids. The schematic of electric double layer 

and the potential energy of the interaction between two particles are presented in Fig 2.9. 

 
                     (a)                                                                            (b) 

Figure 2.9 a) Potential energy of the interaction; b) the schematic of electric double layer between 

two particles (adapted from [98]). 

 

The maximum value of the electrical potential is on the particle surface. With increasing distance 

from the surface, this potential drops and reaches 0 at the boundary of EDL (Fig 2.9a) [98]. The 

electric potential at the slipping plane is called Zeta potential. This value has an important role in 

interaction and stabilization of colloidal particles. 

A linear model between the electrical potential ψ on the surface of particle and the distance from 

the surface has been developed by Helmholtz's as classical electrical double-layer model [98] 

(Eq.2.1.): 

                                                             ᴪ=
4𝜋𝛿𝜎

                    Eq. 2.1                      

  where; 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=0ahUKEwjUg6irksrSAhUM24MKHSUkCD8QjRwIBw&url=http://www.inkline.gr/inkjet/newtech/tech/dispersion/&psig=AFQjCNHv4TCZThJEUi57eboJh0KVJw-p6w&ust=1489173663688716
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δ: the thickness of the fixed layer; 

σ: the density of surface charge;  

ε: the dielectric constant of the solution. 

 

 

Another theory about the stability of colloidal system was developed by Deryagin, Landau, Vewey 

and Overbeek (DLVO) in 1940. In the DLVO theory, some assumptions are considered: 

 

• Very low concentration of the dispersed phase; 

• Only van der Waals forces and electrostatic forces have role on the dispersed particles;  

• The distribution of charges is uniform on the surface of particles; 

• Brownian motion, electrostatic forces and entropic dispersion determine the distribution 

of ions. 

 

According to the DLVO theory, potential energy of particles (VT)  including attractive interaction 

due to van der Waals force (VA) and the potential energy of the repulsive electrostatic interaction 

(VR) determine the stability of colloidal system (Eq.2.2)[98] . 

 

         VT = VA + VR              Eq. 2.2        

 Considering spherical particles: 

           VA = - Ar/(12x)          Eq. 2.3        

       where: 

                              A: Hamaker constant 

                               r: radius of the particles 

                               x: distance between the surface of particles 

 

           VR = 2πεε0rζ
2e-kx             Eq. 2.4                    

 

      where: 

                              ζ : zeta potential 

                              k-1: the characteristic length of the electric double layer 

                              ε : dielectric constant of the solvent 

                              ε0 : permittivity in vacuum 
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As shown in Eq.2.4, VR is proportional to square of the zeta potential and as a result VT is strongly 

affected by the value of the zeta potential. On the other hand, the zeta potential is one of the main 

parameters known to affect the colloidal stability. 

• Steric stabilization 

   Polymers can be adsorbed on particle surfaces and affect colloidal stability through the 

prevention of aggregation by repulsion in colloidal systems [99]. There are two types of polymeric 

stabilization  [100, 101] (Fig 2.10); 

• Steric stabilization of colloids: polymer attached to the particle surface and covering the 

particle, which produce a repulsive force and separates the particle from the neighbour 

particles. 

• Depletion stabilization of colloids; free polymer (non-adsorbed molecules) separate the 

particles through repulsive forces between the particles. 

                             
Figure 2.10.Stabilization of a colloidal system by a polymer  (adapted from [101]). 

 

2.4.2. Effect of polymer adsorption on the colloidal stability 

   The adsorption of polymer molecules from solution is one of the common method for surface 

modification of particles such as CNC. The polymers molecules can be adsorbed through             

non-covalent (physically) or covalent (chemically)) interaction onto the surface of particles [102].   
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• Polyelectrolytes 

   Polyelectrolytes are water soluble polymers, which are charged (positively or negatively) in 

aqueous media. Polyelectrolytes have a wide range of charge density and molecular weight. 

Depending on their charge, these polymers adsorb onto charged surfaces through electrostatic 

attraction [103]. Depending on their molecular weight and structure, these polymeric molecules 

can have several dimensions (a few to several hundred nm) and can make a thin layer around the 

particles, which affect their state of dispersion. Polyelectrolytes play different roles in the stability 

of colloidal particles depending on the thickness of the layer, molecular weight, degree of surface 

coverage and chemical structure [104]. Polyelectrolytes determine the behavior of colloidal system 

(such as CNC colloidal system) by two main mechanisms: 

 

   a) Charge neutralization 

   CNC produced through the acid sulfuric hydrolysis, is dispersed in aqueous suspensions due to 

repulsion between their negatively charged surfaces. According to the charge neutralisation 

mechanism, the adsorbed cationic polyelectrolyte neutralises the negative charges on the particle 

surface (zero charges). By increasing the amount of polyelectrolyte beyond what is required to 

reach zero charge, the particle charge can be reversed and the suspension stabilized (again) [38] as 

also described by the DLVO theory [104].  

 

   b) Bridging of particles by polymer chains 

  In this mechanism, the adsorbed polymer can make bridges between the particles. Flocculation 

through bridging is more likely at 50% (or less) particle surface converge [45, 46]. With increasing 

surface coverage, the possibility of steric stabilization increases. In addition, to induce bridging, 

the polymer chains should also extend beyond the EDL [47, 48]. 

   Some parameters can affect the extension level of polymer chains such as molecular weight, 

polymer structure, kinetic effects, amount of surface coverage and polymer conformation (from 

equilibrium conformation to a flatter geometry) over time as well as ionic strength [105]. In 

addition, from bridging between the particles to occur, the adsorption density should not be too 
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high [106]. In other words, bridging can occur if there is a sufficient unoccupied surface on the 

particles to allow attachment of adsorbed polymer chains from other particles. The bridging 

mechanism is more likely to occur with linear and high molecular weight polymers with low or 

medium charges [107]. 

   It should be mentioned that dispersion or stabilisation require a higher surface coverage of 

adsorbed polymer than what is needed for flocculation [99]. 

 

2.5. Surface modification of CNC 

  As mentioned in section 2.3, the main challenge of developing the CNC as nanofillers is its 

tendency to form agglomerates due to the  strong interparticle hydrogen bonding [15, 16], 

particularly in non-polar media. The dispersion state or self-agglomerations states of CNC in their 

surrounding media will determine the properties of systems and predict the applications [108, 109]. 

In order to improve the dispersion of cellulose nanocrystals in organic solvents, several surface 

treatments or modifications can be performed [19]. CNC have a highly reactive surface that can be 

easily functionalized and, hence, tuned by chemical modification[19, 108, 109]. CNC surface 

modification can be divided into two main categories: covalent and non-covalent approaches (Fig 

.2.11). 
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Figure 2.11.The different methods of CNC surface modification.  

 
 
 
2.5.1. CNC surface modification using covalent methods  
 

    Various covalent approaches have been developed to functionalize CNC surface and to improve 

its hydrophobic properties [19] such as; oxidation [23], esterification [21], etherification [22], 

silane treatment [110], acetylation [20, 111], polymer grafting [25] and gas phase treatments [26, 

27].  

 

• Esterification 

   Surface esterification is the most common method for the chemical modification of CNC     

surface [58, 112]. In this method through the condensation reaction, carboxylic acid group (COOH) 

and an alcohol groups are introduced on the surface of CNC. Acetylation is the one of the simple 

method of esterification [113] which in that acetyl groups are introduced on the surface of CNC 

(Fig 2.12). 
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Figure 2.12. Esterification of CNC surfaces (adapted from [113]). 

 
• Etherification 

 

   Nowadays, etherification is used as a chemical pre-treatment step for defibrillation of the 

cellulose fibers. This process is performed by the activation of fibers using alkali hydroxide (mostly 

sodium hydroxide) in aqueous media and converting of hydroxyl groups (Fig 2.13) using mono 

chloro acetic acid or sodium salt to carboxymethyl units (Fig 2.13) [114]. Nevertheless, this process 

has many drawbacks due to the use of toxic halocarbon reagents. In addition, the hydrophilicity 

level of the produced CNC increased compared to the original one, which can increase the problems 

of CNC dispersion in non-polar media and limit CNC applications. 

 
Figure 2.13. The etherification reaction of surface hydroxyl groups of CNC [114]. 

 

• Oxidation 

 

   In this method through the oxidation reaction with the help of 2,2,6,6-tetramethylpiperidine     1-

oxyl (TEMPO) and a secondary oxidant -sodium hypochlorite or sodium chlorite- (to recycle the 

TEMPO) carboxyl and aldehyde groups are introduced on the surface of CNC (Fig.2.14). The 
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efficiency of this reaction is strongly dependent on several parameters such as reaction conditions 

and the purity of  raw materials [115]. In addition, the reaction is very sensitive to pH changes for 

example, at pH below 8.0 the reaction rate is very slowly and also selectivity between primary and 

secondary alcohols[115, 116]. 

 

 
Figure 2.14. The surface oxidation of CNC to carboxylate groups by TEMPO oxidation in 

water[116]. 

 

• Isocyanate coupling 
 

   In this method of CNC surface modification, a chemical reaction occurs between the isocyanate 

groups and hydroxyl groups of CNC. This method of CNC functionalization is not common as 

much as the previous methods due to the high price and high toxicity level of raw materials, which 

restrict its application. However, it has some advantages compared to other chemical modification 

method namely; chemical stability of urethane unit, high reaction rate as well as the absence of by 

products during modification process [117] . 

 

• Polymer grafting 

 

   Polymer (or copolymer) grafting is an another approach to chemical surface modification of 

CNC[118]. This method is preformed by the grafting (or in situ polymerization) of polymer chains 
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onto the surface of CNC(Fig 2.15) [119]. The methods of polymer grafting onto the surface of 

cellulosic materials can be divided on three main groups; (1)free radical polymerization, (2)ring-

opening polymerization and (3)living radical polymerization [118, 120]. 

 

 

    
Figure 2.15. Schematic of polymer grafting on CNC surface (adapted from [118]).  

 

     As mentioned, ring opening polymerization (ROP) is used to graft and surface functionalize 

CNC  [121]. Goffin et al. reported the grafting of poly L-lactic acid (PLLA) chains using ROP on 

the CNC surface without any impact on the crystallinity degree and morphology [122]. However, 

the thermal stability and mechanical properties of the functionalized CNC decreased due to the 

crystallization behavior and the presence of polymer short chains. 

   The grafting of  polycaprolactone (PCL) on CNC (Fig 2.16) using stannous octoate (Sn(Oct)2) as 

a catalyst was also reported [123].  In this work, the grafted PCL chains were long enough and they 

did not show negative effect on the properties of CNC. They reported the compatibility of PCL-g-

CNC with PCL matrix. However, the compatibility of grafted CNC with another matrix has not 

been reported. 
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Figure 2.16. Grafted PCL on CNC surface using stannous octoate [123]. 

 

• Gas phase treatments 

 

    Gas phase treatments (solvent free approaches) are a new stream for surface functionalization. 

Heat, light and plasma can be used to functionalize substrates [27]. However, very little work has 

been conducted in the gas phase for CNC. Javanbakht et al. [26] modified the surface of CNC 

using gas-phase photo-initiated chemical vapor deposition (PICVD). In this study, the surface 

modification of the CNC was performed using a PICVD micro-reactor. In the process of surface 

modification, CNC was first mechanically dispersed in toluene and deposited onto polished copper, 

then, it was placed inside the tubular reactor. Afterwards, a gas mixture of H2 and CO was injected 

and irradiated by two UV lamps. They demonstrated that this technique improves the compatibility 

of CNC surface with semi-polar and non-polar solvents. These methods are efficient and eco-

friendly, However, in terms of process cost, this method requires specific equipment which may 

increase the production cost and hence, remain limited to higher value-added products. 

    Work conducted on cellulose in the gas phase may also be an interesting source of 

complementary information in this field. Couturaud et al. reported an increase in the compatibility 

of cellulose and poly(L-lactide) film as hydrophobic surface through plasma-induced grafting of 

L-lactide[124]. 

 

• Click chemistry 

 

    The clicking approach is also a new approach to surface engineering [125]. Recently,                          

Feese et al. used the Cu(I)-catalyzed Huisgen–Meldal–Sharpless 1,3-dipolar cycloaddition 

reaction to surface immobilize cationic porphyrin[126]. Some functionalization of CNC was also 
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performed using click chemistry [127]. However, due to overall cost of click chemistry methods, 

they will be limited to specific cases. 

   As highlighted in the various descriptions, covalent modification methods are often                     

time-consuming and involve the use of organic solvents, which can cause major environmental 

issues and increase the production expenses [27]. It is noteworthy that the chemical modification 

can change the structure of cellulose to some extent and consequently decrease the mechanical and 

thermal properties [28, 128].  

 
 

2.5.2. CNC surface modification using non-covalent methods 

    Non-covalent surface modification through the physical adsorption of a surface modifier 

(surfactant) is another approach for CNC surface modification [30, 32]. Theoretically, coating the 

surface of CNC using a surfactant through simple mixing is the easiest method to increase the 

compatibility of CNC with non-polar media. Indeed, the adsorption of a surfactant (or polymer) on 

CNC should be easier to control than chemical reaction for modification [129]. Non-covalent 

surface modification of CNC can be done through cationic or non-ionic methods [28, 55].  

   Owing to the presence of negatively charged groups on commercial CNC surfaces, cationic 

surface modification is a more common non-covalent method to modify CNC surface [30-32]. 

However, non-ionic CNC surface modification has also been reported [130, 131].  

    The improvement of the CNC dispersion in organic solvents using a non-ionic surfactant 

(sorbitan monostearate) was reported by Kim et al. [132]. Based the results of turbidity analysis, 

they reported that the concentration of surfactant can determine the stability of the modified CNC 

in surrounding media. Recently, Zhou et al.[131] reported a new approach for non-ionic CNC 

surface modification based on the adsorption of saccharide-based amphiphilic block copolymers.     

They showed that the adsorption of xyloglucan oligosaccharide-poly (ethylene glycol)-polystyrene 

triblock copolymer onto the surface of CNC increases the dispersibility of CNC in non-polar 

solvents. 
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• Cationic surface modification 

  As mentioned in section 2.1, commercial CNC contain sulfate half-ester groups (OSO3
-) on the 

surface. These groups form an electrostatic layer around the particles leading to a stable CNC 

aqueous suspension. In the other hand, these negative charges promote the electrostatic adsorption 

of cationic groups on the surface of CNC. 

   Heux et al. [29] used a phosphoric ester of polyoxyethylene 9-nonylphenylether (Beycostat NA) 

as a cationic surface modifier to prepare stable suspensions of CNC in non-polar solvents. They 

mentioned that a low weight ratio of surfactant to CNC (< 4 wt. %) in suspensions was not sufficient 

to obtain a good dispersion in organic solvents. The adsorbed amount of surfactant to achieve full 

coverage of CNC by the surfactant was determined to be 44-61%, corresponing to 0.79-1.56 g of 

surfactant per g of CNC. The method used by Heux et al.  was a simple and effective technique to 

improve the dispersion level of CNC in non-polar media. However, to achieve efficient surface 

coverage a high amount of modifier was used, which affected the properties of final product. In a 

subsequent study, these modified CNC were nevertheless used to reinforce a polypropylene (PP) 

matrix [18] with improved dispersion. The enhancement of CNC dispersion in a low polarity 

solvent (tetrahydrofuran (THF)), through cationic surface modification with hexa-decyl-

trimethylammonium bromide (HDTMA) as a cationic surfactant was also reported [33] . Ansari et 

al. [133] modified CNC using a cationic surfactant (dedecyltrimenthylammonium chloride) 

through interactions between the positively charged ammonium groups and the negatively charge 

half-ester sulphate group. They found that the modified CNC showed superior mechanical 

properties in poly vinyl acetate due to the improvement of interfacial interaction as well as the 

improved dispersion level in the polymer matrix.  

2.6. Conclusion of the literature review and organization of the thesis 

There are several obstacles to modify the interactions of CNC with host matrix and develop the 

applications for this nanomaterial to enter the market of commercial nanofillers. 

Various studies have been performed to change the surface properties and increase the 

compatibility of CNC with non-polar matrix. As mentioned, each covalent and non-covalent 

approaches have some limitations and restrictions. In the most developed methods of CNC surface 
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modification through the non-covalent approaches, large amounts of surface modifier are required 

to cover the CNC surfaces, which can affect the properties of the prepared composite and increase 

the cost of the final products. Until now, no industrial CNC modification method to improve their 

use in polymer composites has been reported. Therefore, to develop the CNC market and CNC 

applications, it is necessary to find a novel and effective surface modification method, which can 

be easy applied in industrial scale with minimum cost. 

    In this work, a cationic polymer, polyethyleneimine (PEI), is used to modify the surface of CNC. 

PEI has a high density of amine groups and a unique branched structure capable of binding with 

negative groups of the CNC surface at low concentrations. Recent studies have already 

demonstrated that PEI is an appropriate candidate to functionalize carbon fillers and improve the 

mechanical interfacial properties of composites [134]. 

   The main objective of this work is to modify CNC surface through a low cost, efficient and        

eco-friendly process using PEI, to change the surface properties and increase the compatibility of 

CNC with non-polar media. The results of CNC modification with PEI are discussed in Chapter 3. 

In addition, the modification of CNC surface properties using two grades of a bio cationic polymer 

(chitosan) were also preliminary investigated and their results are presented in Chapter 4. 
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CHAPTER 3 CNC SURFACE MODIFICATON WITH PEI 

3.1. Materials 

➢ Cellulose nanocrystals (CNC) 

   Spray-dried cellulose nanocrystals (CNC) obtained through sulphuric acid hydrolysis of 

commercial dissolved softwood pulp were supplied by CelluForce (Canada). The CNC was used 

in samples modification without any treatment. 

 

➢ Polyethyleneimine (PEI) 

PEI exists in both linear and branched molecular structures; a branched PEI contains all types of 

primary, secondary and tertiary amine groups while a linear PEI contains only secondary and 

primary amine groups[41]. This cationic polymer exhibits one of the highest charge densities  

among polyelectrolytes when protonated in aqueous solution [42]. The study of intrinsic viscosity 

and small-angle neutron scattering of aqueous solutions of branched PEI showed that the 

conformation of this polymer does not change significantly over the pH range of 2 to 11, due to its 

highly branched structure [105, 135]. In this study, branched PEI purchased from Sigma Aldrich 

Canada was used (99% purity, Mw 25,000 g mol-1, polydispersity 2.5, density 1.030 g mL-1). 

3.2. Preparation of samples 

  In a typical batch of CNC modification, spray-dried CNC were added in deionized (DI) water at 

pH 6.8. An ultrasonic homogenizer (Cole-Parmer model CP505 500 W) was used to disperse CNC 

in DI water at a total energy dose of 2000 J/gCNC. Ultrasonication was carried out in an ice bath to 

avoid local temperature increases and de-esterification of CNC surface groups [8]. To increase 

efficiency, ultrasonication was applied in three steps at progressively lower concentrations 1) 500 

J/gCNC at CNC concentration of 2 wt. %; 2) diluting the suspension to 1.5 wt. % of CNC and 

applying 500 J/gCNC and 3) decreasing the concentration to 1 wt. % and applying an additional 

1000 J/gCNC. 

 PEI was separately dissolved in DI water (at a concentration of 0.001g.mL-1) at pH 6.8. To promote 

dissolution, it was heated at 50 °C and mechanically stirred using a magnetic stirrer for 30 min at 
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a speed of 300 rpm. Then, the PEI solution was diluted to concentrations of 0.0001, 0.0002 and 

0.0005 g mL-1 . They were subsequently added dropwise to the CNC suspensions and mechanically 

stirred at 50 °C at a speed of 500 rpm for 4 h. Modified CNC suspensions with 1 wt. % CNC 

concentration and different PEI/CNC ratios were prepared. No pH adjustment was done. The 

PEI/CNC suspensions were quickly frozen at -20 °C for 48 h and then were put into a freeze-dryer 

(FreeZone 2.5 plus, Labconco, Kansas City, MO) for 72 h under vacuum (temperature of internal 

chamber -87 °C), yielding a white flaky dried modified CNC (mCNC). Modified CNC were used 

for characterization in further sections. 

  PEI (g) CNC (g) 

 • PEI/CNC 1%  0.01 1.00 

Modified CNC samples • PEI/CNC 2 % 0.02 1.00 

 • PEI/CNC 5%  0.05 1.00 

 

 The schematics of CNC surface modification with PEI are presented in Fig. 3.1.  
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.         

 
Figure 3.1.Schematioc illustration of CNC surface modification with PEI 

 

3.3. Characterization of modified CNC 

3.3.1.X-Ray Photoelectron Spectroscopy (XPS) 

      XPS was used to characterize the surface of mCNC. C1s, O1s and N1s high-resolution spectra 

of the pristine CNC and mCNC were obtained by XPS model VG ESCALAB 3 MKII. A fine 

powder of pristine CNC and mCNC was used in XPS characterization. During the analysis, the 

pressure of chamber was kept at 5×10−9 Torr. The take-off angle was fixed at 90◦ with respect to 

the sample surface. All spectra were obtained with a source of Mg Kα at 300W and the analyzed 

depth was less than 10 nm. In high resolution scans, the energy pass and energy step size were 

20eV and 0.05eV respectively. The Shirley method was used to correct the background 

contribution [136]. 
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Figure 3.2. XPS survey spectra and decomposition of C1s signal into its constituent contributions 

for (a,b) pristine CNC and (c,d) mCNC with PEI/CNC 2%  

 

    No nitrogen signal was detected for the pristine CNC within the investigated range in the survey 

scan (Fig. 3.2a). After surface modification, a nitrogen peak appeared around 400 eV (Fig. 3.2c), 

indicative of PEI presence on the CNC surface. This result confirmed the successful modification 

and the presence of amine groups onto the CNC surface, the similar results was also reported in 

the case of CNC stabilized with the cationic surfactant 2,3-epoxypropyl trimethylammonium 

chloride (EPTMAC) [35]. The high-resolution C1s peaks for pristine and mCNC were resolved 

into three Gaussian component peaks, giving further information about the structure of bonded 

carbons before and after surface modification (Fig. 3.2b and 3.2d): C-C or C-H at 285.0 eV (C3), 
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C-O at 286.6 eV (C1) and O-C-O at 288.1 eV (C3) [137]. The ratio between the area under the 

peaks representing C-O (C1) and O-C-O (C2) bonds within cellulose chains, remained 

approximately constant before (1.04) and after (0.97) surface modification. This indicates that the 

modification did not change the nature of underlying cellulose. However, a substantial increase in 

the percentage of C-C or C-H (C3) was observed due to the presence of alkane chains from PEI, 

further in agreement with Li et al. [35]. The nitrogen level gives an indication of the PEI affinity 

for surface adsorption. The successful surface modification was also confirmed through the 

increase of both C and N, as well as the decrease in the O/C ratio in the case of mCNC (Table 3.1).  
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Table 3-1. XPS analysis of CNC before and after surface modification with PEI 

Name Binding Energy (eV) Identification 

Relative atomic %  

Pristine CNC 

mCNC 

PEI/CNC 

1 % 

PEI/CNC 

2 % 

C1s 

285.0 

286.6 

288.1 

C-C or C-H (C3) 

C-O in cellulose (C1) 

O-C-O in cellulose (C2) 

6.4 

40.2 

6.3 

17.3 

35.0 

6.8 

17.2 

36.7 

7.2 

TOTAL 53.0 59.1 61.1 

N1s 

399.2 

400.1 

401.7 

Amine 

Amide 

Protonated N 

- 

- 

- 

2.4 

1.1 

0.3 

2.1 

0.9 

0.3 

TOTAL 0 3.8 3.4 

O1s 

531.4 

532.6 

533.2 

O=C-N 

C-OH in cellulose 

C-O-C  

- 

28.2 

18.8 

3.5 

20.2 

13.5 

2.1 

20.6 

13.1 

TOTAL 47.0 37.2 35.8 

BE: Binding energy of corresponding atomic orbital  

 

  Survey O1s and N1s for pristine CNC and mCNC are presented in appendix A. 

 

3.3.2. Fourier Transform Infrared spectroscopy (FTIR) 

FTIR was used to chemically characterize the CNC before and after surface modification. A fine 

powder of dried pristine CNC and modified CNC (mCNC) was used in FTIR characterization. A 

Perkin Elmer Spectrum 65 FTIR spectrometer equipped with a Zn/Sr crystal, in the range of              

650–4000 cm−1 was used. For each sample 32 scans were recorded at a resolution of 4 cm−1. 
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    Fig. 3.3 presents the FTIR spectra of pristine CNC and mCNC for different PEI/CNC ratios. All 

characteristic peaks of cellulose were observed in FTIR spectra of both pristine CNC and mCNC: 

at 1109 cm-1, 1162 cm-1, between 1300 and 1440 cm-1 and between 3100 and 3600 cm-1, related to 

O-H association, C-O-C stretching vibration, C-O stretching vibration, O-H bending vibration and 

O-H stretching vibration, respectively[138]. All these peaks showed the typical bonds of cellulose 

molecules and indicated that the surface modification did not affect the nature of CNC [139]. 

Moreover, two peaks at 2985 cm-1 and 1480 cm−1 (pointed by arrows on Fig. 3.3) appeared in the 

spectra of mCNC, which correspond to RxNH and NH3
+

 groups, respectively. The successful 

surface modification of CNC was hence confirmed by the appearance of these two peaks in FTIR 

spectra of mCNC. The same peaks were observed for chemical grafting of PEI onto cellulose 

nanofiber [134]. 
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Figure 3.3. FT-IR spectra of pristine CNC and mCNC with PEI/CNC ratio 1 and 2 % 
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3.3.3. Particle size measurements through dynamic light scattering 

   Dynamic light scattering (DLS) was used to determine the equivalent hydrodynamic diameter of 

mCNC. Pristine CNC and mCNC were dispersed in DI water (pH 6.8) at a very low CNC 

concentration ( 0.05 wt.% ) [140, 141].Ultrasonication energy (2000 J/gCNC) was applied to the 

suspensions. Particle size distribution of pristine CNC after applying 2000 J/gCNC ultrasonication 

energy) is presented in Fig 3.4.  DLS measurements were preformed using Malvern Zetasizer 

Nano-S (ZS) instrument with a detection angle of 173°. The non-invasive backscatter detection of 

light at an angle of 173° improved the sensitivity, reduced multiple scattering issues, and minimized 

the effects of large particle contaminants. All the measurements were performed at 25 °C and 

repeated three times to obtain the average values. 

 The equivalent hydrodynamic size (Z-average) and polydispersity index (PDI)5 of pristine CNC 

and mCNC are presented in Table 3.2. In this method, the diffusion of particles moving under 

Brownian motion are measured and converts to size using the Stokes-Einstein relationship: 

     

 

                                    D= KBT/6πηR                       Eq.3.1         

 

D : Diffusion constant  

KB: Boltzmann's constant 

T: Temperature  

η: Solvent viscosity  

R: The radius of equivalent spherical particle 

 

    Knowing that CNC particles are rod-like and Stokes Einstein equation is for the diffusion of 

spherical particles, the size of CNC particles measured by DLS is not the exact size of particle. 

                                                 

5 PDI is 0.0 for a perfectly uniform sample and PDI ≥ 0.7 (very broad distribution) indicates that sample is 

not suitable for DLS measurements. 
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However, the results can be used for comparison between different samples (before and after 

surface modification).  
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Figure 3.4. The CNC particle size distribution in CNC water suspension at concentration of 0.05 

wt.% 
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Table 3-2. Z-average hydrodynamic size and PDI of pristine CNC and mCNC at (T= 25 °C)  

Sample Average diameter (nm)  PDI 

Pristine CNC 121 ±1 0.29 

mCNC 
PEI/CNC 1% 

PEI/CNC 2 % 

189 ±5 

319 ±6 

0.38 

0.51 

 

   The hydrodynamic diameter of CNC increased after surface modification (Table 3.2). This is 

attributed to PEI adsorption onto CNC surface via strong electrostatic interactions and possible 

hydrogen bonding. Similar results were also reported by Huang et al. [81] for CNC modification 

with quaternary ammonium.  

3.3.4. Zeta potential measurements 

  Zeta potential measurements were performed using Malvern Instruments Zetasizer (Nano ZSP). 

The samples were prepared as for DLS measurements at CNC concentration of 0.05 wt.%. The 

electrophoretic mobility of particles was measured and using the Smoluchowski equation, 

electrophoretic mobility values were converted to zeta potential values (ζ-potential). ζ-potential 

was measured at different pHs, adding solutions of HCl 0.1 M and NaOH 12 M. All measurements 

were done at 25 °C and the reported values were an average of 15 measurements.  

  The ζ- potential as a function of pHs for pristine CNC and mCNC are presented in Table 3.3.                   

 

Table 3-3. ζ- potential of pristine CNC and mCNC at different pH (T=25 °C)  

Semple 

ζ- potential  

(mV) 

without pH adjustment 

ζ- potential (mV)  

pH 3.0 

ζ- potential (mV)  

pH 7.0 

Pristine CNC -52.0±2.1 (pH 6.7) -33.0±0.1 -54.0±5.2 

mCNC 
PEI/CNC 1 % 

PEI/CNC 2 % 

-23.0±0.6 (pH 7.1) 

-20.0±2.7(pH 7.3) 

-2.0±1.5 

18.0±0.7 

-24.0±0.2 

-20.0 ±4.2 



38 

 

    The ζ- potential can be affected by pH due to the presence of sulfate and amine groups            

(Table 3.3). At pH 7.0, pristine CNC showed a negative ζ- potential (-54.0±5.2 mV) due to the 

presence of OSO3
− on its surface. This value increased to -33.0±0.1 mV when pH decreased to 3.0, 

due to the partial protonation of the sulfate half-ester groups [142].  

 After modification, mCNC (PEI/CNC 1 %) showed a decrease in absolute value of ζ- potential to 

-24.0±0.2 mV at pH 7.0 and close to the isoelectric point (-2.0±1.5 mV) when decreasing pH to 

3.0. Furthermore, at pH 3.0 the ζ-potential became positive with increasing PEI concentration, 

indicative of surface coverage by the modifier [142]. 

   PEI contains a high density of amine groups having various pKa, which explains its protonation 

degree at different pH. The pKa of each amine group is affected by the amine type (primary, 

secondary and tertiary, with pKa of 4.5, 6.7 and 11.3, respectively), steric factor and position within 

the polyamine structure[143]. The protonation degree of branched PEI with   Mw= 25,000 g mol-1 

was reported as 55% and 75% at pH 7.0 and 3.0, respectively [144]. This extent of protonation 

explains the ζ- potential trend observed for mCNC. Such a significant increase in ζ- potential was 

also reported for PEI on silica surfaces [34]. It should be noted that, at pH 3.0 (for highest 

protonation degree), a significant ζ-potential difference was observed (+ 20 mV) between mCNC 

with 2 and 1 % of PEI/CNC ratio.  

   Coupled with the chemical characterization, these ζ-potential values strongly indicate the 

presence of PEI on the mCNC surface and the likelihood that dispersion into non-polar media will 

be possible. 

 

3.3.5. Rheological measurements 

  Rheometry can be an efficient technique to characterize the dispersion state of nanoparticles in 

different media, because the rheological properties are sensitive to changes in particle size, shape 

and surface characteristics of the dispersed particles [145].  

   The process of CNC preparation from cellulosic materials can affect the rheological properties 

of CNC suspensions[67, 146, 147]. The charges on the CNC surface also affect the viscoelastic 

behavior of CNC colloidal suspensions [148, 149]. Shafiei sabet et al.[149], studied two CNC 
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suspensions with different charges levels. They demonstrated that changing the charges of the 

CNC greatly affect the viscoelastic, steady-shear properties and gel state of CNC suspensions. 

Because particle repulsive interactions among charged particles lead to larger viscosity values, 

due to the secondary electroviscous effect [150]. In another publication Lenfant et al. [151] 

demonstrated that the primary electroviscous effect, had a major contribution to the intrinsic 

viscosity of ECNC aqueous suspensions, being a function of both pH and ionic strength. The 

intrinsic viscosity was correlated with the charges on the particles obtained from zeta potential (ζ) 

measurements. 

    All rheological measurements were performed using a rotational rheometer (MCR 502, Anton 

Paar) using a double-Couette flow geometry at 25 °C. In small-amplitude oscillatory shear (SAOS) 

experiments, the linear viscoelastic region was first determined using strain sweep tests ( = 1 to 

100%) at two angular frequencies ( = 1 and 10 rad s-1). Then, SAOS tests were carried out in the 

angular frequency range of 0.1 − 100 rad s-1. The complex viscosity (η*), storage modulus (G′) and 

loss modulus (G″), for pristine and PEI/CNC aqueous suspensions, were measured. Before starting 

the SAOS test, a pre-shearing at a shear rate   of 10 s-1 for 1 min was applied and followed by 2 

min rest time. Steady-shear experiments were also performed in a range of   = 0.1 to 100 s−1. A 

thin layer of mineral oil was placed on the surface of samples to prevent water evaporation during 

the rheological measurements, and was shown not to affect the tests. It should be mentioned that 

the rheological measurements were performed in aqueous suspensions for CNC concentrations of 

1 wt. % before drying the modified particles. Indeed, after freeze-drying, mCNC quickly 

precipitated in DI water and did not form a homogenous suspension during rheological 

measurements. The measurements were performed immediately after surface modification due to 

the increase of the viscoelastic properties of PEI/CNC aqueous suspension and gel stiffness gain 

over time. All the experiments were performed at least three times to verify repeatability. The 

complex viscosity ( and steady shear viscosity ( were measured for aqueous suspensions of 

pristine and PEI/CNC, and the Cox–Merz relation  () = ( ) [152] was used to compare steady 

shear and complex viscosity in the same graph (Fig. 3.5a). The viscoelastic properties of pristine 

and PEI/CNC aqueous suspensions (G′ and G″) are also presented in  Fig. 3.5b. 
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Figure 3.5. a) Steady shear viscosity  (open symbols), complex viscosity * (solid symbols) as a function 

of shear rate   and angular frequency , respectively b) Storage modulus G′ (solid symbols) and loss 

modulus G″ (open symbols) as a function of angular frequency . 
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   As shown in Fig 3.5a, Newtonian behavior was observed for the pristine CNC aqueous 

suspension at 1 wt.%. Regarding the pristine CNC, only G″ values were measurable, confirming 

the Newtonian liquid-like behavior of this system (Fig. 3.5b).  

    On the other hand, the addition of a very low amount of PEI in the system generated a notable 

shear-thinning, and complex and steady shear viscosity increased with increasing PEI 

concentration (Fig. 3.5a). Indeed, at low frequencies/shear rates, yield behavior was observed for 

all PEI/CNC suspensions (Fig. 3.5a).  Both storage and loss moduli exhibited a plateau over the 

whole frequency range and G′ was higher than G″ (Fig. 3.5b), characterizing a gel-like structure. 

Moreover, both G′ and G″ increased with increasing PEI ratio up to 2%. 

   While pristine CNC solutions obeyed the Cox-Merz rule (Fig. 3.5a), PEI/CNC did not follow this 

rule and higher η∗ values were observed compared to η. The gap between these two types of 

viscosity increased with PEI ratio up to 2 %. This indicates that a structure of agglomerates formed 

in aqueous suspensions. Shear flow breaks down this network structure and the oscillatory data are 

higher than steady shear data. In fact, the Cox-Merz rule is only valid for isotropic CNC systems 

with negligible structure [92, 153]. It should be mentioned that the viscoelastic behavior of 

PEI/CNC aqueous suspensions was time-dependent; G″ was approximately constant while a 24% 

increase in G′ was observed over 1800 s for the samples (Appendix B).  

     

3.3.6. Contact angle measurements 

  The contact angle measurements of CNC surface and DI water were done using the sessile drop 

method (2 μL per drop at a rate of 2 μL/s) at room temperature. To prepare a smooth surface and 

to minimize the porosity of the surface a disk was made from the fine powder of pristine CNC and 

mCNC (Fig.3.6) using a mini cold press. To avoid the effect of humidity the measurement was 

done directly after the disk preparation. 

   The sessile drop contact angle being stable on the minute time frame, one measurement per 

location was taken immediately using a FDS tensiometer (OCA DataPhysicsTBU90E). 

Measurements were taken at several spots on the surface of pristine CNC and mCNC. The images 

were taken 2s after deposition of the DI water drops on the CNC surface. 
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Figure 3.6.Prepared samples for contact angle measurements. 

 

   Fig 3.7 shows the contact angles of the: (a) Pristine CNC and (b) mCNC (PEI ratio of 2 %) with 

water. The water contact angle of pristine CNC obtained (43±3°) which was very close to obtained 

value (45±1°) by Khoshkava et al. [62] for unmodified spray-dried CNC. Salajková et al. [31] 

reported a water contact angle of 48° for unmodified cellulose nanocrystals.  

   The contact angle between water and mCNC with (PEI/CNC 2%) increased to 57±16°, which 

indicates that a slight increase in hydrophobicity, However, a broad range of contact angle was 

observed due to the porosity and non-homogenous surface of modified CNC [154-157]. These 

values are comparable with the solvent-based silylation performed by Goussé et al.[110]. Similar 

results were also reported for CNC surface modification using gas-phase PICVD [26].  

   It should be mentioned that based on the macroscopic observation, the water droplets on the 

surface of the CNC tablets quickly adsorbed. However, the water droplets on the surface of mCNC 

disappeared at a much slower rate. 

                                            

(a)                                                                                      (b) 

Figure 3.7 . Contact angles of: (a) pristine CNC and (b) mCNC (PEI/CNC 2%). 
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3.3.7. The dispersion of mCNC in fresh DI water and organic solvents 

   To evaluate the hydrophobicity level of CNC after modification, pristine and mCNC (PEI/CNC 

2 %) were dispersed in DI water (RPI 1) at pH 6.8 and organic solvents with different Relative 

Polarity Index (RPI) [158]; ethanol (RPI  0.654), isopropanol(RPI  0.546), toluene (RPI  0.099) 

and cyclohexane (RPI 0.006)  as shown in Fig 3.8.  

    

 
                                     (1)         (2)           (3)          (4)          (5) 

Figure 3.8.Dispersion state of (a) pristine CNC (b) mCNC (PEI/CNC 2%) in (1) DI water (2) 

ethanol (3) isopropanol (4) toluene (5) cyclohexane. 

 

   As expected, pristine CNC showed a stable dispersion in DI water (Fig. 3.8a.1). However, the 

mCNC precipitated in DI water, even after applying 5000J/gCNC ultrasonication energy (Fig. 3.9). 

This observation correlates to the surface change of CNC after surface modification.  

  Pristine CNC could partially be dispersed in semi-polar solvents such as ethanol (Fig. 3.8a.2) and 

isopropanol (Fig. 3.8a.3). However, it did not disperse in toluene (Fig. 3.8a.4) and cyclohexane 

(Fig. 3.8a.5), with immediate sedimentation observed. This is expected for pristine CNC and is in 

agreement with previous reports[159]. Modified CNC with a PEI/CNC ratio of 2 % precipitated in 

ethanol (Fig. 3.8b.2) and isopropanol (Fig. 3.8b.3). However, they remained dispersed in lower 

polarity toluene (Fig. 3.8b.4). The mCNC precipitated in cyclohexane after 30 min (Fig. 3.8b.5), 

due to the very low polarity of this solvent compare to other non-polar solvents such as 

toluene[160] as well the polymer–solvent interaction (Flory–Huggins interaction parameter 
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χ)[161]. Similar behavior in toluene and cyclohexane had been reported for CNC modified with 

alkenyl succinic anhydride (ASA)[159]. Moreover, the compatibility of ASA-CNC with 

polypropylene as a non-polar matrix was also reported [159]. Therefore, our observations further 

demonstrate the hydrophobic nature of mCNC and suggest the efficiency of PEI to improve CNC 

dispersion in non-polar media such as polyolefins.  

 

                                                                         
                         (a)                                             (b)                                              (c) 

Figure 3.9.The dispersion of mCNC in DI water a) before ultrasonication b) 5 min c)15 min after 

applying ultra sonication energy. 

 

3.3.8. Precipitation rate and the stability of modifier using UV-Vis spectroscopy 

 

    UV-Vis spectroscopy was used to evaluate the stability of CNC in DI water before and after 

surface modification. UV transmission was measured as a function of time using UV-Vis 

spectrometer (Ocean optics DH-2000). Integration time and interval time were 10 ms and 1 min, 

respectively. Ultrasonication was applied at an amplitude of 20% for 15 s before staring the 

measurement. A specific volume (1 mL) of each sample at neutral pH was transferred to a plastic 

disposable cuvette with 1 cm path length for transmittance measurements at a wavelength of           

657 nm, every 1 min for a total duration of 60 min. The transmission measurements were repeated 

three times for each sample. The concentration of CNC suspensions was kept at 1 wt.% and all the 

measurements were performed at room temperature.  

    Dispersion stability was also assessed in different media and as a function of temperature. 

Indeed, since the PEI surface modification is a non-covalent approach (i.e. physically grafted on 

the surface through electrostatic interactions), its stability after being in contact with a non-polar 
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medium could be challenging[162]. Hence, the efficiency and stability of surface modifier after 

being in contact with neutral medium (mineral oil) at two different temperatures (room temperature 

~22°C and 70 °C) was investigated. For this evaluation, mCNC (PEI/CNC ratio 2 wt. %) were 

dispersed in mineral oil and mechanically stirred at a speed of 200 rpm for 1 h at room temperature. 

The particles were then extracted using a Büchner funnel, washed three times with DI water and 

subsequently re-dispersed in fresh DI water at a CNC concentration of 1 wt. % (Cycle 1). The 

particles were then separated, dried at room temperature, and again re-dispersed in mineral oil. 

Afterwards the above-mentioned steps were repeated for a second cycle (Cycle 2). To investigate 

the effect of suspending media temperature on the efficiency of surface modifier, the same steps 

were repeated for the mixture of mCNC in mineral oil at 70 °C for 1 h at a mixing speed of 200 

rpm (Cycle 3). The precipitation rate of mCNC after each cycle was measured.  

  As shown in Fig .3.10, the water suspension of pristine CNC was stable over 60 min while, the 

mCNC precipitated in DI water in the 10 first minutes. This behavior was confirmed by 

macroscopic observations (Fig.3.9) and can be explained by the ζ- potential (Table.3.3). 

The precipitation rate of mCNC (PEI/CNC 2%), did not change comparing to the initial modified 

sample after re-dispersion in mineral oil at room temperature and 70 °C. This demonstrates that the 

PEI chains remain attached to the CNC surface despite coming into contact with an ionically 

neutral medium, due to strong electrostatic interaction and possible hydrogen bonding.  

The stability of PEI on the CNC surface was also investigated through the study of relative viscosity 

of PEI/CNC suspensions at 22, 50 and 70 °C (appendix B). 
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Figure 3.10. UV-Vis transmittance (at 656.732 nm) for pristine CNC and mCNC (PEI/CNC 

2wt.%) water suspensions as a function of time and mineral oil cycling. 
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Figure 3.11. Percentage of the intensities of UV transmittance measured at maximum wavelength 

(656.732 nm) for water suspension of pristine and modified CNC (at concentration 1 wt.%) as a 

function of time at different PEI ratio. 
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  No significant change was observed between the precipitation rate of mCNC with PEI ratio of 1 

and 2 wt.%. It should be mentioned that, based macroscopic observation using very low amount of 

PEI (PEI/CNC ratio of 0.1 and 0.5 %) did not provide efficient CNC surface modification and the 

mCNC with PEI/ratio of 0.1 and 0.5 % made the stable aqueous suspensions (with a few visible 

agglomerate) over times. 

     

3.3.9. Thermogravimetric Analysis (TGA)  

    The most common organic surface modifiers are not thermally stable at typical polymer 

nanocomposite processing temperatures [163]. The decomposition of surface modifiers can also 

affect the filler-matrix interfacial properties as well as physical and mechanical properties of the 

final product. Moreover, the degradation of polymer matrix can occur during preparation of 

nanocomposites due to modifier decomposition[164]. In addition, previous studies were reported 

the desorption and low efficiency of surface modifiers with increasing temperature (above 70 ℃) 

[37, 38] 

    The thermal stability of modified CNC is a key issue and to assess this performance criterion for 

PEI modification, thermogravimetric analysis (TGA) of pristine CNC and mCNC was conducted. 

 TGA analyses were carried out using a TGA Q500 from TA Instruments. The measurements were 

done at a heating rate of 20 °C/min in air and nitrogen atmospheres6 with a flow rate of 60 and 40 

mL/min respectively. Temperature range were between 50 to 800 °C and isothermal test was 

carried out at 220 °C over one hour in air atmosphere. The values of Tonset ,  T10%  and  T50% 

(corresponding to the beginning of the main degradation , 10% and 50% material weight loss, 

respectively) as well as the isothermal stability of mCNC close to the melt processing temperature 

(220 °C)  of conventional polymer (polypropylene and polyethylene) are presented in Fig. 3.12 and 

Table 3.4. 

 

                                                 

6 -The TGA results in nitrogen are presented in Appendix C 
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Figure 3.12 Weight as a function of a) temperature b) time at 220°C for pristine CNC, mCNC and 

neat PEI. 
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   The thermal decomposition of pristine CNC and mCNC consisted of three main steps: [36] i) the 

evaporation of moisture at low temperature range (T < 150°C), ii) the primary pyrolysis catalyzed 

with sulfate groups (250°C  < T < 350°C), and iii) the slow charring process of the solid residue (T 

> 350°C).  As shown in Fig .3.13, PEI exhibited a main thermal degradation between 320°C and 

350°C and then, a progressive carbonization from 500°C.  Tonset increased to ~264°C for mCNC 

(PEI/CNC 2%), in agreement with a delay of the primary pyrolysis (Fig. 3.12, Table. 3.4). 

 

Table 3-4.Characteristic thermal degradation temperatures 

Samples T10% (°C) Tonset (°C) T50% (°C) 

Isothermal weight loss 

(220 °C for 60 min) (%) 

Pristine CNC 265 248 406 14.0±1.7 

mCNC 
PEI/CNC 1 % 

PEI/CNC 2 % 

276 

273 

263 

264 

345 

343 

6.0±2.6 

4.0±0.3 

Neat PEI 312 320 347 0.8±1.2 

 

    Furthermore, mCNC showed 4-6% weight loss in isothermal conditions, while pristine CNC 

showed 14.0±1.7% weight loss (Fig. 3.12b, Table 3.4). These results suggest the covering of the 

sulfate half-ester groups with PEI, which can accelerated CNC degradation [36], leading to increase 

thermal stability and capacity of preparing CNC/polymer nanocomposite through melt processing. 

 3.4. Discussion  

     Two possible mechanisms are considered to explain the viscosity increase and gel-like behavior 

of PEI/CNC aqueous suspension; 
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 1)Bridging 

    Commercial CNC is a negatively charged particle and it is expected to interact with the PEI 

through electrostatic attractions, leading to formation of a layer. A few studied proposed that 

bridging could be important in case of absorbed polymer on particle surfaces[165, 166].   

In the other words, if the polymer chains are long enough, some parts can adsorb onto one particle 

surface, while other parts are accessible to adsorb onto other particles (bridging effect). Bridging 

can increase the viscosity and lead to a gel-like behavior. [165, 166].   

   As mentioned before, bridging will occur when the adsorption density is not too high[167]. 

In addition, with increasing the concentration of polymer the inter particle interaction (through 

polymer bridging) tend to weaken [168]. 

Regarding the current study, the rigid structure of branched PEI and its short-length chains, restrict 

the chains extension and formation of bridge between particles. Moreover, the viscoelastic 

properties of PEI/CNC aqueous suspension increased with increasing PEI ratio from 1 to 2 % 

(Fig.3.5).  Hence, the possibility of bridging in this case is low [165, 169]. However, occurring the 

bridging due the polydispersity of commercial PEI is possible. Raj et al. [46] reported a bridging 

mechanism for micro-fibrillated cellulose and branched PEI with high molecular weight (750 kg 

mol-1, compared to our PEI’s 25 kg mol-1), because the long chains of PEI were able to overcome 

the electrostatic double layer to interact with other micro-fibrillated cellulose. 

 

  2) Electroviscous effect 

   Viscosity can also increase due to electroviscous effects in the case of charged rigid particles [63, 

170]. With applying shear during rheological measurements of PEI/CNC aqueous suspension, the 

distortion of electrical double layer (EDL) around CNC leads to increased energy dissipation and, 

as a result, the viscosity increases. 

   On the other hand, similar charged particles repel each other and pushing each other across the 

streamline leading to increase viscosity. This effect is more important and determinant when 

charged polymers are grafted (chemically) or adsorbed (physically) onto the particle surface, 

because in this case the  inter particle repulsion is a combination of electrostatic and steric effects 

[170]. 
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This mechanism can explain the observed viscosity increase in the PEI/CNC suspensions. 

 

 

 
 

Figure 3.13.Schematic drawing of CNC surface modification with polyethyleneimine. 

      

   Branched PEI (Mw 25,000 g mol-1) adsorbs as rigid spheres (Fig. 3.13) with a hydrodynamic 

radius of 4.6 ± 0.2 nm [171]. Its high degree of branching and specific structure allows it to 

approximately maintain its shape upon adsorption [105, 135]. In addition to the above, the 

formation of agglomerates is also expected due to the surface charges of modified CNC, which can 

lead to increased viscosity and gel-like behavior. 

    As mentioned before, gel-like behavior was observed for all PEI/CNC ratios in aqueous 

suspension (Fig 3.5). In PEI/CNC aqueous suspensions at high PEI ratio a very stiff gel is formed 

over time (appendix B).This strong gel behavior could be related to the solid structure of 

agglomerates and double layer overlap, which strongly reduce particles diffusion and lead to the 

formation of a stiff gel [68]. 
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    Based on the ζ- potential, rheological measurements and XPS results, we suggest that the ratio 

of PEI as a threshold for maximum CNC surface coverage and efficient surface modification would 

be close to 2 %.  Regarding the mCNC with PEI ratio of 1 %, the ζ- potential obtained was close 

to zero (-2.0±1.5 mV) (Table 3.3), however it was still in the negative region. The negative ζ- 

potential indicated that the majority of PEI molecules have been adsorbed on CNC surface and it 

can be assumed that the PEI concentration was not sufficient to interact with the all negative groups 

on  the surface [46].  

The maximum polymer surface coverage of cellulose fibers by branched PEI with molecular 

weight of 2,000 and 750,000 g mol-1 were reported as 0.17 and 0.2 mg m-2, respectively [46]. 

Considering the specific surface area (Fig 2.5) of the CNC used in this study (90 m2g-1), the 

maximum surface coverage of CNC by our PEI is 17 mg PEI/gCNC, which corresponds to a 

PEI/CNC ratio of 1.7 %. This value is in good agreement with the zeta potential measurements, 

showing a change between 1 and 2% PEI/CNC. However, the maximum adsorption of PEI on spray 

dried CNC and the optimum ratio of PEI/CNC to achieve efficient CNC surface modification using 

various methods remains to be studied. 
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CHAPTER 4 CNC SURFACE MODIFICATION WITH CHITOSAN 

 

4.1. Chitosan 

    Chitosan (CHI) is an amino polysaccharide with several interesting properties such as 

biodegradability, antimicrobial properties. This polymer is produced from the second most 

abundant polymer in nature after cellulose (chitin) [172] (Fig 4.1).  Shrimp and crab shells are the 

main sources of chitin. 

   Chitosan has positive charges on its structure in acidic media due to the protonation of its amino 

groups [172, 173]. This positive charge allows the interaction and electrostatic bonding of CHI 

with different anionic surfaces such as CNC. Hence, CHI has a great potential to interact with 

negatively charged commercial CNC surfaces. Therefore, considering the similar expected 

adsorption mechanism (electro static interaction) as with PEI, on top of the structural similarity of 

CNC and CHI and the other beneficial properties of chitosan [172, 173], its use for cationic surface 

modification of CNC is proposed. 

 
Figure 4.1.The structure of chitosan and its characteristic properties (adapted from [173]). 

 



55 

 

   Akhlaghi et al. [22] suggested the use of a complex of chitosan/CNC for drug delivery. They 

reported a chemical modification process to produce a chemically grafted chitosan on TEMPO-

CNC. In the first step, primary hydroxyl groups on the CNC surfaces were oxidized to carboxylic 

acid groups using TEMPO-mediated oxidation then, the amino groups of chitosan were reacted 

with carboxylic acid groups of CNC via carbodiimide.  

   To the best of our knowledge, no attempts have been made to modify the surface of commercial 

CNC (containing OSO3
- groups) with chitosan and improve the dispersion level in non-polar media. 

Since chitosan possesses interesting biological properties, such as antibacterial, haemostatic, and 

wound healing properties, in combination with unique properties of CNC, their applications will 

be developed. In this preliminary study, two different grades of chitosan with different properties 

were employed (Table 4.1). 

Table 4-1.The properties of the two grades of chitosan used in this study 

Chitosan DDA % Viscosity (mPa.s) MW (KDa) Supplier 

Chitosan-87 95 87 144 Primex 

Chitosan-1000 85 1000 344 Biolog 

  

• Samples preparation 

    As described in Section 3.3 (surface modification with PEI), in a typical batch of CNC 

modification, spray-dried CNC was added in deionized (DI) water at pH 6.8 at CNC concentration 

of 1 wt.%. An ultrasonic homogenizer was used to disperse the CNC in DI water. To achieve 

perfect dispersion of CNC in DI water, 2000 J/gCNC ultrasonication energy was applied to the 

suspension. Two grades of chitosan were separately added in DI water and pH was adjusted at 2.5 

using HCl 0.1 M to promote the protonation of chitosan in water. These were then heated at 50 °C 

and agitated using a magnetic stirrer for 30 min at a speed of 300 rpm. Afterwards, the two solutions 

of chitosan were separately added to the CNC suspension and mechanically stirred at 50 ° C at a 

speed of 500 rpm for 4 h. The ratio of chitosan/CNC was kept at 1 %. The chitosan/CNC aqueous 

suspensions were quickly frozen for 48h and then were put into the freeze-dryer for 72 h (as 
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described in section 3.3). Dried modified CNC with chitosan-1000 (CHI1000-CNC) and chitosan-

87 (CHI87-CNC) were obtained for further characterization. 

    4.2. Structure characterization of CHI-CNC  

    FTIR spectra of CNC was collected to show the chemical structure changes of CNC after surface 

modification with chitosan(CHI-CNC) (Fig.4.2). A fine powder of dried pristine and CHI-CNC 

was used in FTIR characterization. 
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Figure 4.2. FTIR spectra of a) pristine CNC and b) CHI1000-CNC c) CHI87-CNC. 
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   Due to the similarities in the chemical structures of cellulose and chitosan, The FTIR spectra of 

CNC and CHI-CNC were very similar, as previously reported in the literature[174]. However, 

some changes were apparent in the spectra of CHI-CNC. The FTIR spectra of CHI-CNC (Fig. 4.1b, 

c) showed a broader peak between 3,500 and 3,000 cm−1, which corresponded to O–H and N–H 

stretching vibrations [175]. In addition, the spectra of CHI-CNC showed some additional peaks at 

1,620 and 1,510 cm−1, attributed to amide-I and II respectively, and at 1,616 cm−1, corresponding 

to NH3
+ [134, 176]. The appearance of these peaks in the spectra of CHI-CNC confirmed successful 

modification. However, for further study of the surface of     CHI-CNC, XPS analysis is proposed. 

4.3. Zeta potential measurements  

  Pristine and CHI-CNC were dispersed in DI water at CNC concentration of 0.05wt.% As 

described in Section 3.3.4, 2000 J/g CNC was applied to the suspensions. 

 As presented in Table 4.2, after surface modification with chitosan, the zeta potential values 

increased to positive values for modified CNC with both chitosan grades. The positive zeta 

potential of CHI-CNC in acidic medium (pH 3.0) are attributed to the protonation of amine and 

amide groups.  Similar results were also reported by Akhlaghi et al. [138]. The increase of zeta 

potential value for CHI-CNC can act as an indirect proof of successful CNC surface modification. 

Table 4-2.The zeta potential value of CHI-CNC and neat chitosan 

Samples Zeta potential (mV) at pH 3.0 

CHI-1000 52.0±2.0 

CHI-87 44.0±0.5 

Pristine CNC -33.0±0.1 

CHI1000-CNC 27.0±2.2 

CHI87-CNC 19.0±4.3 

   The zeta potential value of CHI1000-CNC is higher (10 mV) than that of CHI87-CNC, which 

can be related to the higher molecular weight of CHI-1000 compared to CHI-87. Furthermore, both 
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CHI-CNC exhibited higher zeta potential values at pH 3.0 compared to mCNC at the same ratio of 

modifier (1 % with respect to CNC). It can be attributed to the higher protonation degree of 

chitosan, to structural similarity of CNC and chitosan as well as chain conformation of chitosan 

compared to PEI. 

 

4.4. Thermogravimetric analysis of CHI-CNC 

Pristine CNC, CHI-CNC and neat chitosan powders were used in thermogravimetric analysis. The 

thermal stability of pristine CNC and CHI-CNC was investigated by TGA in air with the rate of 20 

°C/min ranging from 50 to 800 °C. The onset decomposition temperature (Tonset) and the 

temperature at 50 % weight loss (T50%) are presented in Table 4.3 and Fig .4.3. 
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Figure 4.3. Weight as a function of temperature for pristine CNC, CHI-CNC, and neat CHI 
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    Pristine CNC and CHI-CNC showed a three-stage weight loss [36]; the small weight loss in the 

low temperature range is due to the evaporation of absorbed water as discussed in section 3.3.9, 

whereas the two other weight losses are due to pyrolysis of carbon chains.  

 

Table 4-3. Characteristic thermal degradation temperatures of CHI-CNC and neat chitosan 

Samples TOnset (°C) T50%(°C) 

Pristine CNC 248 405.9 

CHI87-CNC 241 313.9 

CHI1000-CNC 238 317.3 

CHI-87 236 324.2 

CHI-1000 251 328.5 

 

   After modification, the onset temperature of both CHI-CNC decreased compared to pristine CNC 

(7 and 10 °C for CHI87-CNC and CHI1000-CNC, respectively), as shown in Fig 4.3 and Table 

4.3. It can be related to the lower thermal stability of neat chitosan than pristine CNC (Fig 4.3). In 

addition, it was reported that the complex of CNC/CHI weakens the intra-and intermolecular bonds 

lead them to decompose more easily [177].  

 

4.5. Dispersion of CHI-CNC in fresh DI water  

  To evaluate the hydrophobicity level of CHI-CNC, they were dispersed in DI water at CNC 

concentrations of 1wt.% with the application of 2000 J/gCNC ultrasonication energy. The dispersion 

state of CNC before and after surface modification with chitosan is presented in Fig.4.4. 

  The pristine CNC made a stable suspension in DI water, however both CHI-CNC precipitated 

(Fig 4.4). Based on macroscopic observations, no significant difference between the precipitation 

rate of CHI-CNC with both chitosan grades in DI water was observed. However, to confirm this 

finding, the precipitation rate should be measured as described for mCNC (section 3.3.8) using 

UV-Vis spectroscopy.  
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                      (1)                                                         (2) 

Figure 4.4.The dispersion state of 1) pristine CNC7and 2) modified CNC with Chitosan in DI water 

(a) CHI1000-CNC (b) CHI87-CNC. 

4.6. Conclusion 

    Whereas CHI has a great potential to interact with negatively charged CNC surfaces due to the 

presence of amine groups on its chain, and considering a similar adsorption mechanism 

(electrostatic interactions), the structural similarity as well as the other beneficial properties of 

chitosan, the use of chitosan for cationic surface modification of CNC was proposed. In this 

preliminary study, two different grades of chitosan with different properties were used for CNC 

surface modification. 

   The obtained results from FTIR and zeta potential measurements confirm successful surface 

modification. The macroscopic observations showed the precipitation of CHI-CNC in DI water, 

confirming the surface change of modified CNC with chitosan .  

   The  thermal stability of CNC decreased after the modification with chitosan. However, the onset 

temperature of both CHI-CNC obtained is more than 220 °C. Based on these results, the         CHI-

CNC could be compatible with melt processing of commercial polymers, but the study of 

isothermal stability at temperatures around 200 °C is proposed to confirme this further. 

                                                 

7 - The white color in the bottom of vial is due to the light reflection. 
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   The rheological behavior of aqueous suspension of CHI/CNC was measured immediately after 

the modification process (Appendix E). The complex viscosity increased with adding a low amount 

of CHI (1 % respect to CNC) and a notable shear-thinning was observed. This rheological behavior 

could be related to the interaction of chitosan with CNC surfaces. In addition, CHI-CNC 

demonstrated higher viscoelastic properties compared to mCNC (PEI-modified) with the same 

ratio of modifier (1 %), which could be related to the similar structure of chitosan and CNC as well 

as the chains conformation of CHI compared to rigid and spherical structure of branched PEI 

(higher affinity for adsorption). 

   It should be noted that different parameters can affect the protonation degree of chitosan and 

efficiency of surface modification, such as molecular weight, degree of deacetylation (DDA), pH, 

etc. Wang et al reported that the pKa of chitosan slightly decreased from 6.51 to 6.39 when the 

molecular weight changed from 1370 to 60 kDa. In addition they showed that the DDA also 

influenced the balance of hydrophobic interactions and hydrogen bonding on chitosan, and affected 

pKa [178]. Therefore, to achieve an efficient surface modification, depending on the application, 

these issues should be considered in further studies. 
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CHAPTER 5   CONCLUSION AND RECOMMENDATIONS 

  Cellulose nanocrystals (CNC) are unique and interesting nanomaterials that find applications in 

many fields. However, to develop industrial and commercially viable applications, some properties 

of this nanomaterial should be adapted, such as their surface properties to be compatible with non-

polar media.   

     In the present work, surface modifications were performed on CNC through different 

approaches. 

a) CNC surface modification with PEI 

   The hydrophilic surface of CNC was modified using a cationic polymer (PEI) through a low cost 

and simple process, without using any organic solvents, to improve the compatibility with non-

polar media. The successful surface modification, as well as the increase hydrophobicity level of 

mCNC and the stability of surface modifier, were confirmed through different techniques. The 

main obtained results are:  

✓ A low amount of PEI (2 % with respect to CNC) has a high capability of changing the 

hydrophilic surface of CNC due the high number of amine and amide groups, without 

altering the CNC molecular structure.  

✓ Modification improved the dispersibility of CNC in organic solvents with low polarity such 

as toluene.  

✓ The efficiency of mCNC in terms of hydrophobic properties did not change after several 

contact cycles with neutral media, thereby illustrating processing stability.  

✓ PEI slightly enhances the thermal stability of CNC around melt processing temperature of 

commercial thermoplastics.  

✓  The results of this study indicated that, PEI has a great potential to be used 

commercially for CNC surface modification to improve the compatibility between this 

nanofiller and nonpolar thermoplastics. 
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Recommendations  

They are some issues recommended to complete this study, such as examining: 

• The effect of branched PEI molecular weight and structure (linear and branched) on 

adsorption mechanism and the efficiency of surface modification. 

• The effect of PEI/CNC ratio and confirming the proposed ratio of PEI/CNC (2 %) to 

achieve efficient CNC surface modification through different analytical methods. 

• The extraction of un-reacted PEI without causing any negative effect on PEI structure and 

molecular weight 

• Substitution of some amine groups of PEI by another chemical group to increase the 

compatibility between CNC and host matrix. 

• The effect of pH on rheological and surface properties of PEI/CNC aqueous suspensions 

• The methodology of surface modification; the use of ultra sonication during surface 

modification, they way (how and when) of adding PEI to the CNC suspension as well as 

the effect of modification conditions such as pH and temperature 

• Finally, the use of mCNC in non-polar polymer matrix such as polyethylene (PE), 

polypropylene (PP) and a blend of PE and thermoplastic starch (TPE) through melt 

processing (using a twin-screw extruder or internal mixer) and the study of morphology, 

mechanical properties, optical properties as well as rheological behavior of prepared 

nanocomposites (or composites). 

 

b) CNC surface modification with chitosan 

Furthermore, the change of the hydrophilic nature of CNC using two grades of a bio cationic 

polymer, chitosan (CHI), was also preliminary investigated.  

✓ The results showed the chitosan has a great potential to adsorb onto negatively charged 

CNC and change the surface properties of CNC. However, there remain several issues to 

be studied: 
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Recommendations  

• The effect of chitosan molecular weight and DDA on efficiency of surface modification; 

• The effect of CHI/CNC ratio on the efficiency of CHI-CNC and adsorption mechanism; 

• The stability of CHI on CNC surface after being contact with neutral media; 

• The study of optimum ratio of CHI/CNC to achieve efficient surface modification; 

• The study of the dispersion state of CHI-CNC in non-polar solvents; 

• The dispersion of CHI-CNC in a biopolymer (or a polyolefin) through melt processing 

(<200℃) and study the morphology, mechanical properties as well as the rheological 

behavior of prepared nanocomposites (composites); 

• The dispersion of CHI-CNC in low density polyethylene (LDPE) and study the 

antimicrobial, barrier and mechanical properties of obtained nanocomposites (composites) 

to use in packaging industries. 
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APPENDIX A : SURVEY N1s AND O1s FOR PRISTINE AND mCNC 

WITH RATIO (1,2 AND 5%) 

 

 
 Figure A1. Survey O1s for pristine CNC. 

 

 
Figure A2. Survey O1s for mCNC (PEI/CNC 1%). 
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Figure A3. Survey N1s for mCNC (PEI /CNC 1%). 

 

 

 
Figure A4. Survey O 1s for mCNC (PEI/CNC 2%). 
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Figure A5. Survey N 1s for mCNC (PEI/CNC 2%). 

 

 
Figure A6. Survey O 1s for mCNC (PEI/CNC 2%). 
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Figure A7. Survey N 1s for mCNC (PEI/CNC 5%). 
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APPENDIX B: RHEOLOGICAL BEHAVIOR OF PEI/CNC AQUEOUS 

SUSPENSIONS 

B.1 The effect of PEI ratio on rheological properties 

 
Figure B1 Complex viscosity as function of angular frequency for PEI/CNC aqueous suspension 

of PEI/ CNC (CNC concentration of 1wt.%, T=25 °C). 
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Figure B2. Storage modulus as a function of angular frequency for PEI/CNC aqueous suspensions 

(CNC concentration of 1wt.%, T=25 °C). 

 

 

Figure B3. Loss modulus (G”) as a function of angular frequency for PEI/CNC aqueous 

suspensions (CNC concentration of 1wt.%, T=25 °C). 
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Figure B4. Viscosity as a function of shear rate for PEI solutions at different concentrations (T=25 

°C) 

 

 

 

 

 
Figure B5. The suspension state of PEI/CNC aqueous suspensions at different PEI concentrations 

over time (4 h in room temperature). 
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B.2.The time effect on viscoelastic behavior of PEI/CNC aqueous suspensions 
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Figure B6. Variations of viscoelastic properties as a function of time for aqueous suspensions of 

PEI/CNC at frequency of 1 rad s-1 (CNC concentration of 1wt.%, T=25 °C).  
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B.3. Temperature effect on viscosity of PEI/CNC aqueous suspensions 

 
Figure B7. Complex viscosity as a function of angular frequency for PEI/CNC aqueous 

suspensions and PEI water solutions at different temperatures: 22, 40 and 70 °C . 

 

 

 
Figure B8. Relative viscosity as a function of temperature for aqueous suspensions of PEI/CNC 

2% at CNC concentration of 1 wt.%. 
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APPENDIX C: TGA ANALYSIS OF mCNC IN NITROGEN 

 
Figure C1. Weight as a function of temperature for pristine and mCNC with different PEI ratio in 

nitrogen. 

 
Figure C2. Weight as a function of time at 220 °C for pristine CNC and mCNC with different PEI 

concentrations in nitrogen. 
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APPENDIX D: THE DISPERSION STATE OF mCNC IN MINERAL OIL 

Modified CNC with PEI ratio of 2 wt.% were dispersed in mineral oil at CNC concentration              

of ~ 1 wt.%. The stability of suspension was evaluated by UV-Vis spectroscopy over one hour. As 

shown in Fig. D1. The mCNC made a stable suspension in mineral oil over one hour. Macroscopic 

observation also confirmed it. 

 

 

Figure. D1 Percentage of the intensities of UV transmittance measured at wavelength 582.185 

nm –mCNC (2 wt.%) in mineral oil. 
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APPENDIX E: RHEOLOGICAL BEHAVIOR OF CHITOSAN/CNC 

WATER SUSPENSIONS 

Rheological measurements were performed using a rotational rheometer (MCR 502) using a 

double-Couette flow geometry at 25 °C. In small-amplitude oscillatory shear (SAOS) 

experiments, the linear viscoelastic region was first determined using strain sweep test (1 to 

100%) at two frequencies (1 and 10 rad s-1). The results of rheological measurements for 

aqueous suspension of Chitosan/CNC at CNC concentration of 1 wt.% are presented in this 

section. The ratio of chitosan/CNC was kept at 1 wt.% 

 

 
Figure. E1. Complex viscosity of pristine CNC and chitosan/CNC aqueous suspensions (CNC 

concentration of 1wt.%, T=25 °C). 
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Figure E2. Viscoelastic properties of chitosan/CNC aqueous suspensions. (CNC concentration of 

1wt.%, T=25 °C). 
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APPENDIX F: THE RESULTS OF PEI/CNC 5% 

Table F.1. XPS analysis of modified CNC with PEI/CNC 5 % 

Name BE (eV) Identification PEI/CNC 5 % 

C1s 

285.0 

286.6 

288.1 

C-C or C-H (C3) 

C-O in cellulose (C1) 

O-C-O in cellulose (C2) 

17.5 

34.8 

7.6 

TOTAL 59.9 

N1s 

399.2 

400.1 

401.7 

Amine 

Amide 

Protonated N 

1.2 

0.5 

0.1 

TOTAL 1.8 

O1s 

531.4 

532.6 

533.2 

O=C-N 

C-OH in cellulose 

C-O-C  

1.1 

22.4 

14.9 

TOTAL 38.4 

 

The amount of amine and amide groups decreased with increasing PEI ratio at 5 %. This decrease 

could be related to less accessibility of protonated groups to react with negative CNC sites at high 

PEI ratio (5% with respect to CNC). However, to explain these properties more experiments are 

required. 
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Figure F.1 FTIR spectra of mCNC with PEI/CNC 5 %). 

Table F. 2 Z-average hydrodynamic diameter, PDI, and ζ- potential for mCNC (PEI/CNC 5%) 

Sample 
Average 

diameter (nm) 
PDI 

ζ- potential 

(mV) 

without pH adjustment 

ζ- potential 

(mV) 

pH 3.0 

ζ- potential 

(mV) 

pH 7.0 

PEI/CNC 5 % 1171±10 0.80 -39.0±1.9 (pH 7.7) 24.0±0.4 -40.0±5.1 

 

The difference of ζ- potential for mCNC with 5 % and 2 % of PEI/CNC ratio was not significant 

(+6 mV). At pH 7.0, the ζ- potential for 5 % of PEI/CNC ratio strangely decreases compared to 1 

and 2 %. The significant increase in measured size and wide polydispersity  

index of mCNC with PEI/CNC 5 %, suggests the presence of large agglomerate due to the high 

concentration of PEI [179]. However, more accurate experiments are needed to explain these 

results. 
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Table F.3. Characteristic thermal degradation temperatures 

Sample Tonset (°C) T50% (°C) Isothermal weight loss (220 °C for 60 min) (%) 

PEI/CNC 5 % 270 334 4.0±1.1 

 


