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Summary

The presented thesis is result of the work on the more general effort dedicated to development 
of advanced bio-based composites with enhanced properties and durability. The bio-based 
composites are usually made out of bio-based or synthetic resins reinforced with cellulosic 
fibers (natural and/or manmade). Cellulosic fibers (flax, hemp, and regenerated cellulose) 
possess decent mechanical properties and within last decade they are gaining more interest as 
an alternative to synthetic reinforcement (e.g. glass fibers) in polymers to reduce the 
petroleum consumption and pollution.  In particular, manmade Regenerated Cellulose Fibers
(RCF) have been extensively studied as potential reinforcement in polymer composites. For 
high performance materials where stability is much required, RCF among the cellulosic fibers
have the advantage of being continuous with regular cross section and reproducible 
mechanical properties. However, the hydrophilic nature and the sensitivity to moisture hold 
up the use of cellulose based fibers in composite applications. Indeed, the moisture absorption 
and the low compatibility leading to weak fiber/matrix interface are major factors behind the 
delay of wider use of bio-based composite in structural applications. 
The issues with cellulosic fibers addressed in this thesis are related to increasing of the 
resistance to moisture uptake and improvement of the adhesion to polymers. In order to 
exclude other factors affecting behavior of natural fibers (e.g. high variability of properties), 
the work has been carried out on manmade regenerated cellulose fibers. The commercially 
available RCF CORDENKA 700 super 3 was studied in combination with commonly used 
epoxy resin as a matrix. The main focus was on development of hierarchical cellulosic 
reinforcement consisting of micro-sized fiber which surface is modified by attaching to it 
cellulose nano-crystals (CNC). The thesis contains result of work on modification of CNC, 
treatment of RCF and manufacturing of composites. The comprehensive characterization of 
mechanical properties of RCF and composites has been carried out in order to validate results 
of fiber treatment. 
The chemical treatment of CNC consisting of esterification and amidification to attach long 
aliphatic chains was carried out. The treatment was successfully achieved as confirmed by 
spectroscopic characterisations and led to a decrease of the moisture absorption. Contact angle 
measurement showed hydrophobic of CNC after treatment. The CNC extracted from side-
stream products of date palm tree were grafted on RCF fibers to create hierarchical structure. 
The effect of grafting CNC on RCF was evaluated by performing quasi-static tensile tests of 
fiber bundles. It has been shown that fiber treatment induce slight changes in the 
microstructure of RCF, in particular the orientation of both, crystalline and amorphous, phases 
was affected as revealed by X-ray analysis. The experiments on model composites with fibers
transversely oriented to loading direction showed increase of mechanical properties and delay 
of crack initiation and propagation due to fiber modification. The method for chemical 
modification of RCF by CNC was further developed to make it more environmentally 

-methacryloxypropyltrimethoxysilane (MPS) as coupling 
agent to attach the CNC onto the fibers, a mixture of water and ethanol was used as solvents, 
moreover, the process was run at relatively low temperature. The effect of the treatment on 
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fibers was assessed after each processing step (after modification by MPS and after grafting 
CNC). Results showed that the modification by silane decreased the stiffness and strength of 
fibers while the strain at failure was increased. However, after grafting CNC, stiffness and 
strain at failure were recovered while the strength remained at the same order of magnitude as 
for fibers treated only by the coupling agent. The results of the evaluation of the effect of 
these treatments on moisture absorption showed that at high relative humidity (RH=64%) the 
treatment by CNC decreased water uptake by factor of two compare to untreated fibers. 
Besides, the treatments by CNC at different concentrations lessened the impact of moisture on 
stiffness and strength of fibers. The pull-out test performed on fiber bundles showed that the 
adhesion between fiber and epoxy resin is less affected by moisture for CNC grafted fibers
compare to untreated fibers. After laboratory scale experiments proved to be successful the 
treatment process by MPS was scaled-up to produce larger amounts of materials. The RCF 
Non-Crimp Fabric was treated to produce composite laminates and the interlaminar properties 
of composites reinforced with RCF were studied by means of double cantilevered beam 
(DCB) test. The fracture toughness, under static and fatigue loading was measured. The 
obtained fracture toughness values were significantly higher compared to those of synthetic 
fiber reinforced composites. This was attributed to the fact that RCF exhibit highly nonlinear 
behavior and strongly influence the performance of the composites thus energy was dissipated 
by other mechanisms than crack propagation. Due to such material behavior it was not 
possible to make concrete conclusion regarding the effect of fiber treatment on the fracture 
toughness of composites. However, scanning electron microscopy studies done on fracture 
surfaces qualitatively confirmed the positive treatment effect on interfacial adhesion.

The thesis presents comprehensive data on development of two different chemical methods to 
treat surface of micro-sized RCF by means of grafting of cellulose nano-crystals thus 
producing hierarchical reinforcement for polymer composites. The modified RCF showed 
considerable increase in resistance to moisture uptake and the fiber/matrix adhesion has been 
improved due to much better compatibility between fibers and polymer. As a result, much 
more suitable cellulosic reinforcement for structural bio-based composite has been developed 
during the course of the thesis.
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Introduction

Scope and Motivation 

Composites consist of two or more materials, with different chemical and physical properties 

separated by a distinct interface. Based on their matrix (continuous phase), composite 

materials can be classified in three different categories: metal, ceramic and polymer 

composites. Polymer matrix composites are widely utilized in industrial applications due to 

their lightweight and large variety of forms. Different classes of fibers are used as 

reinforcement for the polymeric matrices. The most widely used fibers in industry are carbon 

fibers, aramid and glass fibers. In fact, due to their fairly good mechanical properties and their 

relative low cost (when compared to carbon and aramid fibers), glass fibers are the most 

widely used fibers to reinforce polymers. However, these fibers present some serious 

drawbacks: non-renewable resource, non-recyclable, abrasive to the equipment, high energy 

consumption during the manufacturing and health risk. Moreover, burning of petroleum as 

source of energy for the production of glass fibers releases carbon dioxide and other chemical 

products which are harmful for the environment. This has led to extensive search for other, 

more environmentally friendlier and sustainable, alternatives for the reinforcement of 

polymers.

Because of their high specific mechanical properties, biocompatibility, bio-resource, 

cellulosic fibers have sparked a special interest and found to be the feasible alternative for 

some applications to replace the synthetic reinforcement in polymers. Beside the 

environmental concern, natural fibers have low cost (US$200-1000/ton) compared to 

synthetic fibers (e.g. carbon fibers cost US$ 12500/ton and glass fibers US$1200-1800/ton) 

[1]. However, the big challenge with use of these fibers in composite materials is their low 

compatibility with hydrophobic polymer matrices and their sensitivity to the moisture. Poor 

interface leads to less stress transfer from matrix to fibers and therefore generates composite 

with low mechanical properties [2].

Attempts to overcome these shortcomings have been already done by several research groups 

[1-5]. A combination of nano-fibers and micro-sized fibers to produce fibers with hierarchical 

structure has shown an important alternative for the traditional modification of fibers. This 

was already attempted for carbon fibers, by grafting on them carbon nanotubes [6] and also 

for natural fibers by cellulose-producing bacteria [7]. The latter is green method but limited to 



Abdelghani Hajlane                  Hierarchical cellulosic reinforcement for composites  

Introduction   2 
 

short fibers and small production batches. However, in order to design high performance 

composites, long, continuous reinforcement is much more preferable than short fibers. This 

thesis has been part of the framework to design high performance cellulose fiber composites 

and therefore the scope of this study is development of chemical alternative to produce all-

cellulose hierarchical continuous reinforcement. The main approach chosen to fulfill this 

objective is to use cellulose nano-crystals (CNC) extracted from the side products of date 

palm tree and add it to continuous regenerated cellulose fibers. The main motivations for 

using cellulose is the eco-aspect (biodegradable, bio-resource) and the high mechanical 

properties of CNC [8].

1. Natural fibers 

The market of using the natural fibers based composites is growing due to new legislations 

regarding the reuse and recycling the materials [9]. These legislations have urged the 

necessity and increased the awareness of the importance of “bio-economy”. This has also 

motivated researchers to focus on the exploitation of cellulosic fibers as load bearing 

constituents in composite materials. Natural fibers based composites generally referred to as 

biocomposites, natural fibers based composites or even eco-composites [10, 11].  Biofibers 

such as flax and hemp are already used to replace conventional glass fibers in automotive 

industry, furniture and construction where lightweight materials are demanded without 

compromising the required mechanical performances [1].

The potential benefits of using natural fibers in composites instead of glass fiber based 

composite are:

- low energy consumed for the extraction of plant fibers;

- relatively low cost (compared to synthetic fibers) and therefore composites with lower 

cost;

- lighter composite with decent mechanical properties. Lightweight materials in vehicles 

reduce the fuel consumption and therefore reduce the emissions;

- good acoustic and sound absorption properties;

- nonabrasive to processing machinery and tools;

- natural fibers are renewable and biodegradable;

- natural fibers cause less respirational irritations;

- additional value for agricultural products and side stream-line products;
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- also the production of natural fibers helps creating jobs and enhances the economy of 

the rural areas. 

Table 1 presents physical and mechanical properties of various plant fibers along with E-glass 

properties for comparison.

Table 1. Summary of the physico-mechanical properties of various fibers.

Origin/
Fiber

Density
(g/cm3)

Tensile 
modulus
(GPa)

Specific tensile 
modulus 
(GPa/(g/cm3))

Tensile 
strength 
(MPa)

Specific tensile 
strength 
(MPa/(g/cm3))

Failure 
strain
(%)

Ref.

Bast
Flax 1.45-1.55 28-100 19-65 343-1035 237-668 2.7-3.2 [12]
Hemp 1.45-1.55 32-60 22-39 310-900 214-581 1.3-2.1 [13]
Jute 1.35-1.45 25-55 19-38 393-773 291-533 1.4-3.1 [12]
Leaf
Sisal 1.40-1.45 9-28 6-19 347-700 248-483 2.0-2.9 [14]
Pineapple 1.44-1.56 6-42 4-27 170-727 118-466 0.8-1.6 [15, 16]
Banana 1.30-1.35 8-32 6-24 503-790 387-585 3.0-

10.0
[16]

Seed
Cotton 1.50-1.60 5-13 3-8 287-597 191-373 6.0-8.0 [17]
Coir 1.10-1.20 4-6 3-5 131-175 119-146 15.0-

30.0
[18]

Oil palm 0.70-1.55 3-4 2-4 248 160-345 25.0 [19]
Other
Bamboo 0.60-1.10 11-30 18-27 140-230 210-233 1.3 [19]
Wood pulp 1.30-1.50 40 26-31 1000 667-769 4.4 [18]
E-glass 2.50-2.59 70-76 29 2000-3500 800 1.8-4.8 [20]

The basic constituents of natural fibers are cellulose, lignin and hemicellulose. Table 2 
summarizes chemical composition of some natural fibers [21].

In general, jute, hemp and flax fibers are commonly used in composites requiring high 

performances. Other natural fibers like wheat and rice husks can be used to improve the 

stiffness of composites. 

From the Table 1 it is clear that the bast fibers present the highest properties compared to 

other natural fibers. These properties are related to chemical composition of each of the fibers 

which may differ depending on the plant they are extracted from.
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Table 2. Chemical composition of some natural fibers

Fiber Cellulose
(wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

Waxes
(wt%)

Abaca 56-63 20-25 7-9 3
Alfa 45.4 38.5 14.9 2
Bagasse 55.2 16.8 25.3 -
Bamboo 26-43 30 19 5
Banana 63-64 19 5 -
Coir 32-43 0.15-0.25 40-45 -
Cotton 85-90 5.7 - 0.6
Curaua 73.6 9.9 7.5 -
Flax 71 18.6-20.6 2.2 1.5
Hemp 68 15 10 0.8
Henequen 60 28 8 0.5
Isora 74 - 23 1.09
Jute 61-71 14-20 12-13 0.5
Kenaf 72 20.3 9 -
Kudzu 33 11.6 14 -
Nettle 86 10 - 4
Oil palm 65 - 12.7 -
Piassava 28.6 25.8 45 -
Pineapple 81 - 12.7 -
Ramie 68.6-76.2 13-16 0.6-0.7 0.3
Sisal 65 12 9.9 2
Sponge gourd 63 19.4 11.2 3
Wheat 38-45 15-31 12-20 -
Sun hemp 41-48 8.3-18 22.7 -

Cellulose constitutes the major element of the plant fibers and is responsible for the good 

mechanical properties. Therefore, the mechanical properties of natural fiber are related to the 

nature of cellulose and its crystallinity. Cellulose is a long chain consisting of cellobiose (two 

-D glucopyranose units) repeating u -1,4-glycosidic bond at carbon in 

position C1 and position C4 as presented in Fig. 1. 

Fig. 1. Chemical structure of cellulose (cellobiose between brackets).
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The degree of polymerization (which represents the number of repeating units) varies 

depending on the origin of cellulose. Each glucose unit contains three hydroxyl groups. The 

large number of hydroxyl groups form inter- and intra-molecular hydrogen bonds and play a 

major role in leading to particular crystalline packing and also govern the physical properties 

of cellulose. The high density of hydrogen bonding makes cellulose a difficult material to be 

dissolved in conventional solvents (ethanol, acetone, DMF, etc.) and impossible to melt. 

Cellulose in plants (also called cellulose I or native cellulose) is arranged in different forms; 

crystalline allomorphs consisting of cellulose I and I and amorphous or less ordered regions. 

Cellulose I , is one chain crystallized in tri-clinic unit cell [22] while cellulose I is a 

monoclinic two-chain unit cell which is found to be dominant in higher plants [23].

2. Regenerated cellulose fibers

Although natural fibers are currently being used in the automotive industry, there are still a 

few disadvantages concerning these reinforcements. Natural fibers are difficult to assemble in 

fabrics with good control over fiber content and orientation, hence it is very difficult to design 

composite based on these fibers. Furthermore, natural fibers are susceptible to seasonal 

changes and therefore they are prone to have variation within the fiber quality/properties. In 

addition to the damage induced by the processing, natural fibers are not continuous and 

present large fiber diameter distributions when compared to regenerated cellulose. Typical 

images presenting the diameter distribution for flax and regenerated cellulose fibers 

(Cordenka 700 super 3) are presented in Fig. 2.

On the other hand, manmade regenerated cellulose fibers (RCF) offer advantages over natural 

fibers on the uniform fiber quality and is available in a continuous form to be able to utilize 

the full potential of cellulose chains. Furthermore, regenerated cellulose fibers are similar to 

natural fibers possessing, low fiber density and being bio-based since raw material is 

originated from plants. 
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Fig. 2. Typical cross-section SEM pictures of, a) Cordenka 700 super 3 (regenerated cellulose 
fibers) and b) Flax fibers (natural fibers) [24]. RCF fiber diameter approximately 12.5μm and 

flax fiber diameter varies within approximately 15-35μm.

On the market, RCF compete with the bast fibers which are the most important natural 

reinforcement fiber. It is well known that the properties of flax fibers, though very good on 

average, are highly variable due to inherent natural variability and partly damaging processing 

methods [25]. Fig. 3 presents a comparison of mechanical properties of flax fibers and some 

regenerated cellulose fibers. 

Fig. 3. Average values and standard deviation of modulus of elasticity and tensile strength for 

different cellulosic fibers [26].

The mechanical properties and behavior of natural and RCF are rather different: the natural 

fibers exhibiting near linear behavior whereas the regenerated fibers show highly non-linear 

performance (see Fig. 4).
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Fig. 4. Stress strain curves for CA (Cordenka EHM), CB (Cordenka 1840), CC (Enka 
Viscose), CD (Cordenka 700) and CE (Lyocell) RCF and Steam Exploded Flax and Field 

Retted Hemp fibers [27].

RCF are prepared in several steps, depending of the final product, starting from the raw 

material where the cellulose composition is important. “Pure” cellulose fibers (or bleached 

cellulose pulp) are obtained from plants-containing cellulose (or lignocellulosic materials) 

after several steps either by mechanical or chemical treatments. 

It is worth noticing that the main industrial processes have been widely used so far for the 

production of regenerated cellulose are viscose and lyocell process. Lyocell process is based 

on dissolving bleached cellulose pulp in N-methylmorpholine-N-oxide. Whereas, viscose 

process is based on several reactions to convert cellulose pulp to a xantate and then dissolve it 

in sodium hydroxide (NaOH). 

The lyocell process enables to cellulose fibers a high crystallinity, long crystallites, and high 

degree of orientation of both crystalline and amorphous phases. Thus, the mechanical 

properties of lyocell fibers found to be higher than the fibers produced by viscose process

[28].

From an environmental point of view, the impact of lyocell process is much lower compared 

to viscose process. The number of steps, the quantity and the nature of chemical products 

included for the production of lyocell fibers are low when compared to the traditional viscose 

system. In large-scale production, 90% of the employed solvent can be recovered. However, 

the recyclability of the chemicals used in viscose process needs a lot of energy. 
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3. Chemical treatments of fibers

3.1. Fiber/matrix interface 

In composites, the mechanical properties depend not only on the properties of constituents but 

also on the adhesion between the fibers and the matrix. It provides the structural integrity of 

composites and determines the ability to transfer the load from the matrix to the fibers. 

Incompatibility between fiber and matrix will not allow the stress transfer from the matrix to 

the fiber. Therefore in order to utilize the reinforcing effect of the fibers certain minimal 

fiber/matrix adhesion has to be ensured. Adhesion can be quantified by interfacial shear 

strength which should be reasonable high to provide higher strength and toughness of 

composite.  

The mechanisms through which fiber-matrix adhesion is realized can be classified as physico-

chemical and mechanical. The mechanical interlocking at the interface depends on the 

roughness of the fibers’ surface. Whereas, the physico-chemical adhesion is result of 

molecular interactions, covalent and hydrogen bonds, intermolecular forces and trans-

cristallinity [29-31]. The interactions are defined by the chemical structures of the fiber and 

the matrix. Important characteristics are the surface energies, the acid-base interactions and

the thermodynamic work of adhesion. 

Cellulosic fibers are known to be hydrophilic due to the hydroxyl groups of the cellulose, and 

their adhesion to commonly used hydrophobic matrices is therefore low. Thus, to reduce the 

surface energy and enhance the resistance to moisture, different surface modifications of 

cellulose fibers were the focus of several studies [31-33]. The following modifications of 

cellulosic fibers are commonly employed:

- physical treatments, e.g. solvent extraction;

- physico-chemical treatments: use of corona and plasma discharges [34] or laser, X-

ray, and treatment by UV radiation [35, 36];

- chemical modifications, both by direct condensation of the coupling agents onto the 

surface of the fiber and by its grafting by free-radical or ionic polymerizations [37].

The common coupling agents used are silanes and isocyanates [38-42].
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3.2. Mechanisms of chemical modification

As mentioned earlier, cellulosic fibers possess hydroxyl groups at the surface which are 

suitable for the chemical treatments e.g. etherification, esterification, amidification, oxidation 

(tempo), copolymerization, etc. Among the long list of chemical treatments, hereafter, 

examples of well reported modifications performed on cellulosic fibers. 

3.2.1. Alkali Treatment

Alkali treatment is a treatment by sodium hydroxide (NaOH) of the fibers and well known to 

be one of the cheapest treatments of natural fibers. 

Depending on the concentration of NaOH, this treatment removes a certain amount of 

hemicellulose and lignin, wax and oils and depolymerizes some of the native cellulose present 

at the external surface of the fiber cell wall.

By removing part of hemicellluloses from the surface by NaOH treatment, the inter-fibrillar 

region is found to be less dense and less rigid and thereby makes the fibrils flexible and easy 

to be rearranged along the load direction during tensile deformation [43].

The alkali treatment induces changes in crystallization of cellulose [43, 44] and increases the 

crystallinity index. By removal of the cementing materials, the surface topography of alkali 

treated natural fibers becomes rough and thought to be responsible for better fiber/matrix 

interface due to mechanical interlocking. However, treatment of regenerated cellulose fibers 

by NaOH decreases the crystallinity and therefore reduce the mechanical properties of fibers 

[45, 46].

3.2.2. Esterification 

The purpose of the esterification processes is to improve the compatibility of cellulosic fibers 

with different polymer matrices. 

This method has been shown to reduce swelling of wood in water and has been studied more 

than any other chemical reaction of lignocellulosic materials. The esterification of cellulosic 

fibers occurs by reaction of groups type (RCOOR’) with hydroxyl groups (-OH) on the fibers 

resulting in ester functions and increasing hydrophobicity [47]. This has been shown to 

improve interfacial bonding, tensile and flexural strength and stiffness, as well as dimensional 

and thermal stability and resistance to microbial degradation [48-50]. However, the treatment 

has also resulted in decrease in mechanical properties which is assumed to be due to 
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degradation of cellulose and cracking of fibers induced by use of the catalysts in the process 

of modification [48]. The acetylation treatment is preceded by an alkaline treatment to 

activate the surface of cellulosic fibers and therefore increase the reaction kinetics.

Another interesting method with ecological advantages uses an ionic liquid as the reaction 
medium for the surface esterification of cellulose by different aliphatic carboxylic anhydrides 
and by -caprolactone [51-53]. As showed in those studies, solvents (ionic liquids) can be 
recycled.

3.2.3. Silane treatment

One of the most reported treatments applied to the surface of cellulosic fibers is Silane 

modification. These chemical agents possess at the same time hydrophilic “head” and 

hydrophobic “queue”. The hydrophilic part is expected to react with the free hydroxyl groups 

at the surface of the cellulosic fibers whereas, the other end interacts with the matrix and act 

as a bridge at the fiber/matrix interface. 

The reaction of Silanes depends on a number of factors including hydrolysis time, organo-

functionality, temperature, and pH. In non-polar solvents, alkoxy silanes interact first with the 

hydroxyl groups present at the surface of fibers and further fully react to create covalent bond 

with fibers. In water, Silanes undergo hydrolysis, condensation, and the bond formation stage. 

In appropriate conditions, Silanes condense and form polysiloxane structures and react with 

hydroxyl groups of the fibers [41, 54, 55]. The type of silane is selected depending on the type 

of the matrix. 

Bisanda and Ansell [56] showed that the treatment of sisal fibers by Amino-Silane improved 

mechanical properties, water resistance and wettability of epoxy resin based composite. Other 

studies [57-59] have investigated the influence of different silane coupling agents on the 

properties of henequen fiber-reinforced polymer composites. Authors have concluded that the 

treatment of fibers enhanced the fiber/matrix adhesion and therefore the mechanical properties 

of the composite.

Recently, APTS (3-aminopropyl-triethoxysilane) have been used [60] to improve the adhesion 

of regenerated cellulose fibers with laboratory produced bio-resin. Indeed, it was found that 

the treatment of fibers by APTS improved tensile strength and modulus of the composite. The 

Fig. 5 presents examples of the different commonly used silane reactions reported in 

literature.
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R: ‘‘Queue’’ which interact with the matrix
R’: Alkyl (CH3 or C2H5)

Fig. 5. Examples for possible reactions between Silane and cellulosic fibers.

3.2.4. Grafting copolymerization

Grafting is known as an effective method for the modification of natural fibers. 

The copolymerization with the cellulose backbone can be classified according to the type of 

the matrix. The grafting of polymerizable molecules bearing two functions where the first 

reacts with the free hydroxyl groups at the fibers’ surface and the second polymerizes and 

subsequently creates covalent linkage with the macromolecular chains of the matrix. 

In the former case, the grafting of the coupling agents on cellulose fibers generally occurs in 

solution. The grafting parameters are influenced by the type and concentration of initiator and 

monomer to be grafted and the reaction conditions (time, temperature, etc). The 

copolymerization of vinyl monomers with the cellulose backbone and natural fibers has been 

reported in different studies [61-63]. The effect of methylmethacrylate (MMA) grafting on 

henequen fibers and its applications in polymer composites  have been studied [64]. This 

study reports effect of variation of the ratio of monomer/cellulose, initiator concentration and 

reaction time on the grafting. This reaction is initiated by free radicals of cellulose molecules 

created by Cerium Ammonium Nitrate (CAN). Free radical sites may be formed on the 

cellulose molecules by different mechanisms, namely dehydrogenation of the free hydroxyl 

groups of cellulosic fibers, oxidation or formation of unstable metal complexes, which may 

lead to one electron transfer to the metal resulting in cleavage of the gluco-pyranoside ring. 
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Grafting of polyacrylonitrile (PAN) on jute fibers was done in solution using Vanadium (V5+)

and cyclohexanone redox initiator system. The effects of temperature, time, concentrations of 

metal ion (V5+), acrylonitrile monomer (AN), cyclohexanone, some inorganic salts, and 

organic solvents on percent grafting have been studied [62].

Other study has reported the effect of grafting on the mechanical performances of jute fibers 

embedded in unsaturated polyester [65]. Jute fibers were chemically modified through graft 

copolymerization with AN and MMA. In this study, the grafting of polyacrylonitrile on fibers 

showed an improvement in the strength of the composite. 

Beside the parameters cited earlier, other factors in initiating graft copolymerization reaction 

of vinyl monomers with activated cellulose are important. Indeed, those factors are the 

accessibility of free radical sites to the monomers, the lifetime of free radical sites, and the 

interaction of the monomer solutions or vapors with activated cellulose to increase the 

accessibility of the free radical sites to monomer. 

Other important aspect to pay attention to during the direct grafting onto the fiber is that the 

monomer preferentially diffuses in the less ordered (or amorphous) regions rather than in the 

crystallites. This can lead to misalignment of the internal structure in regenerated cellulose 

fibers and therefore reduce their mechanical properties.  However, grafting on natural fibers 

did not bring any drastic changes in the properties as reported in [64].

Another well-known chemical agent for the grafting was developed specifically for 

polypropylene (PP). Grafting of Maleic Anhydride (MA) monomers on PP (MAPP) is of 

great importance in the coupling action if MAPP is prepared at low temperature or in solution 

in order to avoid the scission chains of PP.

The effect of  grafting the MA on jute fibers in jute/PP composite have been studied in [66].

It was found that the fiber/matrix adhesion has been improved resulting in higher damage 

resistance of composite under dynamic loading. Another study [39] showed that partial 

masking of cellulosic fiber with MA grafted PP reduced the water absorption in cotton fiber 

based composites. 

3.2.5. Fibers with hierarchical structure

Continuous fiber composites are used in engineering applications where high stiffness, 

strength and fatigue resistance are required. These composites are featured in 2D laminates 

and no fibers are aligned out-of-plane (through the thickness). The lack of through thickness 

reinforcement leads to premature delaminations, poor mechanical performances in bending 

and low impact resistance [67]. The idea of creating hierarchical reinforcing structure is 
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developed to overcome and increase the through thickness properties of fibers based 

composites. Grafting of nano-sized particles on micro-fibers is believed to enhance both the 

intra- and inter-laminar properties.  Indeed, the grafting of carbon nano-tubes on conventional 

fibers is reported to be promising to achieve better through thickness performance by 

increasing the surface area of the fibers, creating mechanical interlocking and therefore 

provide stronger fiber/matrix interface [68].

The same route has been applied to natural fibers to improve their adhesion with polymers. In 

the way to produce hierarchical fibers fully renewable, cellulose nano-crystals produced by 

bacteria on natural fibers has been successfully achieved [69-71]. The tensile and flexural 

properties of the hierarchical sisal fibers embedded in polyAESO were significantly improved 

over neat fiber preform reinforced polyAESO. In addition, the enhanced interface strength 

resulted in an increase of the storage modulus [69].

3.3. Characterization Techniques of the fiber/matrix interface 

In general, fiber reinforced polymer composites are characterized and evaluated by means of 

various tests performed on composite specimens (full scale composite laminate). Although 

these tests provide important information about the overall properties of the composite, the 

results are strongly dependent on many factors such as specimen geometry, fiber volume 

fraction and fiber geometry. The quantitative evaluation of the fiber/matrix interface is 

difficult to be obtained by such means. The need to better understand the role of the 

fiber/matrix interface has led to the introduction of experimental techniques designed to 

obtain the measurable value - the interfacial shear strength (IFSS). Such bond strength values 

can be used to investigate the dependence of composite performance on the energy absorbing 

characteristics of the interface and to establish the extent to which fiber surface treatments can 

alter bonding.

The fiber/matrix interface can be considered at different structural levels. At the molecular 

by the chemical structures of both constituents and is due to chemical bonds, van der Waals 

forces, and acid-base interactions (hydrogen bonding). At this level, the strength of the 

interface is defined by the type of interactions created between the fibers and the matrix and 

their concentration - number of interacting units per unit area. Chemistry and molecular 

physics are employed to quantify the adhesion, and the main subject of this study is the so-

called “fundamental adhesion” [72, 73].
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At higher level (micro-level), interfacial adhesion is in general described in terms of different 

parameters depending on the technique used, which characterize the ability/effectiveness of 

the interface to transfer the stress from the matrix to the fiber. It should be noted that the 

interfacial strength is the translation of the molecular interactions at the interface [74] and, 

therefore separate consideration of the two levels (micro- and molecular) is an 

oversimplification. 

The choice of the adequate micromechanical tests to be applied to determine IFSS should 

consider stress distribution similar to that in full scale composite. For instance, composites 

with failure strain of the matrix several times greater than the one of the fiber (e.g. carbon 

fiber reinforced polymers), the fragmentation test suits to measure the IFSS. However, 

composites with brittle matrix and ductile fibers, the pull-out test is closer to reality and can 

be applied for the matrices with large elongation-to-break.

3.3.1. Single fiber fragmentation test

The fragmentation test was first developed by Kelly and Tyson [75], who investigated the 

failure of brittle tungsten fibers embedded in a copper matrix. Later on this test was adopted 

for polymer matrix composites. 

Specimen used in this test consists of a single fiber embedded in a polymer matrix (the 

polymer block is much larger that the fiber). A schematic drawing for a fragmented fiber is 

presented in Fig. 6.

Fig. 6. Fragmentation test specimen showing multiple fiber breaks.

The fiber is perfectly bonded to the matrix and the load applied on the specimen is transferred 

to the fiber. The load is steadily increased and at the point when it reaches fiber strength the 

fiber breaks. The loading continues until multiple fiber breaks are achieved.

This experiment is done under an optical microscope so that the fragmentation process can be 

observed. Fiber continues breaking into shorter pieces while increasing the applied load until 

the number of fragments becomes constant and the fragment length is too short to transfer 
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enough stresses into the fiber to cause further breakage. This situation is defined as the 

saturation in the fiber fragmentation process and the average fragment length at saturation is 

measured. The critical fiber length for the particular fiber/resin system is obtained as follows 

[76]: = 43
Where l , is the average fragment length at saturation. 

The IFSS ( ) is calculated using the Kelly-Tyson equation [75]:

= 2
Where d is the fiber diameter and is the fiber ultimate strength at a length equal to critical 

length .

This technique of characterization presents the advantage to replicate the events in-situ in the 

composite where few parameters are involved in the characterization, and, as mentioned 

earlier, in the case of transparent matrices, the failure process can be observed under 

microscope. However, the fragmentation test presents some shortcomings. The elongation at 

break of the matrix should be at least three times higher than the failure strain of the fiber, and 

sufficient toughness of the matrix is required to avoid specimen failure induced by fiber 

fracture. The stress state at the fiber break is complicated by the presence of the penny-shaped 

crack which might affect the failure mode of the interface, thus affecting the obtained values 

of IFSS. 

This test has been successfully used for flax fibers to determine the interfacial shear strength 

with different thermoset polymers (vinylester, polyester, and epoxy) [77].

3.3.2. Pull-out and micro-bond tests

As mentioned earlier, the pull-out test is believed to possess some of the characteristics of 

fiber pull-out in composites and thus can be used to characterize the IFSS. Pull-out specimen 

consists of a fiber embedded in a matrix block or thin disc normal to the surface of the 

polymer (Fig. 7). 
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Fig. 7. Schematic drawing of pull-out specimen (left) and typical load-extension curve for 
RCF fiber-epoxy system (right).

Continuous force is applied to the free end of the fiber in order to pull it out from the matrix. 

The force and the displacement are monitored during the test (see Fig. 7) until either pull-out 

occurs or the fiber breaks (in case of fiber failure the test is unsuccessful). The interfacial 

shear strength characterizing the fiber/matrix interface can be calculated as follows:=
Where , is the maximum pull-out force, is the fiber diameter and stands for the 

embedded fiber length in the matrix.

Micro-bond technique is somewhat similar to the pull-out test but instead of embedding fiber 

end into the matrix block, a polymer micro-droplet is deposited on the fiber (Fig. 8). The same 

procedure of testing is used to determine interfacial shear strength as in pull-out test. 

Pull-out test and micro-bond tests were applied to investigate the IFSS of cellulosic fibers 

with different matrices [57].

Fig. 8. Scheme of micro-bond specimen.
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The advantage of these techniques is the possibility to measure the force at the moment in 

which the fiber debonds from the matrix. It can also be used for almost all fiber/matrix 

combination. However, there are some inherent limitations:

the debonding force strongly depends on the embedded length. This limits, for thin 

fiber, the embedded length and thus, longer lengths induces fiber failure;  

small micro-drop size makes the failure process difficult to observe;

the stress state in the droplet may vary with contact position with the micro-drop, and 

with the size of the blades. Thus, a little contact problem between the droplet and the 

blades causes a large effect on the interfacial stresses which oscillate along the 

embedded fiber and thus makes the calculation of the average shear strength 

questionable. 

the mechanical properties of the micro-drop can vary according to its size due to the 

variation of the concentration of curing agent of the matrix (for thermoset matrices) 

[78].

In addition, large scatter for the calculation of the IFSS can be observed in the micro-bond test 

due to the variations in the chemical, physical or morphological nature of the fiber along its 

length, which only consider very small sections (few hundred microns). 

Other micromechanical tests such as push-out, three-fiber test and micro indentation/micro-

debonding technique were reported in the literature [79]. All these experiments are direct 

methods to calculate the IFSS at the fiber/matrix interface. 
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Current work

The current thesis has addressed most important issues discussed above and the results have 

been reported in journal papers and international conferences. This section contains brief 

summary of papers included in the thesis.

Paper A

The first paper in this thesis presents two different strategies of surface modification of CNC 

by grafting of long aliphatic chains - esterification with acid chloride and amidification with 

aliphatic amine.  The former reaction was performed in toluene, after solvent exchanges of 

water; the latter was performed directly in aqueous medium without any need to remove water 

from the CNC. The grafting efficiency was apparent from Infra-Red, X-ray photo electron 

spectroscopies and elemental analysis.

On the basis of this analysis and the size of the CNC, the degree of substitution was calculated 

and therefore it was possible to obtain a clear idea about the density of grafting on the surface.

It was shown that the grafting of the long aliphatic chains resulted in hydrophobic nano-

crystals, as attested by contact angle measurement. Thus, the modified nano-crystals can be 

used as nano-reinforcement in hydrophobic matrices for nano-composite applications.

Paper B

The cellulose nano-crystals extracted from rachis of date palm tree presented in Paper A are 

utilized in this paper as grafting nano-crystals onto regenerated cellulose fibers to produce 

fibers with hierarchical structure. Fibers were first treated by the isocyanatosilane as coupling 

agent then grafted further by nano-crystals. Infra-Red and SEM analysis showed that the 

chemical grafting of was successfully attained. In fact, the treatment slightly altered the 

microstructure of fibers as shown by wide angle X-ray diffraction analysis and the mechanical 

tests performed on fiber bundles.

However, the mechanical characterization performed on the transverse UD composites 

demonstrated that the deposition of CNC on the fibers improved the mechanical performances 

of composites in comparison to composite with unmodified fibers. Moreover, the hierarchical 
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structure of the fibers enabled the delay of the crack initiation and propagation. This was 

attributed to the nano-composites structure at the interface formed by the grafting of the nano-

crystals.

Paper C

The results of Paper B proved that concept of creating hierarchical cellulose reinforcement 

has good potential of designing composites with better properties and damage durability. 

However, the process of fiber treatment used there is not really environmentally friendly and 

it was decided to focus work in Paper C on developing better methodology with lower 

environmental impact. The effect of the treatment by cellulose nano-crystals at three different 

concentrations on the mechanical properties of regenerated cellulose fibers, using 

methacrylopropyl trimethoxy silane (MPS) as coupling agent, was studied. An 

environmentally friendlier method was utilised to polymerise the coupling agent by creating 

free radicals on cellulose backbone. It was possible to retain fiber length (continuous fibers) in

order to be used in composites for high performance applications. The nano-whiskers network 

was created and deposited on fibre surface along with poly-MPS particles as validated by 

SEM. Multi-scale hierarchical fibres for structural composites were created by grafting of 

cellulose nano-whiskers onto regenerated cellulose fibres and preserving the same stiffness as 

for untreated fibres. 

Paper D

This paper investigated the effect of the chemical treatments reported in the Paper C on

moisture uptake and interfacial adhesion with epoxy matrix. The untreated and treated fibre 

bundles were conditioned at two relative humidity levels (RH=33% and RH=64%) prior to 

the tensile and pull-out tests. During the conditioning the moisture content in fibre bundles 

was monitored. The results of mechanical tests were compared against fibre bundles kept at 

ambient conditions. The significant difference in water uptake for untreated and treated fibres 

is observed at RH=64%, whereas at lower relative humidity of RH=33% the performance of 

all fibres is rather similar. At high relative humidity (RH=64%) the treatment by cellulose 

nano-crystals decreased water uptake by factor of two compare to untreated fibres, which 

results in moisture content at saturation of 9.1% and 4.1-5.7% for untreated and treated fibres 
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respectively.  Moreover, the results obtained from fibre bundle pull-out tests show that 

addition of CNC on the surface of fibres decreases interfacial shear strength (IFSS) when tests 

are performed on specimens that were not exposed to moisture. However, experiments 

performed on fibres conditioned at 64% revealed that interfacial shear strength of untreated 

and MPS-treated fibres is greatly affected by moisture (decrease by 14-29%). Whereas fibres 

treated by CNC not only retained the same values of interfacial shear strength after 

conditioning but even exhibited some increase of IFSS. 

Paper E

The process developed in Paper C and validated on meso-scale (bundles) in Paper D was 

scaled up to produce RCF fabric and manufacture composite laminates for macro-scale 

testing. Static and fatigue characterizations on composite double cantilever beam (DCB) 

specimens were performed to study the effect of the treatment of RCF by MPS on the fracture 

toughness of composites. The performance of the studied material is defined by highly 

nonlinear fibers which provide composite with highly nonlinear behavior as well. This 

complicates the analysis of DCB test results and the evaluation of fiber treatment effect on 

interlaminar fracture toughness of RCF based composites. The results showed high critical 

energy release rate (GIC) values found for both non-treated and treated samples which indicate 

high energy dissipation due to nonlinear nature of the reinforcing fibers. This however raises 

the question of validity of results obtained by use of Linear Elastic Fracture Mechanics and 

also about the efficiency of the fiber treatment in terms of increasing fiber/matrix adhesion. 

Even though the obtained values of GIC were inconclusive, the SEM fractography showed 

significant difference between composites with treated and non-treated fibers. Treated fibers 

presented important increase of the wettability by epoxy matrix.

The DCB test under fatigue showed very rapid change of the compliance by number of cycles 

while the crack does not propagate. It can be concluded that energy dissipates by another 

mechanism, most likely through the internal energy of material.
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The key achievements and perspectives

The current thesis has resulted in development of new environmentally friendlier treatment 

method for regenerated cellulose fibers. The method has been initially developed and 

validated on small laboratory magnitude and then scaled up to produce RCF fabric for 

manufacturing of composite laminates. The effectiveness of the new treatment procedure was 

evaluated by means of meso- and macro- tests. Thus new type of hierarchical reinforcement 

has been produced and its potential for use in large scale industrial applications has been 

demonstrated. The results generated during this work will help other researchers to further 

develop new environmentally friendlier structural materials. The industrial users also can 

benefit from this work by obtaining important information that may be used in the future to 

create new competitive products.   

Even though this work has achieved very interesting and promising results, there is still need 

for significant effort in development of high performance cellulosic polymer composites. The 

application of the methodology presented in this thesis should be applied on other cellulosic 

fibers, in particular natural fibers with high mechanical properties. More comprehensive study 

should be carried out regarding long term performance of composites, including creep and 

fatigue. The tolerance to impact and general resistance to damage has to be addressed. 

Ultimately, the case study involving actual industrial product has to be carried out, the 

prototype part should be manufactured, and comprehensively tested under various 

environmental conditions, including elevated temperature and humidity. However, this is 

work for the whole academic society and it has to be carried out in collaboration with 

industrial partners within large research projects.
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Abstract

Heterogeneous modification of cellulose nanocrystals (CNC) was carried by grafting long 

aliphatic chains involving an esterification and amidification reaction. Long chains aliphatic 

acid chloride and amine were used as grafting agent. Evidence for the surface grafting with 

acyl chains was confirmed by Fourier Transform Infrared (FTIR) Spectroscopy, elemental 

analysis and X-ray photoelectron spectroscopy (XPS). It was found that the degree of 

substitution on the surface (DS) greatly depends on the method of modification. Irrespective 

of the grafting approach, the modified CNC turned to be hydrophobic after the modification 

as attested by contact angle measurement. The main emphasis was put on the correlation 

between the DS and the extent of surface grafting.

Key words: cellulose nanocrystals; surface modification; grafting; Esterification; 
Amidification.
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1. Introduction

During the last decade, there has been a growing interest in the use of nanosized cellulose as a 

reinforcing phase in polymer based nanocomposites. Their incorporation within a polymer 

matrix at a level lower than 10 wt% conveys a huge stiffness and mechanical strength increase

[1]. The high aspect ratio of the nanofibres, their high degree of crystallinity, high Young 

modulus and strength as well as their aptitude to set up continuous networks stand for a huge 

improvement of the mechanical properties [2]. Furthermore, given the nanosized scale of the 

reinforcement being less than the half of the wavelength of the visible light, high transparency 

is expected to be obtained. 

Among the nanosized cellulose, cellulose nanocrystals arose much interest. They are extracted 

from fibres after a complete dissolution of the non-crystalline fractions yielding rod-like 

nanocrystals with 5 to 20 nm in width and up to 1 μm in length, depending on the source of 

cellulose, and the exact hydrolysis conditions [3]. A recent review reported the properties and 

application in nanocomposite field of cellulose nanocrystals (CNC) [4]. However, even if the 

high reinforcing potential of cellulose nanofillers is a well-established feature highlighted by 

numerous reports [4], this property is tributary of the good dispersion of the nanofiller within 

the host polymer matrix during the nanocomposite processing which is not straightforward to 

implement for two reasons: firstly, the nanoscale dimensions of the CNC result in an 

inherently large specific surface area (more than 100 m2/g) that favours the tendency to 

aggregation as bundles, and secondly, the inherent high hydrophilic character of the CNC 

arousing from the high density of hydroxyl groups on the surface of CNC. This latter property 

restricts the use of these rod-like nanoparticles to aqueous solutions or dispersions and hinders 

efficient dispersion in non-polar polymers or non aqueous solvents.

In order to prevent CNC from aggregating and to improve their dispersion and compatibility 

within the host matrix, modification of cellulose surface appeared as one of the most 

promising solution. Furthermore, this approach opens the way towards the use of melt-

processing method, which is essential for the conception of bulky nanocomposites. Actually, 

most of the reported investigation dealing with the use of CNC as reinforcement is limited to 

waterborne polymer latex, allowing easy mixing of the CNC suspension with the polymer 

dispersion without any necessity to remove the CNC from water. Several examples have 

described the covalent derivatization of cellulose surface at a nanometric level. They include 

acetylation [5], esterification [6], silylation [7] coupling with N-alkyl isocyanate [8]. Polymer 
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grafting of CNC following either the “grafting-onto” [9] or “grafting from” [10] approach was 

also explored and revealed to be a promising way to improve both the compatibility of CNC 

and the dispersion with a hydrophobic matrix [11]. For instance, it was shown that PLA-

grafted CNC by ring-opening polymerization (ROP) ensured the dispersion of the nanofiller 

via melt-blending and imparted a larger stiffness to the composite [12].

In the present work, two approaches of surface modification of CNC were carried out, namely 

esterification with acid chloride and amidification with aliphatic amine after TEMPO-

oxidation of the CNC. The former was carried in toluene after solvent exchange while the 

later was implemented directly in water without any necessity to remove CNC from the 

aqueous medium where they are colloidaly stable. Evidence of the surface modification was 

confirmed by Fourier Transform Infrared (FTIR) and X-ray photoelectron spectroscopies 

(XPS), and elemental analysis. The effect of modification on the nanoparticles surface 

properties was analyzed using contact angle measurement. 

2. Experimental section

2.1. Materials

Sulphuric acid (95%), triethylamine (TEA, 99.5%), toluene (99.8%), acetone (99%), hexanoyl 

chloride (C6 - 98%), lauroyl chloride (C12 – 98%), stearoyl chloride (C18 - 98.5%), 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO), 4-amino TEMPO, sodium bromide, sodium 

hypochlorite, N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDAC), N-

hydroxysuccinimide (NHS), were all purchased from Sigma-Aldrich, and used as received.

n-Propyl amine (A3 - 99%), n-octyl amine (A8 - 99%), dodecyl amine (A12 - 98%) and 

octadecyl amine (A18 - 90%) were obtained from Fluka.

2.2. Preparation of cellulose nanocrystals 

The preparation of CNC from date palm was carried by acid hydrolysis approach following a 

well detailed procedure reported elsewhere [13].

2.3. Esterification of the cellulose nanocrystals

The surface modification of CNC was performed in a round-bottom flask under reflux (6 

hours) and constant mechanical stirring, using toluene as medium. The toluene suspension 



A. Bendahou, A. Hajlane, A. Dufresne, S. Boufi and H. Kaddami  Esterification and amidation methods…  

Paper A   A4 
 

was obtained by means of successive solvent exchanges and centrifugation processes (water 

to acetone, acetone to methylethylketone and, finally, methylethylketone to toluene; four 

times each exchange).

CNC (2 g) were mixed with triethylamine (5 mL) and the acyl chloride (5.2 mL for hexanoyl, 

8.8 ml for lauroyl or 12.5 mL for stearoyl chloride). Triethylamine was used as a catalyst and 

neutralizing agent for HCl formed during the reaction (Thielemans et al 2006). The modified 

CNC were submitted to a Soxhlet extraction, first with ethanol and then with 

dichloromethane, for 24 hours. The modified CNC with hexanoyl chloride, lauroyl chloride 

and stearoyl chloride were denoted as WAG6, WAG12 and WAG18, respectively, whereas 

unmodified CNC will be denoted as WRPd.

2.4. Coupling of amines with oxidized cellulose nanocrystals 

2.4.1. Reaction of cellulose nanocrystals by TEMPO-mediated oxidation. 

CNC (0.32 g; 2mmol) were dispersed in 100 ml distilled water. Sodium bromide (0.1 g; 1..00 

mmol) and the radical TEMPO (5 mg; 0.032 mmol) were then added after stabilization of the 

temperature (4°C) and the pH around 10. The desired amount of sodium hypochlorite was 

introduced dropwise in order to maintain the pH = 10. The added volume of sodium 

hypochlorite was registered against time, enabling to follow the kinetics of the reaction. The 

pH was controlled by the addition of NaOH 1 M. When the pH was stabilized (after 5 hours 

of reaction), the reaction was considered to be completed. Methanol (5 ml) was then added to 

destroy the residual NaOCl and the pH was adjusted to 7 with HCl 1 M. The water insoluble 

fraction was recovered by centrifugation and washed thoroughly with distilled water. The 

oxidized CNC were dialyzed against distilled water and, concentrated by freeze-drying. 

2.4.2. Coupling reaction with amine. 

The coupling reaction between oxidized cellulose nanocrystals and amine molecules was 

performed in a water/ethanol 80/20 mixture. Amine molecules were added to the oxidized 

CNC aqueous suspension with a solid content of 0.2 wt% (2g), followed by N-

hydroxysuccinimide (NHS) (2 mol NHS / mol carboxylic unit) and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDAC) (2 mol EDAC / mol carboxylic unit). The pH 

was adjusted to 7.5-8 by adding HCl 0.5 M and NaOH 1M solutions. The resulting suspension 
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was stirred during 24 h at 55°C and, finally, the cellulose derivatives were precipitated by 

adding an excess of ethanol (v/v). At the end the mixture was centrifuged, after cooling to 

room temperature. The solid product was recovered and washed several times with distilled 

water and re-centrifuged in order to eliminate the EDAC, the NHS and the amine that did not 

react. Then, the functionalized nanoparticles were dispersed in water, dialyzed against 

distilled water during four days and then freeze-dried. Finally, the modified nanocrystals were 

submitted to a Soxhlet extraction, first with ethanol and then with dichloromethane, for 24 

hours. All amines used, as well as the EDAC and the NHS, were soluble in ethanol. 

2.5. Characterization

2.5.1. Atomic Force Microscopy (AFM) 

For AFM observations, the aqueous suspension of cellulose nanoparticles was diluted to 0.01 

mg.mL-1 with distilled water. A drop of the suspension was deposited on a mica sheet (Agar) 

and water was evaporated. The AFM images were recorded in tapping mode (TM) with a 

Nanoscope IIIa microscope from Veeco Instruments. Both height and phase images of 512 x 

512 data points were recorded in ambient atmosphere, at room temperature, using silicon 

probes with a spring constant of 24-52 N/m, a resonance frequency in the 264-339 kHz range, 

and a typical radius of curvature of 10-15 nm.

2.5.2. FTIR analysis

A Perkin-Elmer PARAGON 1000 FTIR spectrometer equipped with spectrum software was 

used to perform the FTIR analyses. The spectra were obtained by preparing dried KBr powder 

pellets containing 1% w/w of the investigated samples. Spectra were recorded using a spectra 

width ranging from 400 to 4000 cm-1, with 4 cm-1 resolution and an accumulation of 16 scans.

2.5.3. X-Ray photoelectron spectroscopy

XPS measurements were performed on the dried pellets of powdered CNC before and after 

grafting with a Kratos AXIS Ultra photoelectron spectrometer. Pellets from dried powder 

were prepared and washed with chloroform to remove contaminants and then kept in a 

vacuum oven for few hours at 40°C prior to analysis. The XPS experiments were conducted at

room temperature with a base pressure of 10-9 mbar. The monochromatic Al K X-ray source 
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operated at 300 W (15 kV, 20 mA). The low-resolution survey scans were taken with a 1 eV 

step and 80 eV analyzer pass energy; high-resolution spectra were taken with a 0.1 eV step 

and 20 eV analyzer pass energy. The atomic concentrations were calculated from the 

photoelectron peak areas by using Gaussian-Lorentzian deconvolution. The carbon 1s spectra 

were resolved into different contributions of bonded carbons, namely carbon without oxygen 

bonds (C-C and C-H), carbon with one oxygen bond (C-O), carbon with two oxygen bonds 

(O-C-O) and carbon with three oxygen bonds (O-C=O). The chemical shifts were taken from 

the literature and the spectra were charge-corrected by setting the carbon-without-oxygen-

bond contribution in the C1s emission at 285.0 eV [14].

2.5.4. Contact angle measurements

The dynamic contact angle of sessile drops of water on the CNC was measured with an 

OCA20 automated and software-controlled Video-Based Contact Angle Meter (DataPhysics 

Instruments GmbH, Filder-stard, Germany). All measurements were conducted at room 

temperature (22°C). Three different liquids, with different dispersive and polar surface 

tensions, were used to determine the surface energy of CNC. The drop volume was between 5 

and 10 μL, and smooth surface nanocrystal samples were obtained by compacting the powder 

under a pressure of 10 metric tons using a press. Contact angle measurements were carried out 

on CNC samples before and after modification. 

The Owens-Wendt approach was used to evaluate the dispersive and polar contributions to the 

surface energy of the CNC samples. By applying the Owens–Wendt approach (Owens and 

Wend 1969), both the dispersive and the polar contribution to the surface energy of these 

materials were calculated using the equation (1).

 (1 + cos ) = 2   +  2   (1)

d p being the total, dispersive, and polar surface energy, respectively. 

Subscripts L and S refer to the liquid drop and the solid surface, respectively, and denotes 

the contact angle between the solid substrate and the liquid drop. 

According to eq. 1
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materials tested. The total surface energy of CNC is easily obtained by the following 

equation.
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2.5.5. Carboxyl content

The carboxyl contents of oxidized CNC samples were determined by conductimetric titration. 

The CNC samples (50 mg) were suspended into 15 ml of 0.01 M hydrochloric acid solutions. 

The titration curves showed the presence of a strong acid corresponding to the excess of HCl 

and a weak acid corresponding to the carboxyl content. The degree of oxidation (DO), is 

given by the following equation (4). DO =     ( )    ( ) (4)

Where C is the NaOH concentration (mol/l), V1 and V2 are the amount of NaOH needed for 

the neutralization of the blank and the CNC suspension, respectively , w (g) the weight of the 

oven-dried sample.

2.5.6. Elemental analysis

Duplicate elemental analysis was carried out at the Laboratoire Central d’Analyses de 

Vernaison, France (CNRS). This technique is based on atomic absorption of the investigated 

elements. The carbon, nitrogen, and oxygen contents of CNC were measured independently. 

3. Results and Discussion

Although several papers dealing with heterogeneous esterification of CNC have been 

published [15] we have chosen to perform the surface esterification of the CNC under 

heterogeneous condition using acid chloride for two raisons. The first one was to compare in 

term of the DS the efficiency of grafting based on the surface esterification in organic solvent 
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and amidification in aqueous medium. The second one was to analyze the impact of each 

modification on the surface properties of the modified CNC. 

3.1.Characterization of cellulose nanocrystals

The morphology of CNC extracted from the rachis of the date palm tree was assessed by 

AFM and TEM observation. Values around 260±20 and 6±2 nm, respectively, were reported 

for the length and diameter giving rise to an aspect ratio around 43. Fig. 1 shows AFM 

micrograph, of CNC extracted from the rachis of the date palm tree. 

Fig. 1. AFM observation of cellulose nanocrystals extracted from the rachis of date palm tree.

3.2. Modification of the cellulose nanocrystals by esterification with long chains acid 

chloride

The FTIR spectra of the CNC before and after modification with acid chloride are shown in 

Fig. 2.  Pristine CNC are characterized by the typical bands of cellulose skeleton in the region 

of 1000 to 1200 cm-1 assigned to the carbohydrate cycle. Precisely, the bands at 1160, 1110, 

and 1060-1030 cm-1 correspond to C–O–C antisymmetric stretching, ring asymmetric 

stretching, and C–O stretching, respectively [16]. The large band at 1635 cm-1 is related to the 
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OH bending of water tightly absorbed on cellulose. The emergence of a new peak at 1740 cm-

1 for modified CNC provided a clear evidence of the occurrence of the grafting reaction 

through esterification of the acid chloride function with the surface hydroxyl groups. In 

addition to the typical C=O stretching band, other peaks at 1460, 2869 and 2927 cm-1 relative 

to CH2 groups of the alkyl moiety are visible in the spectra of modified CNC. The 

intensification of these bands when moving from hexanoyl chloride to stearoyl chloride is 

consistent with the increase in the alkyl length in the grafted moiety. Although the grafting 

reaction should be limited to the external surface, the C=O band is relatively intense in the 

FTIR spectra. This result might be rationalized by two facts: first of all, the nanometric size of 

the CNC leads to a substantial lose in the fraction of the hydroxyl groups exposed on the 

surface. Actually, for a CNC with 6 nm width, the fraction of the surface hydroxyl groups 

with respect to the whole sample account by more than 20 %. The second reason arises from 

the high level of the surface hydroxyl groups involved in the esterification reaction. This will 

be confirmed later with calculation of the DS based on the elementary analysis. 

In an attempt to get more accurate indication about the level of the surface functionalization, 

the CNC from palm were modeled as a single crystal of cellulose I type having a square 

section of 6 nm in which the cellulose chains lie parallel to the plane (110) and )011( .

Assuming an average value of 0.54 and 0.61 nm between cellulose chains within the (110) 

and )011( faces of the cellulose crystal, respectively, then within this average crystal, the 

ratio of surface chains to the total number of chains inside the crystals can be calculated from 

the following equation:

R=
crystalsin thechainsN

chainssurfaceN = 38.0
)54.061.0/()66(
)54.0/661.0/6(2 (5)

Assuming that only the surface hydroxyl groups are concerned with the coupling reaction, and 

considering that only 1.5  hydroxyl groups per anhydro glucosic unit (AGU) of the surface 

layer are accessible to the reagent, the other one being buried toward the core of the 

crystalline domains, the maximum theoretical degree of surface substitution DSS-max-max likely 

to be reached will be 1.5R. Accordingly, the overall DS that can be attained if all the 

accessible surface hydroxyl groups of the CNC are involved in the esterification reaction will 

be DS=DSS-max*R= 0.57±0.07.
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Elemental analysis was carried to further confirm the occurrence of the grafting reaction in 

high yield and get a more precise idea about the DS reached. Indeed, according to Vaca-

Garcia et al. [17], it is possible to calculate with a good accuracy the DS based on the result of 

elemental analysis according to the following equation:

CnnC
CDS
..856.0

.56.1113.5 (6)

Where C is the % of carbon in the sample and n is the number of carbon atom in the acyl 
substituent.

Fig. 2. Comparative FT-IR spectra (KBr pellets) of unmodified cellulose nanocrystals (a) and 
surface modified nanocrystals with hexanoyl chloride AG6 (b), lauroyl chloride AG12 (c) and 

stearoyl chloride AG18 (d) after Soxhlet extraction.

From the data collected in Table 1 one can note that the DS values calculated according to Eq. 

2 ranged between 0.35 and 0.43. Based on the above reasoning and Eq. 1, this led to a degree 

of substitution at the surface DSS in the range of 0.92 to 1.13. One can infer that each of the 

cellobiose unit (composed of two anhydroglucose units) at the CNC surface is grafted with at 

least one acyl chains, presumably one is coupled with the primary OH in the C6 carbon of the 

AGU and the second one is linked with a secondary OH of the second AGU unit. In fact, 

considering that the acyl chains bearing between 6 and 18 carbons adopt a stretched 
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configuration with all the C-C being in the trans conformation, and taking into account the 

van der Waals radius

(http://www.ccdc.cam.ac.uk/products/csd/radii/table.php4), then we might assume the acyl 

nt, it is impossible for 

each AGU unit of the CNC surface to anchor more than one long acyl moiety. A schematic 

illustration of the configuration of the grafted chains on the surface of CNC is depicted in Fig.

3. This reasoning may rationalize the fact that the maximum DS likely to be reached in the 

grafting of the present CNC with long acyl chains could not exceeds 0.4, irrespective of the 

reactivity of the grafting agent or its stochioemetric ratio. This corresponds to a maximum 

surface DSs of 1. 

Conversely we can note a slight decrease by about 10% in the DS as the length of the grafted 

alkyl chains reaches 18 carbons. It is likely that the steric effect arising from the octadecyl 

moiety might bring about some restriction in the accessibility of the surface hydroxyl groups. 

However, one should note that the decrease in the DS is modest.

Fig. 3. Schematic model illustrating the surface arrangement of the grafted acyl chains on the 
surface of CNC in the case of modification with acid chloride (the Van der Waals size of the 
alky chain and distance between the O1 and O3 were determined using ACD/Labs software).
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Table 1 : Elemental analysis of CNC before and after chemical modification with hexanoyl, 

lauroyl and stearoyl chloride.

%C %H %O %O/%C DS*

WRPd

WAG6

WAG12

WAG18

41.22

50.20

56.12

57.90

6.34

7.44

8.31

9.27

51.44

42.10

35.56

32.40

1.247

0.839

0.633

0.559

-

0.43

0.45

0.36

* DS : Degree of substitution

XPS analyses were also performed in order to get further indication regarding the 

conformation of the grafted chains at the surface of CNC. The wide spectra of the pristine and 

modified CNC exhibited the expected two photopics of oxygen and carbon atoms around 532 

and 285 eV, respectively. C 1s regions of the XPS spectra of cellulose samples were fitted 

with four components C1, C2, C3 and C4 using curve fitting software (Spectrum NT). The 

peaks C1, C2 and C3 were assigned to aliphatic carbon at 285 eV, C-O and O-C-O cellulose 

carbons centered at 286.73 and 288.0 ± 0.2 eV, respectively. The peak C4 at 288.9 ± 0.2 eV 

was attributed to O-C=O of the grafted ester moiety (Fig. 4). The quantitative expression of 

these results is reported in Table 2.

From the atomic concentration of the different species at the surface one can estimate the 

surface degree of substitution as follows: The cellulose peak  results from the contribution of 

five C-O bonds by ring (2 within the ring and 3 from alcohol groups, independently of being 

substituted or not) and one O-C-O bonds. The O-C=O arise from the grafted acyl moiety. The 

surface degree of substitution (DSS) can be estimated as follows:

6/celluloseC
OCODS (7)

However, bearing in mind that the analysis depth 

led to consider the DS value from XPS as an estimation of the degree of substitution of the 

cellulose surface layer of CNC (DSs). From the data in Table 2, we can note that the DSS

values calculated on the basis of XPS analysis are around 0.7 and is slightly lower than those 

calculated from elemental analysis found to be around 1. This difference may result from the 

contribution of two effects; (i) the first one arises from the fact that in XPS the quantitative 

analysis will encompasses in addition to the top layer, the contribution of under layer, but to a 

less extent, and (ii) the second one arises from   the stretched configuration of the grafted acyl 
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chains leading to some attenuation of the photoelectron from the surface cellulose layer. The 

later hypothesis is more obvious given the high density of the grafted alky chains on the 

surface rendering their crowding less unlikely to take place. The increase in the ratio 

C1/Ccellulose when moving from hexyl to octadecyl chloride is another parameter attesting 

for the increased thickness of the layer on CNC as the length of the acyl moiety is going up. It 

also supported the hypothesis of a stretched conformation of the grafted acyl part.

Table 2: XPS analysis of cellulose nanocrystals after and before surface chemical 
modification with hexanoyl, lauroyl and stearoyl chloride. 

C1

C-C, C-H

C2

C-O

C3

O-C-O, 
C=O

C4

O-C=O

DSXPS=

O-CO/Cell/6

Binding energy (eV)

WAG6

WAG12

WAG18

285 ± 0.1

40.5

56.9

70.2

286.6 ± 0.1

42.8

29.8

22.2

288.1 ± 0.1

10.1

8.8

4.4

289.1 ± 0.1

6.6

4.5

3.1

0.75

0.7

0.7

Contact angle measurements of liquid droplets on the surface of CNC after being mildly 

pressed in the form of a pellet to provide uniform surface have been performed in order to 

provide information regarding the evolution of the hydrophilic/ hydrophobic character 

induced by the different surface modifications. The dynamic changes of the contact angle 

versus time of a drop of water are shown in Fig. 5.

The low contact angle value of original CNC, about 45°, is consistent with the hydrophilic 

character of the surface as a consequence of the high density of the surface hydroxyl group on 

the CNC. Following the grafting with hexyl chloride, dodecyl chloride and octadecylchloride, 

the contact angle reached 90°, 100° and 109°, respectively, denoting a highly hydrophobic 

surface which is the sign that the long aliphatic chains thoroughly hide the cellulose surface 

hydroxyl groups.
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Fig. 4. Decomposition of C1s signal into its constituent contributions for CNC grafted with 
(a) haxanoyl chloride, (b)  lauroyl chloride, and (c) steraroyl chloride. 

Moreover, one should note the higher contact angle around 110° in presence of the octadecyl 

chain bearing 18 C atoms, which denotes an ultra-hydrophobic surface. Two argues may 

account for this character, firstly, the high DS leading to a complete hiding of the surface 

hydroxyl groups on the CNC surface, and secondly, the high structural order of the grafted 

C18 moiety forming a tightly packed monolayer with methyl groups all pointing toward the 

surface. Such high contact angles approach those observed on densely packed monolayers of 

simple n-alkanethiols with n exceeding 16 and with terminal (CH3) groups adsorbed on gold 

[18].

To quantify the change of the surface energy consecutive to the surface modification, we 

measured the contact angles using four liquid probes, namely water, formamide, ethylene 

glycol and diiodomethane. By applying the Owens–Wendt approach [19], both the dispersive 

and the polar contributions to the surface energy of these materials were calculated using Eq. 

1. The result of this analysis is collected in Table 3. 
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Untreated CNC exhibited the well-known high polar and dispersive energy values consistent 

with their hydrophilic character. The surface modification led to a huge decrease in the polar 

component consistent with the evolution of the surface property from a hydrophilic to a 

hydrophobic character. The analysis showed also a quite higher value of with an acyl chain 

bearing 6 carbon atoms, compared to the chains with 16 or 18 carbon atoms exhibiting p
s

nearly close to 0. This means that CNC modified with dodecylchloride or octadecyl chloride 

displayed virtually no polar surface energy, which indicates again that the acyl chains totally 

masked the surface hydroxyl groups and imposed its own surface properties. The values of 
d
s remained roughly unchanged after modification with hexyl chloride and increased by 

about 30% in presence of octadecyl chloride.
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Fig. 5. Time evolution of the water contact angle as unmodified cellulose nanocrystals (a) and 
modified with hexanoyl chloride (b), lauroyl chloride (c) and stearoyl chloride (d).

Table 3: Surface energy contribution and contact angle values of the tested liquids for 
ungrafted and grafted cellulose nanocrystals.

Sample Contact angle (°)

(mJ/m2) (mJ/m2)

S

(mJ/m2)Water Ethylene 
Glycol

Diiodo-
methane

WRPd

WAG6

WAG12

WAG18

42 ± 2.2

92 ± 2.2

104 ± 3.2

108 ± 1.7

44 ± 1.2

76 ± 1.4

80 ± 0.7

81 ± 0.2

52 ± 0.2

54 ± 4.0

56 ± 2.4

55 ± 0.2

32.9

2.99

0.13

0.04

21.3

23.4

27.3

29.7

53.3

26.4

27.5

29.8
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3.3. Coupling of amines with cellulose nanocrystals 

The grafting of the amine onto CNC was motivated by two reasons; the first one was to 

control the grafting reaction toward a selective site on the surface, and the second one was to 

carry out the modification in aqueous medium thus avoiding the necessity to remove CNC 

from water.

The first step in the modification sequence was the creation of carboxylic groups on which the 

coupling reaction through EDS/NHS approach [20] will be implemented. For that purpose, 

TEMPO-mediated oxidation was accomplished. The emergence of the CO band at 1740 cm-1

is consistent with the occurrence of the oxidation reaction that converts the primary hydroxyl 

groups on the surface of the CNC to COOH. 

Based on the conductimetric titration the DO reached under the oxidation condition was 0.2. 

If one considers the same reasoning that in the previous section, but with the consideration 

that only one half of the primary surface hydroxyl groups (in C6) are accessible to oxidation, 

the other being buried inside the crystalline nanocrystal, then the maximum degree of 

oxidation (DOmax), that can be reached for CNC is equal to DOmax=0.38/2 = 0.19. Therefore, 

it can be concluded that all the of the accessible surface hydroxymethyl groups has been 

carboxylated. To be sure that non aldehyde groups are present on the surface of the oxidized 

CNC, Aliquots of oxidized CNC were further oxidized with NaClO2 at pH 4-5, and no 

increase in carboxyl groups was observed.

Fig. 6. FT-IR spectra of cellulose nanocrystals in the range of 1500 to 1800 cm-1 after (a) 
oxidization (WOX) (a) and grafting with octadecylamine (WA18) (b).
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The FTIR spectra after the reaction with amine is mainly characterized by the decrease in the 

CO band at 1740 cm-1 relative to the carboxylic function and the emergence of two new bands 

at 1640 and 1550 cm-1 typical of amide I and amide II (Fig. 6). The new bands associated to 

C=O stretching and N-H bending vibration, respectively, are indicative of the occurrence of 

the condensation reaction between the amine and the carboxylic function. Further 

confirmation of the occurrence of the grafting reaction is attested by the increase in the N 

content reaching 1 to 1.5% after interaction with aminoalkane.  

On the basis of the N content, it is possible to estimate the DS of the aminoalkane according 

to the following equation [17]:

)857.0(1
57.11

nN
NDS (4)

Where N is the % of nitrogen in the sample and n is the number of carbon atom in the acyl 

substituent. 

Table 4: Elemental analysis of cellulose nanocrystals before and after chemical modification 
by aliphatic amines. 

%C %H %O %N %O/%C %N/%C DS*

WRPd

WOX

WA3

WA8

WA12

WA18

41.22

39.66

43.06

41.99

42.98

48.48

6.34

6.04

6.95

6.34

6.41

7.92

51.44

53.97

48.25

50.68

49.68

41.81

0

<0.3

1.67

0.92

0.86

1.70

1.247

1.361

1.120

1.207

1.156

0.862

0

<0.008

0.040

0.023

0.021

0.036

-

-

0.26

0.11

0.05

0.06

* DS : Degree of substitution 



A. Bendahou, A. Hajlane, A. Dufresne, S. Boufi and H. Kaddami  Esterification and amidation methods…  

Paper A   A18 
 

Table 5: Surface functional group composition obtained from the decomposition of the C1s 
signal with average binding energy position.

C1

C-C, C-H

C1’

C-N

C2

C-O

C3

O-C-O

C4

O-C=O

DSXPS

Binding energy 
(eV) 

WRPd-O

WA8 

WA12 

WA18 

285.0 ± 0.1

23.5%

26.3%

44.4%

45.2%

285.7± 
0.1

-

6.1%

1.5%

1.7%

286.6 ± 0.1

44.5%

51.2%

42.1%

40.3%

288.1 ± 0.1

26.4%

15.3%

11%

11%

289.1 ±
0.1

5.5%

1.1%

0.9%

1.7%

0.45*

0.54

0.16

0.2

* DO

From the data collected in Table 4 one can note that the DSS calculated according to Eq. 4 

gives a higher value for amine on C3 and C8 than amine on C12 and C18. For C3 amine the 

DS of 0.2 is indicative that all of the carboxylic groups generated from the TEMPO-mediated 

oxidation reaction were involved in the coupling reaction with amine. In all instance the 

maximum DS likely to be reached could not exceed DOmax. This aspect explains why it is not 

possible to attain the DS observed in the case of the modification with acid chloride. 

However, as the acyl length of the amine goes over C8, the yield of the coupling reaction 

notably decrease and seems to level off around 0.05 which corresponds to a DSs of 0.14. This 

means that one AGU unit over seven is grafted with acylamine. The lower coupling reaction 

in presence of alkaneamine bearing more than 12 carbon atoms might be related to the 

decrease in the solubility of the amine in the reaction medium.
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Fig. 7. Deconvolution of the C1s signal into its constituent contributions for oxidized 
cellulose nanocrystals (a) and coupled with A8 (b), A12 (c) and A18 (d).

Further confirmation of the grafting reaction was provided with XPS, revealing the 

appearance of nitrogen element in the wide spectra. High-resolution C 1s spectra provided 

more detail in the chemical environment of the carbon at the outer layer. In particular, the 

increase in the C-C/C-H contribution, namely with acyl length in C12 and C18 along with the 

emergence of C-N peak at the expense of O-C=O part is consistent with the occurrence of the

grafting reaction. From the quantitative data collected in (Table 5 and Fig. 7) the degree of 

oxidation (DOs) and substitution (DSs) at the surface can be estimated as follows:

6/cellulose
S C

OCODO (9)

6/cellulose
S C

NCDS (10)

From the XPS data, the surface DOS was found to be near 0.5, meaning that one AGU unit 

over two, of the surface carries one COO- group. This is to say that all the accessible 
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hydroxymethyl groups were oxidized, which is in good agreement with the theoretical value 

above calculated (DOmax). It is worth to note a quite correlation between the DS value based 

on the elementary analysis and the DSS calculated from XPS, except for C8 amine. Indeed, 

taking into account the relation between DS and DSS (DSS=DS/R=DS/0.38), the DS 

calculated on the basis of XPS data led to a value of 0.2, 0.06 and 0.07 for C8, C12 and C18 

amine respectively.  

The evolution of the contact angle vs. time of a drop of water after the surface modification 

by the amine grafting is shown in Fig. 8. As observed in the case of the grafting of fatty acid 

chloride, the modified CNC turned to a hydrophobic material with a contact angle reaching 

84, 86 and 92° after grafting propylamine, dodecylamine and octadecylamine. These results 

seem unexpected with regard to the lower grafting yield on the surface, namely for 

dodecylamine and octadecylamine where only about 1 AGU unit is concerned with the 

coupling reaction with amine. This discrepancy could be explained by considering that the 

acyl chains of the grafted amine lie parallel to the surface allowing to cover a high fraction of 

the surface hydroxyl groups.

The quantitative evolution in surface properties after amine grafting is further emphasized by 

the huge decrease in the polar component p of value the surface energy. Actually, as shown 

in Table 6, p drops down to 2 mJ.m-2 after the modification with octylamine and 

octadecylamine, while the dispersive component d remained roughly unchanged. 
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Fig. 8. Water contact angle versus time for unmodified cellulose nanocrystals (a) and 
modified with n-octylamine A8 (b), dodecylamine A12 (c) and octadecylamine A18 (d). 
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4. Conclusion

In the present work surface modification of cellulose nanocrystals by grafting long aliphatic 

chains was achieved involving two different strategies, namely esterification with acid 

chloride and amidification with aliphatic amine using EDC/NHS approach. The former 

approach was carried in toluene after solvent exchanges of water, while the later was carried 

directly in aqueous medium without any necessity to remove water from the CNC.  The

grafting efficiency was evidenced by FTIR, elemental analysis and XPS spectroscopy. Based 

on these analyses and on the size of the CNC, the DS was calculated from which it was 

possible to get a clear idea about the density of grafting on the surface. It was shown that a 

complete esterification of the whole accessible hydroxyl groups on the surface of CNC was 

achieved, irrespective if they were primary or secondary, when using acid chloride 

derivatives. On the other hand, the grafting of the alkaneamine after surface-mediated 

oxidation permitted to selectively orient the grafting reaction only on the carboxylic groups 

arising from the selective oxidation of the C6 OH groups. However, a lower grafting yield 

was observed in presence of octylamine and octadecylamine. Irrespective of the modification 

approach, the surface turned to be hydrophobic after the modification treatment, namely when 

the acyl chains bears 18 CH2 groups. 
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Abstract

This paper describes an approach to manufacture hierarchical composites from 

environmentally friendly materials by grafting cellulose whiskers onto regenerated cellulose 

fibers (Cordenka 700). Fourier Transform Infrared spectroscopy, Scanning Electron 

Microscopy and X-ray diffraction analysis were performed to verify the degree of 

modification. The mechanical properties of the unmodified and modified fibers were analyzed 

using fiber bundle tensile static and loading-unloading tests. To show the effect of cellulose 

whiskers grafting on the Cordenka fibers, epoxy based composites were manufactured and 

tensile tests done on transverse uni-directional specimens. The mechanical properties were 

significantly increased by fiber modification and addition of the nano-phase into composite 

reinforced with micro-sized fibers.
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1. Introduction 

Recent interest in greener polymeric materials for general applications in packaging and 

automotive industries as well as the public’s growing demand for environmentally friendlier 

products have sparked the development of green composite materials [1-3]. The most studied 

renewable reinforcement elements in composite materials is cellulose; the use of such 

materials is well established in the production of green composites. Numerous studies have 

been focusing on the cellulosic fibers (e.g. flax and hemp) in production of renewable 

composite materials [4-6]. In fact, these fibers possess interesting mechanical properties 

similar to those of mineral-based counterparts (glass fibers) [6-9]. Otherwise, this 

reinforcement presents some limitations: high sensitivity to water and moisture, and less 

compatibility with hydrophobic matrices due to their higher hydrophilic character. The latter 

leads to a poor adhesion at the interface and therefore less stress transfer to fibers through the 

matrix. In order to improve the stress transfer from matrix to cellulose fibers, the surface 

properties must be modified. Several approaches have been used to modify the surface of 

cellulose fibers including physical, physico-chemical and chemical treatments [10-13]. Those 

treatments aimed at providing cellulose fibers different properties such as hydrophobicity, 

compatibilisation, anti-bacterial resistance etc. They were mostly based on the exploitation of 

hydroxyl groups present at the surface of cellulose and their conversion into ester, ether, 

Sloane and urethane groups. 

Y.Xie et al. [14] have reported using a variety of organosilane coupling agents; that the 

treatments of fibers with silane enabled increasing of interfacial adhesion with the target 

polymer matrices and an improving mechanical and outdoor performance of the resulting 

fiber/polymer composites is obtained. In general, the addition of nanofillers and nanoparticles 

was an efficient way to enhance the fiber/matrix interface, due to the combination of 

conventional fibers and nanofillers which led to multiscale materials with high performances 

[15-18]. Recently, Pommet et al. [19] have used a new process to produce hierarchical 

structure by cultivating cellulose-producing bacteria in presence of natural fibers. This 

enables to graft cellulose on the surface of natural fibers and an improvement of the interfacial 

adhesion with polymers such as polycaprolactone is obtained. But, such method presents 

some limitations. The first issue is the alteration of the fibers surface by the extractable 

compounds resulting in the decrease of fiber properties, and the second issue is that the 

bacteria cannot be totally removed because of strong and high number of bonds they develop 

with natural fibers. This could alter the long term stability of the resulting composites. 
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Inspired from this idea of creating hierarchical structures, we propose through this paper a 

chemical process to modify the regenerated cellulose fibers surface by cellulose whiskers 

(CWs). The regenerated cellulose fibers (RCF) are chosen due to their similar chemical 

structure (high cellulose content) to natural fibers. However, in comparison to natural fibers 

(flax, hemp) RCF are continuous and have much more regular geometry. Therefore it is easier 

to use RCF for development of surface treatment, since issues related to the variability of 

properties typical for natural fibers are eliminated. It is expected that due to similar chemical 

structure the process developed for RCF will be also suitable for other cellulosic fibers of 

natural origin.

The CWs modification is done by using isocyanatosilane as coupling agent. The isocyanate 

group is expected to react with the alcohol groups present at the fiber surface. The 

alkoxysilane groups are expected to react and/or interact with alcohol groups of the CWs. 

A hierarchical structure could be produced by depositing the cellulose whiskers onto the 

surface of coupling agent modified fibers. This is expected to improve the interfacial adhesion 

with conventional polymers and might lead to truly hierarchical bio-based composites with 

enhanced properties and much better durability.

2. Materials and methods

2.1.Materials

Commercial RCF (Cordenka 700, produced by CORDENKA GmbH Obernburg, Germany) 

with a twist of Z100 t/m were used in this work. Fibers were supplied in the form of 

continuous bundles; each bundle consists of 1350 single fibers. The diameter of single fiber is

12.5 μm (although it should be noted that fibers do not have perfectly circular cross-section). 

3-isocyanatopropyl triethoxysilane (IPTES) coupling agent and Dibutyltin dilaurate, DBTL 

(95%) catalyst for the alcohol-isocyanate reaction were purchased from Sigma–Aldrich and 

used as received without any further purification. Toluene solvent (99% purity from Sigma-

Aldrich) was distilled before use. 

The cellulose whiskers were extracted from the rachis date palm tree. The colloidal 

suspensions of whiskers in water was prepared according to the procedure described 

elsewhere [20-22]. The rachis of date palm tree was dried and grinded. The powder was 

mounted in soxhlet for extraction in a mixture of Toluene/Ethanol (62/38 vol%) for 24 hours. 

An alkaline treatment by NaOH 2% was performed at 80°C during 2 hours (repeated twice). 
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Component Chemical structure

Basic molecules of the(LY 5052) epoxy resin
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Fig. 1. Basic structures of molecules composing the epoxy resin : Araldite LY5052 and the 
hardener : Aradur hardener HY5052.
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The pulp then was filtered and treated with chlorite solution (NaClO2 at pH=4.8, at 70°C 

during 1 hour). This treatment was repeated two times (till bleaching). An acid solution (65 

wt% H2SO4) was added to the bleached pulp and maintained for 45 minutes at 45°C. After 

this acid hydrolysis, the material was washed with distilled water and centrifuged at 8000rpm 

until pH=7. The obtained product was dialyzed for 3 days in distilled water.

The selected epoxy resin was Araldite LY5052 with Aradur hardener HY5052 mixed in 80:20 

weight ratio respectively. Araldite and hardener were both purchased from CIBA-GEIGY. 

The epoxy resin is a mixture of two epoxy molecules and the hardener is a mixture of six 

amine molecules. The basic structure of these molecules is presented in Fig. 1.

2.2. Fiber treatments

According to the work by Ly et al.[23] and Abdelmouleh et al.[24], only 1% of hydroxyl 

groups are present at the surface of fibers and therefore accessible for modification. This leads 

to a total number of 18.5 mmol OH per 100 g of Cordenka fibers. Based on this, the amount 

of isocyanatosilane was calculated to be the same as free hydroxyl groups at the fiber surface 

with a slight excess of the grafting agent. 

Continuous fibers were mounted on unoxydable holder in order to avoid any further alteration 

which can be caused by oxidation of the holder at the used pH. The ratio of fibers with respect 

to the solvent was adjusted to be 2 wt% [25].

The fibers are dried utilizing azeotropic distillation in toluene in order to remove the adsorbed 

water, and therefore avoid the reaction between isocyanate function of the coupling agent and 

water. The temperature during the azeotropic treatment reaches 95°C. The treatment with 

isocyanate was performed in closed reactor of 2L capacity, containing anhydrous toluene. 32 

g of fibers were immersed in 1600ml of toluene. Catalytic amount of (1 ml) of Dibutyltin 

Dilaurate (DBTL) catalyst was added. Then, around ten minutes later, 6 mmol of 

isocyanatosilane were drop-wise added to the solution. The addition of the isocyanatosilane 

took more than 30 mn. Since the molecular weight of isocyanatopropyl triethoxysilane is 

M=247,36 g/mol, the total mass was added is 4,6 g per 100g of cellulose with slight excess. 

The reaction was run at 80°C during 12 hours under nitrogen atmosphere with mild stirring. 

After this treatment, the modified fibers were thoroughly washed in soxhlet extractor (500 

mL) during two hours with acetone in order to remove the unreacted products, and then dried 

in oven set at 60°C during 8 hours.
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The modified fibers were then immersed in a 0.01 wt % suspension of whiskers at pH = 4.6.  

The reaction was stirred at room temperature during six hours and then dried at 110°C for 4 

hours for post reaction between the free hydroxyl groups of CWs and silanol groups. A 

schematic representation of the chemical treatment is given in the Fig. 2.

 

 

Fig. 2. Schematic representation of the chemical treatment.

2.3. Composite preparation

The unidirectional (UD) composite was manufactured by use of mould made out of two 

aluminum plates. These plates were cleaned and covered by silicone sheet and sprayed by 

silicone release agent to ensure easy demoulding of composite. The fibers were wound on an 

aluminum frame and put into the mould (between the aluminum plates). The plates were 

separated with a seal of silicone rubber tube. In order to remove all air bubbles entrapped 
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during the mixing of the resin and the hardener, the mixture was de-gassed prior to the 

immersion step. The de-gassing was carried out at a reduced pressure of about 100 kPa at 

25°C for 30 min. The fiber impregnation process starts by filling the mould with the resin (by 

pouring resin through the top opening of the mould) after which the mould was placed in an 

oven pre-heated to 80°C. The vacuum is used to evacuate residual air in the mould and help 

fiber impregnation. When the maximum vacuum was achieved (20 kPa), the mould was left 

under vacuum for 15min and then cured for 8 hours at 80°C at the atmospheric pressure. The 

mould was cooled to room temperature prior to the demoulding of the composite plates. The 

composite plate was carefully cut into rectangular specimens taking care not to induce any 

damage. The direction of cutting was chosen in such a way that fibers in the specimens were 

oriented perpendicular to the loading direction (transverse UD composite). The edges of 

specimens were then polished using diamond liquids (down to 3 μm grade) to eliminate 

defects introduced by cutting. The same process had been used for all samples. These 

specimens were used to study crack initiation and propagation. 

2.4. Infrared analysis

The ATR-FTIR analysis was performed using a Bruker V-70 spectrometer. The analyses were 

made on the initial and modified fibers without any treatment. The spectra were obtained 

using a resolution of 6cm and after 100 scans from 400 cm-1 to 4000 cm-1. The Background 

scans were taken before each analysis. 

2.5. X-ray analysis

To determine the crystallinity index of the studied fibers, X-ray diffraction (XRD) 

diffractograms were recorded with a Siemens D500 diffractometer, employing Cu Ka ( =1.54 

A°) radiation. The scattered radiation was detected in the angular range of 5° to 50° (2 ) at a 

speed of 2°min-1. The crystallinity index (CrI) of the fibers was calculated according to the 

Segal empirical method for cellulose II as follows [26]= I I I 100 (1)
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Where I002 is the maximum intensity of diffraction of the (002) lattice peak at 2 angle 

between 22° and 23°, and Ia is the intensity of diffraction of the amorphous material, which is 

taken at a 2 angle between 18° and 19° where the intensity is at the minimum [27].

2.6. SEM Analysis

Scanning electron microscopy (SEM) images and SEM-EDS analyses were obtained with a 

JEOL JSM 5200 SEM Scanning Electron Microscope after the conventional vacuum coating 

the fibers with gold. 

2.7. Mechanical properties 

2.7.1. Tensile tests of the fiber bundles

The length of fibers bundle were 100mm. INSTRON 4411 machine equipped with 500 N load 

cell was used for fibers bundle in simple tensile and loading-unloading tests. Experiments 

were carried out in displacement controlled mode with loading rate of 10 mm/min. The tests 

were conducted at room temperature (relative humidity RH=14%). The bundles were glued 

between wooden tabs at each end (Fig. 3) using two component epoxy adhesive Araldite 

2011. Average fibers tensile properties were obtained using the results from five specimens.

 

Fig. 3. Photograph of fiber bundle before testing (distance between tabs 100 mm).

Typical stress–strain curve from tensile test for unmodified fibers is shown in Fig. 4. Stress is 

calculated from the load by using fiber cross-section area and number of fibers in the bundle. 

The strain is calculated by using displacement of the cross-head of the tensile machine taking 

into account the machine compliance (as described in ASTM D 3379-75). The curve shows an 

initial linear elastic behavior. After yielding, stress continues to increase in a nearly linear 

way with increasing strain, but at a lower rate. The elastic modulus was calculated in the first 

linear zone between =0.3% and =0.8% before yielding point (Fig. 4).
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Fig. 4. Typical tensile stress-strain curve of untreated fiber.

2.7.2. Loading-unloading tests

In order to estimate the visco-elastic and plastic behavior of the fibers, the loading-unloading 

experiments with step-wise increasing maximum applied load were carried out. 

These tests were performed with the same setup as the tensile tests. The load level in each 

consecutive step was 5N higher than the previous one until the failure occurred. After each 

loading step the bundle was unloaded to zero stress and then loaded to the next load level 

(Fig. 5a). As for the tensile test of the fiber bundles, the elastic modulus of each loading and 

unloading cycle was determined from recorded stress-strain data at the initial linear parts of 

the loading and unloading curves as shown in Fig. 5b. 

 

Fig. 5. Typical stress-strain curves of loading-unloading (a) and modulus determination (b)

2.7.3. Tensile tests of composites

Tensile tests of neat epoxy and composites were performed on an INSTRON 3369 tensile 

machine with crosshead speed 2 mm/min and 10kN load cell. Strains were measured with 
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INSTRON 2620-601 extensometer with 25mm gauge length. The elastic modulus was 

obtained from recorded stress-strain curve between =0.05% and =0.2%. All tests performed 

on neat epoxy as well as epoxy reinforced with unmodified and modified fibers were carried 

-strain curve of 

CWs grafted fibers based composites is presented in Fig. 6.

 

Fig. 6. Typical tensile stress-strain curve of CWs grafted fibers based composites.

2.7.4. Cracks initiation and propagation

The initiation of transverse cracks and their propagation was studied by performing tensile 

loading cycles with step-wise increasing strain. The loading tests were performed according to 

the previously described method (paragraph of tensile test of composites).  The specimens 

were loaded until the pre-described strain level, unloaded and then removed from the tensile 

machine for observation under the optical microscope. Representative photographs of crack 

initiation and propagation were obtained from ten photos from each side of the specimen. 

Three specimens were tested from each kind of material. 

3. Results and discussion

3.1. Infrared characterization

The results of ATR-FTIR on the regenerated cellulose fibers before and after chemical 

treatments with isocyanatosilane and whiskers respectively are shown in Fig. 7. Comparison 

of spectrums of the untreated fibers and fibers, treated with silane reveals a new bond around 
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1740 cm-1 which can be associated to the stretching vibration of C=O groups of urethane 

molecules. This bond is also observed in the spectrum of fibers grafted with whiskers.

The free silanol groups resulted from hydrolysis reaction of ethoxysilane groups of the 

coupling agent were expected to establish hydrogen bond with the hydroxyl groups of the 

CWs. These hydrogen bonds are susceptible to convert into the covalent bonds of –Si-O-

cellulose linkages at room temperature [28, 29]. Further condensation is expected during the 

heat treatment at higher temperature (110°C for 4h) [27, 30, 31]. The broad intense bonds 

around 1000 cm-1 and 1170 cm-1 hide the bonds corresponding to the stretching vibration of 

Si–O–Si and Si-O-Cellulose [31-33].

 

Fig. 7. FTIR spectra of unmodified fibers (a), modified by isocyanatosilane (b) and grafted 
with whiskers (c).

3.2. X-ray diffraction

X-ray diffraction diffractograms are shown in Fig. 8. The diffractogram of untreated fibers 

shows a pattern similar with the peak characteristic of regenerated cellulose (cellulose II). The 

previous studies on the transformation of cellulose I (native cellulose) to cellulose II 

(regenerate cellulose) presented more than one peak. These peaks are located at 2 =11°, 20°, 

2930

2930

1740

1740
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22° and 37° which correspond to the diffraction of (101), (101), (002) and (004) 

crystallographic plane reflections, respectively [34-37]. This means that studied material is 

highly oriented to (002) crystallographic plane. When the fibers are modified, the peaks at 

2 =11 and 20° which correspond to (101) and (101) crystallographic plane, respectively, 

become more visible. This change could be explained by the relaxation phenomena during the 

treatment at high temperature. It’s worthy noticing that the treatment leads to reduction of the 

bundles length giving rise to a new crystallographic orientation of crystallites within the 

fibers. In addition, the crystallinity index was found to be 50% for all fibers (treated and 

untreated ones). This value of crystallinity index is in the same order of magnitude of those 

reported in literature [38]. However the X-ray analysis couldn’t visualize the crystalline 

structure of CWs (Cellulose I), surely because they are present at the regenerated cellulose 

fibers surface at very low fraction. 

 

Fig. 8. X-ray diaffractograms of cellulose fibers before treatment (a), treated with 
silane (b) and grafted with whiskers (c).

3.3. SEM analysis

In order to attain a better understanding of the effect of chemical treatment on cellulose 

surface, a microscopic study was carried out, using scanning electron microscopy (SEM). The 

SEM micrographs Fig. 9a for untreated fibers show smooth surface. In contrast, for the silane 

treated fibers Fig. 9b nanometric size particles of the condensed isocyanatosilane can be 

observed indicating small aggregates of the silane coupling agent dispersed at the fibers 
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surface. The presence of isocyanatosilane at the surface of cellulose fibers observed by SEM 

confirms consequently the results showed by FTIR analysis reported above. 

The micrographs (Fig. 9c and 9d) of the fibers grafted with CWs show a new phase which can 

be attributed to the cellulose whiskers proving the success of chemical modifications. 

Fig. 9. SEM photomicrographs of the surface of cellulose fibers before chemical treatments 
(a), modified isocyanatosilane with EDS analeses(b) and grafted whiskers (c and d).

3.4. Mechanical properties

3.4.1. Tensile test of fibers

The mechanical tests have been performed on RCF bundles to study the effect of the 

treatments on their properties, typical tensile tests curves are presented in Fig. 10. In fact, 

modified and unmodified fibers bundles behaved differently in tensile testing. While 

untreated fibers showed significantly higher elastic modulus and tensile strength, its failure 

strain remains almost the same compared to those of treated fibers (Table 1). On the other 

hand, the elastic modulus and failure strain still almost the same for isocyanatosilane and 
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CWs treated fibers. Since the chemical treatment temperature reached was quite high for these 

fibers (95°C, temperature reached during the azeotropic distillation), the morphology of the 

fibers has been changed (regarding the results presented by X-ray) leading to the orientation 

of the amorphous and the crystalline regions. Even the relaxation phenomena of cellulose are 

still controversial, many papers on the literature clearly that the water have a plasticizer 

effects and lead to relaxation phenomena at temperatures lower than 60°C depending on the 

fraction of absorbed water [39, 40]. Moreover, Morton and Hearle [41] had reported the 

relationship between the strength and degree of orientation of the crystallites in regenerated 

cellulose (Lyocell) and cellulose acetate. In this case the mechanical properties (modulus and 

failure strength) were increased when the crystallites were oriented to the load direction. From 

this study, it is obvious that the orientation of the crystallites of fiber (RCF) was decreased 

regarding the load direction which led to a decrease of mechanical properties of the fibers 

after treatment.  

 

Fig. 10. Typical tensile stress-strain of untreated fibers (a), treated silane (b) and grafted with 
CWs (c).
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3.4.2. Stiffness reduction of fiber bundles

The reduced loading and unloading moduli were normalized with respect to the initial moduli 

E0l and E0u (”l” - loading and “u” - unloading), respectively. Reduced moduli calculated for 

each cyclic loading and unloading steps are presented in Fig. 11.

All types of fibers (treated and untreated) showed an increase of the modulus after each 

straining cycle. 

However, the total increase in elastic modulus for unmodified fibers was lower than those of 

treated fibers. In fact, the unmodified fibers reach a total increase of  modulus of about 1,3%, 

however the fibers treated with silane and grafted CWs exhibited a total increase of the elastic 

modulus of about 13.4% and 27% respectively (Table 1). The modulus was increased after 

each loading cycle, indicating a higher degree of alignment of crystallites parallel to the 

loading direction. On the other hand, it’s worthy noticing that when semicrytalline polymer is 

loaded, the reorientation does not only occur in crystalline part, but also in the amorphous 

regions [42].

During the unloading cycles, the modulus was calculated in first linear part of unloading 

curve. The reduced loading and unloading moduli were normalized with respect to the initial 

moduli E0l and E0u (”l” - loading and “u” - unloading), respectively.

Table 1. Summary of results from bundle tests and loading/unloading experiments, 
(VF) unmodified fibers; (Iso) modified silane and (MCWs) grafted whiskers.

VF Iso MCWs

Strength (MPa) 698±55 645±19 562±23

Strain at break (%) 9,15±1,09 9,37±0,26 9,37±0,7

Young's Modulus (GPa) 23±0,4 19,5±1,04 19±1,33

Total increase of loading 
modulus (%)

1.3 13.4 27

Total decrease of 
unloading modulus (%)

63 48 57
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Fig. 11. Stiffness reduction for different fiber bundles, VF;unmodified fibers, Iso; treated 
fibers by Isocyanatosilane and MCWs; fibers grafted whiskers.

 

As shown in Fig. 4, all fibers present a similar trend and, a steeper decrease was observed at 

the yielding stress. The total decrease in unloading modulus after the final loading step was 

63% for untreated fiber, 48% for fibers treated with silane and 57% for fibers grafted CWs. 

This slight difference could be attributed to the high orientation of crystallites in untreated 

fibers compared to the treated ones, as reported above. 

3.4.3. Tensile tests of transverse UD composites

The tensile tests were performed on transverse UD composites. This enables to evaluate the 

performance of the fibers/matrix interface (better fiber/matrix adhesion delays crack 

formation and propagation). It’s worthy noticing that in real life applications the UD 

composites are rarely used and multi-axial laminates are most often utilized. Usually the 

initiation and propagation of damage, such as micro-cracking and delamination, occurs at the 

early stages of the load application and are critical for the performance of the composites. The 

transverse direction for the study of the changes of adhesion (or resulting interfacial strength) 

was chosen for the following reasons: (i) If one considers multi-axial laminate, for example 
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cross-ply laminate, then it is well known that first damage mode occurring in such composite 

will be fiber/matrix debonding and initiation/propagation of transverse crack. Therefore, in 

order to delay these events the fiber/matrix adhesion has to be improved. (ii) Usually it is 

more difficult to improve Mode-I crack resistance than Mode-II, therefore if it is possible to 

improve Mode-I then most likely Mode-II also will be improved. Therefore, loading in 

transverse direction to fibers (Mode-I) has been chosen. (iii) In order to study and compare 

fiber/matrix adhesion for different materials the failure of the interface has to be initiated. 

Unless fiber/matrix compatibility is so poor that fiber is completely separated from the resin 

even without the application of load, the initiation of debonding in the UD composite loaded 

along the fibers will be promoted/initiated by the fiber fracture (the debond then will 

propagate along the broken fiber). However, the regenerated cellulose fibers which are used in 

this study have very high strain at failure compare to matrix and it is not likely that fibers will 

fracture before the failure of matrix. Moreover, it is much more difficult to observe fiber 

fracture and debonding of single fiber rather than initiation and development of transverse 

crack. Therefore, in order to observe failure of the interface at lower applied stresses/strains 

the transverse direction is more preferable. (iv) Last but not least reason to choose the loading 

in transverse direction rather than longitudinal with respect to the fiber direction is availability 

of treated fibers. In order to produce longitudinal specimens much larger amount of material 

is needed in comparison to the sample with few bundles oriented in transverse direction. Once 

the fiber treatment will be optimized larger amounts of fibers will be treated and full size 

specimens will be produced. Then comprehensive characterization of composites will be 

carried out.

The volume fraction of fibers in the composites was approximately 33vol%. This was 

calculated by image analysis of an average of 10 photos using “ImageJ” software. Similar 

calculations have been done by D. Mattson et al. [43]. The results of tensile tests performed 

on the studied composites are presented in Table 2. These results show that stiffness of the 

composites is only slightly higher than that of neat resin. This is expected since fibers are 

oriented perpendicularly to the loading direction thus reinforcing effect is low. Moreover, it is 

likely that these fibers are highly anisotropic, thus transverse modulus of RCF is lower than 

longitudinal. It is also clear that the tensile strength and strain at failure of all composites are 

significantly lower compared to neat Epoxy. This is due to the fact that for transverse UD 

composite the failure properties are not defined by the fiber properties but rather by matrix 

and fiber/matrix interface. If interface is weak the failure will be initiated (fiber debonds from 

matrix) at lower strains than strain at failure of matrix. The individual debonds between fiber 
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and matrix will eventually connect and form transverse crack which will lead to final failure 

of transverse UD composite.

Table 2. Summary of the mechanical properties of composites.

Sample Tensile 
modulus ET

(GPa)

ET / ET-
VF

Tensile 
strength

(MPa) 

/ V

F

Strain at 
failure

(%)

/ vF

Neat 
epoxy

3.18±0.15 - 35.6±0.2 - 1.44±0.09 -

VF 
composite

3.48±0.36 1 15.7±1.4 1 0.46±0.3 1

Iso 
composite

3.59±0.11 1.03 25.1±4.8 1.59 0.65±0.04 1.41

MCWs 
composite

3.64±0.03 1.05 22.7±1.7 1.45 0.66±0.08 1.43

The tensile modulus, the strength and the failure strain increased by means of 5%, 38% and 

43%, respectively, for CWs modified fibers reinforced composite (MCWs composite) when 

compared to unmodified fibers reinforced composite (VF composite). Whereas in for silane 

modified fibers based composite (Iso composite), the modulus, the strength and the failure 

strain increased by means of 3%, 59% and 41%, respectively, when compared to unmodified 

fibers reinforced composite (VF composite). The increase of strength obtained for the Iso 

composite (in comparison with unmodified fiber composite) could be explained by the 

increased adhesion between fibers and matrix due to chemical reactions that could occur 

between the alcoxysilane or/and silanol groups of the silane and the epoxy resin. In 

comparison to Iso composite, and considering the deviations on the various results, the 

MCWs composite shows similar properties. 

As comparison, K,-Y. Lee et al.[42] have investigated the mechanical properties of hierarchical 

composites reinforced with short sisal fiber using bacterial cellulose (BC) as binder. Using 

Poly(Acrylated Epoxidised soybean Oil) (polyAESO) as matrix, BC-sisal-polyAESO showed 

an improvement of both tensile modulus and strength when compared to sisal-polyAESO of 

about 75% and 71%, respectively. The higher improvement of the mechanical properties 

obtained by K,-Y. Lee et al. [44] compared to our composites could be explained by several 

factors: 1) the nature of the reinforcing fibers: in fact, sisal fibers show higher porosity 

compared to regenerated cellulose which enable more interaction at the interface. 2) The 

aspect ratio of the bacterial cellulose compared to CWs of date palm tree we used in our case. 
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These two parameters enable more interaction at the interface between the reinforcing fibers, 

the cellulose whiskers and the matrix. 3) However another parameter related to the fracture 

mode should be considered in this comparison. In fact, the fibers in our case are oriented 

perpendicularly to the load direction, thus more sensitive to the interfacial properties, whereas 

in their case the composites were randomly oriented. In the case of randomly oriented fibers 

there is Mode-I (opening) and Mode-II (shear) failure modes present and it is easier to 

improve Mode-II. In our case we have only Mode-I. 

Table 3. Micrographs of composites at different strain levels.

Strain (%) VF Iso MCWs
0

0.1

0.2

0.4

0.6 failure

0.66 - failure failure

In order to get more information on the fracture mode of the studied composites and to further 

understand the effect of the modification on it, the propagation of the crack in the different 

composites at different applied strain was monitored. Table 3 shows the micrographs of crack 

propagation at different strains for all studied composites. It can be clearly seen from the 

pictures that for the untreated fibers (VF), the cracks appeared at very low strain level (0.1%) 

giving rise to an earlier failure compared to the modified fibers composites. When compared 

to Iso composite, the MCWs composite showed higher resistance to the cracks initiation 

which started only at =0.4% (vs =0.2% for the Iso composite). The network of cellulose 

whiskers should act as cracks stopper. The network that cellulose whiskers form at the fibers 

surface (Fig. 8c and 8d), leads to the formation of nanocomposite structure at the interface 
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fiber/matrix of the cellulose that delays the crack evolution. However, this nanocomposite 

structure seems to be very brittle because the propagation of the crack becomes chaotic once it 

is initiated. 

4. Conclusions

The presented results showed that the chemical grafting of regenerated cellulose fibers by 

cellulose nanowhiskers was successfully attained. The SEM micrographs of fibers treated 

with silane showed particles deposited on the surface of fibers. When the fibers were grafted 

by CWs, networks of CWs were created. On the other hand, the chemical treatment affected 

the microstructure of regenerated cellulose, as shown by wide angle X-ray diffraction 

analysis, and the mechanical tests performed on fiber bundles.

The results of morphological and mechanical characterization performed on the transverse 

UD composites demonstrated that the deposition of CWs on the fibers can improve the 

mechanical performances of composites in comparison to composite with unmodified fibers. 

In fact, due to fiber treatment the tensile modulus, the strength and the failure strain were 

increased significantly compared to composite reinforced with untreated fibers. The increase 

of the mechanical properties could be attributed to the nanocomposites structure formed at the 

interface. This nanostructure delays the cracks propagation.
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Abstract

Environmentally friendlier technique for deposition of cellulose nano-whiskers onto the 

-methacryloxypropyl-

trimethoxysilane as coupling agent, is presented. Hierarchical cellulosic structure involving 

micro-scale fibres and nano-scale cellulose crystal network was created as verified by the 

scanning electron microscopy. The fibres were initially oxidised by cerium ammonium nitrate 

to generate radicals on the cellulose backbone in order to polymerise the coupling agent at the 

surface. Infrared spectroscopy and scanning electron microscopy confirmed the chemical 

polymerisation of MPS onto regenerated cellulose fibres. However, infrared spectroscopy was 

not able to show the chemical bonding between silane and nano-whiskers due to the large 

band from 1000 to 1200 cm-1. Tensile test was performed to study the impact of different 

treatments on mechanical properties of fibres. It was revealed that the modification by silane 

decreased the stiffness and strength of fibres while the strain at failure was increased. These 

changes were attributed to the treatment conditions which may have induced the disorder and 

the misalignment of the structure of cellulose fibres (e.g. axial orientation of molecular chains 

and crystalline phase of the fibre has been reduced). This assumption is supported by the 

results from successive loading-unloading test of the fibre bundle. However, after grafting 

cellulose nano-whiskers onto the surface of the fibre, stiffness and strain at failure were 

recovered while the strength remained at the same order of magnitude as for fibres treated 

only by the coupling agent. 

Keywords: Regenerated cellulose fibres; hierarchical structure; cerium ammonium initiation; 

cellulose nano-whiskers, chemical treatment of fibres.
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1. Introduction

Due to high mechanical properties combined with chemical/environmental resistance and low 

weight, polymer composites reinforced with continuous fibres are widely used in structural 

applications. These materials are well suited for aerospace and aeronautics, marine, oil/gas 

industries, energy, transportation, sporting equipment, construction. Usually man-made fibres 

(e.g. glass, carbon, aramid) and synthetic polymers (e.g. epoxy, vinylester, unsaturated 

polyester) are utilized. But because of environmental concerns and public awareness of 

potential problems associated with growing consumption of oil and petroleum based materials 

(such as polymers, for example) there is rising demand for sustainable, environmentally 

friendlier materials. In latest years this demand massively boosted research on natural fibre 

composites and bio-based polymers. In particular plant fibres with high content of cellulose 

are of great interest due to their high stiffness and strength. Cellulose is the most abundant 

renewable resource polymer on Earth where the nature produces more than 7.5×1010 tons a 

year [1]. This biopolymer is present in every plant and also in some sea animals. The 

remarkable physical and chemical properties allow this sustainable polymer to be used in 

various forms for different applications. The use of cellulose based products cover huge 

domains ranging from products that do not require high mechanical properties (e.g. textiles, 

explosives, papers, cellophane films, etc) up to the applications that require load bearing 

capabilities, for instance structural polymer composites (e.g. pre-cursor for carbon fibres, 

regenerated cellulose fibres). 

It is well known that composites usually exhibit excellent in-plane properties (e.g. tensile 

stiffness and strength) which are controlled by fibres that may be assembled in various 2-D

reinforcements (e.g. uni-directional fabric, weave, non-crimp fabric). However, through-

thickness properties are relatively weak because they are governed by the properties of the 

resin and in large extend by the strength of fibre/matrix interface[2]. In general, the efficiency 

of the reinforcement in composite materials is defined by the microscopic balance at the 

fibre/matrix interface. Thus, the reinforcing function of fibres is mostly governed by the 

fibre/matrix interaction (interfacial adhesion).  Many reports in literature clearly show that 

through chemical or physical modification of the polymer and/or the fibre it is possible to 

enhance the interfacial adhesion. Natural fibres bear hydroxyl groups from cellulose as well 

as lignin and there are numerous papers published regarding the modification and the use of 

coupling agents to promote the adhesion between the fibre surface and the matrix. Such 

modifications depend on the physico-chemical nature of the matrix. For example, for apolar 
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thermoplastic matrices such as polypropylene (PP), several coupling agents have been used to 

alter the interactions at the fibre’s surface. Among these coupling agents, maleic anhydride 

graft PP homopolymers or copolymers have been widely used [3-5]. On the other hand, 

silicon alkoxides such as alkyl triethoxysilanes [6-9], pure organic coupling agents [10-14] or 

simple oxidation of the fibres[15-17] have been frequently used to modify lignocellulosic 

fibres to improve the composites processing with thermoset matrices. Moreover, these 

modifications enhance not only the mechanical properties of composites but also reduce the 

water uptake.

Among other methods to increase adhesion between fibre and matrix the development of 

multi-scale hierarchical composite is rapidly growing. This approach joins nano-scale 

reinforcement with micro-scale fibres and has been tried out on various combinations of 

substrates (micro-scale fibres) with different nano-reinforcement [18]. For instance, carbon 

nano-tubes (CNT) have been deposited on various types of fibres (carbon fibres, quartz, 

alumina), the deposition can be achieved by growing CNT directly on fibres, by 

electrophoretic deposition or by incorporating CNT into sizing applied on fibres [18].    In the 

recent work concerning CNTs grown on woven fabrics of quartz and alumina fibres [19] it

was demonstrated that addition of nano-phase on the surface of reinforcement resulted in an 

increase of the in-plane shear strength of epoxy based composite.

Similar approach of improving adhesion between natural fibres and polymer matrix can be 

employed in bio-based composites. However, the use of nano-reinforcement, such as CNT, is 

not possible with bio-based materials because it would diminish environmental friendliness of 

these materials. Therefore, in case of micro-sized cellulosic fibres one should also consider 

use of bio-based nano-reinforcement, such as cellulose nano-whiskers for instance. Pure 

cellulose can be extracted from cellulosic materials and be highly valorised and transformed 

under an acid hydrolysis into rod-like crystalline particles with an elastic modulus between 

120 and 150 GPa [20].  Several studies have been performed on the extraction, 

characterisation and chemical modifications of cellulose nano-whiskers and their application 

in nano-composite materials[1, 21]. The stability of WC suspension in water is obtained 

owing to the surface charges resulting from acid hydrolysis. In the case of sulphuric acid the 

resulting sulfonate groups insure WC particles stabilisation owing to their repulsive 

interactions preventing their aggregation. Regarding their surface chemistry, where a large 

number of hydroxyl groups are present, these nano-rods represent a unique substrate for 

significant surface modification to graft molecules with different functional groups by 

applying various chemical processes outspreading therefore their use in wide range of 
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applications (Habibi et al. 2010). Other studies have shown new applications for these nano-

sized particles [22-24].

Earlier two routes of chemical modification of the surface of cellulose nano-whiskers 

extracted from palm tree [25] has been developed.  It was also demonstrated in previous work 

[26] that cellulose nano-whiskers extracted from date palm tree can be successfully grafted 

onto micro-sized continuous regenerated cellulose fibres (RCF) in order to create hierarchical 

structure. It resulted in composite with improved fibre/matrix adhesion which delayed 

initiation of transverse cracks in material and increased the transverse properties of a 

unidirectional (UD) laminate. The approach to design composites with hierarchical structure 

to enhanced intralaminar and interlaminar performance is currently developed by number of 

researchers. Within the same framework of creating hierarchical structure, this paper 

describes another environmentally friendlier way (a ‘green’ route) to graft cellulose nano-

whiskers onto RCF. The effect of this treatment on mechanical properties of RCF bundles is 

studied by performing comprehensive mechanical characterization of reference and modified 

materials. It is expected that apart of increasing mechanical performance and damage 

durability of composites the proposed fibre surface modification will increase the resistance 

of fibres to water absorption. 

2. Experimental

2.1.Materials 

The micro-scale reinforcement used in this study was RCF Cordenka 700 Super 3 twisted 

Z100 (CORDENKA GmbH, Germany). Fibres were supplied in a form of bundles on bobbin, 

the summary of the materials characteristics are given in the Table 1 (Cordenka, Cordenka 

700 Super 3).

Cellulose nano-whiskers  (CW) were extracted from date palm tree in the laboratory 

according to the procedure described in previous work [26].These nano-whiskers were grafted 

using Methacryloxypropyltri-

purchased from Sigma Aldrich along with Sodium hydroxide, Nitric Acid and Ethanol. The 

initiator Cerium Amonium Nitrate (CAN) was purchased from Fluka.  All these chemicals 

were used as-received without any further purification. The water was distilled in laboratory 

in order to be used as co-solvent with ethanol. 
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2.2.Chemical modification of fibres

2.2.1. Silane treatment 

A 1600ml mixture of ethanol and water (50/50 v%) was poured into a reactor and heated up to 

65°C. After stabilizing the temperature, NaOH and Nitric acid solutions were utilized to 

adjust the pH to 7. When the pH was stabilized (takes approximately 2 hours), 16 grams of 

fibres previously wound on a holder and fixed on mechanical stirrer were introduced into the 

solution. The fibres/ solvent ratio was adjusted to be 1% (w/v). The polymerisation (or co-

polymerisation) of MPS was carried out by adding first Cerium Ammonium Nitrate (CAN) 

10-3 molL-1 in the reactor and stirred for 30 minutes. Meanwhile, the mixture was purged with 

Nitrogen gas for 15 minutes to remove any dissolved oxygen gas. At this stage, the free-

radicals are supposed to be created at the surface of the cellulose backbone and ready to react 

with vinyl monomers (MPS). To initiate the graft copolymerisation, 10-3 ml.L-1of MPS was 

added to the reactor and the nitrogen gas flow was maintained until the end of the reaction (5 

hours) while stirring at medium constant rate. Fibres were then washed two times by ethanol 

and once by water to remove unreacted products and other impurities trapped in the fibres.

2.2.2. Grafting CW

After copolymerisation of MPS with fibres, different concentrations of cellulose nano-

whiskers were prepared in order to create hierarchical structure combining the micro-sized 

fibres and cellulose nano-whiskers. These CW were prepared according to the method 

described in earlier work [26].

The grafting process of the nano-whiskers was performed by adding three different 

concentrations of CW; 0.1, 0.2 and 0.4 wt%, respectively. First, distilled water (1600 ml) was 

poured in the reactor and the pH was adjusted to be between 4 and 5. When the pH was 

stabilised, the MPS-modified fibres were re-placed in the reactor and a specific concentration 

of nano-whiskers was added. Prior to sonication, a solution of NaOH (0.1 M) was added to 

cellulose nano-whiskers to reduce the amount of sulfonate groups and release the hydroxyl (or 

alcoholate) groups of CW. The CW suspensions were then sonicated for 5 minutes and added 

into the reactor. The reaction was maintained at medium stirring rate at room temperature for 

5 hours. Afterwards, the fibres were washed three times by distilled water and dried at 110°C 
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for 4 hours under vacuum.  Final product was stored in desiccator to protect the fibres from 

dust. 

2.3. Characterisation of fibres

2.3.1. Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was used to analyse the characteristic 

functional groups of RCF and also to investigate the changes brought by the chemical 

modifications of fibres. The measurements were performed with PerkinElmer 100 

spectrometer. In order to obtain a good resolution of the spectrum, the fibres were cut to 

length of 1 cm (sample holder diameter), then centred in the holder and subjected to the 

infrared light. The spectra of the samples were obtained after 32 scans from 400 to 4000 cm-1

with a resolution of 4cm-1.

2.3.2. Scanning Electron Microscopy (SEM)

In order to evaluate changes in the surface morphology, untreated and treated fibres either 

by MPS or by nano-whiskers were analysed by SEM operating in high vacuum pressure 

(5·10-2 mbar) at accelerating voltage of 10 to 15 kV. Prior to scanning process, samples were 

sputtered with gold using BLAZER SCD 050 Sputter coater in argon atmosphere. The 

sputtering was performed at 60mA for 50 seconds to obtain images with high quality. 

2.3.3. Mechanical properties of fibres

Tensile specimens were prepared by gluing bundles between wooden tabs using two 

components epoxy Araldite 2011, the final fibre length between the tabs was 100 mm 

(schematic drawing of specimen can be found in [26]). Tensile tests were performed on fibre 

bundles using Instron  4411 machine with 500 N load-cell. At least 5 successful tests 

(specimen loaded until the failure) from each fibre batch were performed. 

In order to obtain comparative results, all tests were run at the same strain rate of 10% min-1

(cross-head speed set in “mm/min” according to the specimen length) and at 23°C while the 

relative humidity was around 14%.
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Additionally to the 100 mm long specimens three different bundle lengths (50, 150, and 200 

mm) were tested in order to determine the machine compliance which should be accounted 

for measurements of strain (similarly as described in standard ASTM D 3379-75 for single 

fibre tensile tests).

The stress was obtained by dividing the applied force by the total cross section area of fibre 

bundle (combined cross-sections area of 1350 single fibres). Strain was obtained from the 

displacement of cross-head of machine (system compliance was accounted for).Stiffness was 

determined from the linear part of the stress-strain curve within strain interval of 0.4 and 

0.9%. This interval was chosen based on a typical stress-strain curve of untreated fibre 

(notation VF – “untreated fibres” is used further in the text) bundle presented in Fig. 1. 

Strength and strain at failure were obtained from the stress-strain curve at the point of bundle 

failure. 

Fig.1. Typical stress-strain curve of Cordenka 700 Super 3 fibre bundles.

The loading-unloading test was conducted on all fibres to study the impact of treatment on 

stiffness evolution. In fact, stiffness evolution is a directly related to the microstructure and 

therefore each change is expected to appear ‘’macroscopically’’ on the stress-strain 

behaviour. This test was carried out on the same bundle configuration and at the same 

conditions as simple tensile tests. In this case, the fibre bundles were loaded to certain load 

level and unloaded to 0N, the load was increased by 5N in each consecutive step. The typical 

ensemble of stress-strain curves obtained in such test is shown in Fig. 2. The bundle stiffness 

was calculated in the linear part of each loading cycle for stiffness evolution analysis. The 

stiffness was calculated within stress interval from 40MPa to 90MPa which corresponds to the 

strain levels used in simple tensile test (0.4-0.9%).
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Fig.2. Typical results from loading-unloading test of Cordenka 700 Super 3 fibre bundles.

3. Chemical grafting of MPS on Cellulose fibres: preliminary considerations

Different mechanisms had been proposed to describe the creation of radicals on cellulose 

backbone [27]. In the present work the grafting procedure of MPS was based on the method 

described by N.Gaylord [28]. The polymerisation reaction of MPS has been reported to be a 

process in which the transfer of electrons from the hydroxyl groups of cellulose to the CAN 

ions resulting of free radical of anhydroglucose units of the cellulose molecule. In fact, this 

mechanism supposes that the grafting site is the cleaved C2-C3 bond of the anhydroglucose 

unit generating a carbonyl group and a free-radical which initiates the polymerisation of MPS 

monomers. A simplified mechanism of this reaction is schematically shown in Fig.3. 
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Fig.3. Schematic representation of chemical reactions of MPS on cellulose fibres.

During the process of modification by MPS, the methoxy groups of MPS react with water and 

transform to silanol groups. These groups are expected to interact with hydroxyl groups of 

cellulose nano-whiskers units and therefore react after removing water. Thus, the grafting 

process of cellulose whiskers was carried out in distilled water at pH between 4 and 5. At this 

particular pH, the silanol groups tend to condense in linear siloxane chain(2D network)at low 

temperature[29]. Simplified schematics of the reaction mechanism are presented in Fig.4. 

Fig.4. Simplified illustration for the grafting of cellulose nano-whiskers on modified fibres by 
MPS.
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4. Results and discussion

4.1.Microstructure Characterisation

4.1.1. FTIR

FTIR was applied to characterise the chemical structure of cellulose and to elucidate the 

changes after chemical treatments. Spectra of modified fibres are shown in Fig. 5 along with 

spectrum of unmodified fibres for comparison. 

Fig.5. Infrared spectra of fibres: a) unmodified; b) modified by MPS; c) grafted CW.

The progress of the chemical treatment of fibres resulted in modification and appearance of 

peaks revealed by FTIR. A decrease in the intensity of the large band at 3347 cm-1

characteristic for the stretching vibration of the hydroxyl groups (OH) was observed. In fact, 

during the treatment by MPS, the hydroxyl groups, particularly, OH-groups in position 3 of 

the glycosidic unit were transformed to aldehyde during the oxidation process by CAN 

(indicated by an arrow in Fig. 3).Moreover, it might happen that the penetration of water 

molecules is reduced and subsequently the peak intensity is decreased. Anew peak appeared 

around 2974 cm-1 which corresponds to the stretching vibration of the C-H alkane. The 

presence of this new band is due to the increase of amount of CH-molecules after grafting 

MPS onto the surface of fibres. Increase in intensity of the asymmetric stretching vibration of 
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the band at 2892 cm-1 which corresponds to the CH2 group indicating the presence of the 

aliphatic chains grafted on fibres was observed.

The polymerised MPS on fibres can be characterised by the presence of the band 1720 cm-1

corresponding to the stretching vibration of the C=O functions which is characteristic to COO 

group from MPS. The presence of this new stretching band provided sufficient evidence of 

the successful chemical modification. However, it was difficult to prove the presence of CW 

by FTIR since the bands corresponding to Si-O-Si and Si-O-C are overlapping with C-O-C

and are hidden by the large band from 1000 to 1200 cm-1.

4.1.2. SEM

The comparison of SEM images of modified and untreated fibres (see Fig. 6) supports 

statement about success of modification procedure. Untreated fibres present a uniform and 

clean surface as it is shown in Fig. 6a. The treatments increased the roughness of the surface 

of fibres by particles resulted from the polymerisation of the coupling agent as well as by the 

cellulose nano-whiskers as it is shown in Fig. 6b-e.Fig. 6b exhibits a quasi-homogeneous 

distribution of the ‘’poly-MPS’’ along the surface of fibres. After grafting cellulose nano-

whiskers, a network binding the single fibres together is created and it was observed to be 

expanded by increasing the concentration of CW suspension as it is shown in Fig. 6c-e. At 

low concentration (Fig. 6c), CW are scarcely present between the fibres and showing non-

homogeneous distribution. The higher concentration of CW results in denser CW network (as 

it is shown in Fig. 6d and 6e). Moreover, the CW network shown in Fig. 6d (C=0.2%) seems 

to be more distributed on the fibres’ surface in comparison with higher concentration (Fig. 

6e). In general, the dispersion of cellulose nano-whiskers is very challenging because on one 

hand, their affinity to each other due to their high specific surface and on the other hand, the 

electrostatic interactions they develop. In this case, the CW are less aggregated which 

indicates that the sonication process was efficient and also that the attraction between the CW 

and the coupling agent is high. However, observations along the fibre length showed that the 

CW were not covering the whole surface of filaments which might be related the low 

concentrations of the CW employed in this study. 
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Fig.6. SEM micrographs of fibres: a) unmodified; b) modified by MPS; c) grafted WC with 
concentration C1=0.1%; d) grafted CW with concentration C2=0.2% and e) grafted CW with 

concentration C3=0.4%.

4.2.Mechanical properties of fibre bundles

4.2.1. Tensile tests

Since it is intended to develop RCF composite for structural application, it is important to 

study the effect of the treatments on mechanical properties of fibres and relate these changes 

to the microstructure of material. The general behaviour of fibres can be represented by 

typical stress-strain curve of untreated fibres as shown in Fig. 1. The two well defined regions 

on the curve can be distinguished, before and after yielding, indicating non-linear behaviour 

of these fibres. Each fibre exhibits the same performance with an initially linear section, a 

yield point where the slope of the curve decreases and an almost linear behaviour until failure. 

A detailed description of this behaviour is reported in previous work. Typical stress-strain 

curves for fibres with different treatments are presented in Fig. 7. 
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Fig.7. Typical stress-strain curves for fibres with different treatments.

Fig. 8 shows the effect of different treatments on mechanical properties of fibres. The same 

results are summarised in Table 2. The stiffness of bundles was decreased (~20%) after 

modification by MPS and increased again back to the reference values after grafting CW at 

different concentrations (Fig. 8a). Whereas, strain at failure is significantly increased due to 

modification by MPS (~60%) and then reduced back to the reference values after grafting of 

CW on fibres (Fig. 8c). However, the tensile strength was decreased after all types of 

treatments (Fig. 8b), by MPS (~10%) and by grafting of CW (~18%). It should be noted that 

effect of CW concentration appears to be rather irrelevant and the mechanical properties are 

similar for all concentrations. 
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Fig.8. Effect of the treatment on mechanical properties of the fibre bundles (a) Stiffness; b) 
Strength; c) Strain at failure.). VF, untreated fibres; MPS, modified by MPS; MPSCWC1, 
MPSCWC2 and MPSCWC3 are grafted fibres by cellulose nano-whiskers at different 
concentrations C1=0.1%, C2=0.2% and C3=0.4%, respectively.

The process of modification by MPS seems to induce a plasticising effect even though the 

oxidation by CAN was expected to induce defects and make fibres more brittle. It can be 

assumed that reduction of mechanical properties of fibres due to treatment occurs because of 

changes of internal structure of material. For example, during the chemical modification using 

solvent ethanol/water and relatively high temperature, the chains oriented along the fibre-axis 

may relax and disorder is introduced in both, amorphous and crystalline regions. This disorder 

results not only in increase of the angle between the fibre axis and the crystallites but also in 

misalignment of the amorphous part of the cellulose fibres. Those assumptions are supported 

by the results previously reported on orientation of the microstructure of regenerated 

cellulose. In fact, Hermans and co-workers [30] have correlated the orientation of the 

crystalline and the amorphous portions of regenerated cellulose with the drawing ratio. It has 

been shown that during the drawing process the orientation factors of both crystalline and 

amorphous regions were influenced by the stretching of fibres. By comparing the evolution of 

those factors obtained by birefringence and by X-ray, it was possible to conclude that the 

orientation of the crystallites runs ahead of that of the amorphous portion. Another paper 
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presents study of the deformation mechanism at molecular level using Raman spectroscopy of 

deformed cellulose fibres [31].In this work it was not possible to identify within which part of 

cellulose (crystalline or amorphous) the orientation is taking place. However, a pronounced 

shift towards lower wave number of the band 1414 cm-1 which corresponds to the C-O-H was 

observed until the yield point and followed by a plateau at higher strains. This plateau was 

attributed to a breaking down in the hydrogen bonding. It was also shown for different draw 

ratios of the fibres that the higher draw ratio is causing more significant shift of the 1414 cm-1

band. It is worth noting that the elastic modulus of the fibre increases by increasing the draw 

ratio (as it is reported in [31]). The current work shows that chemical treatment acts in the 

opposite direction (compare to the fibre stretching) and introduces misalignment on the 

molecular level. 

After grafting CW, their network spreads over the surface of fibres and enables significant 

increase of the stiffness bringing it back to the same level as for untreated fibres. This 

preservation of the stiffness is very important for further application of these fibres in 

composite materials.

4.2.2. Loading-unloading tests

The loading-unloading tests were performed to provide better understanding and study in 

more detail changes of microstructure during the loading process. Fig. 9 shows representative 

evolution of the stiffness with respect to the applied load for treated and reference fibres. It 

should be noted that results are presented in normalized form (normalization is done with 

respect to the stiffness value E0obtained in the first loading ramp at low strain <0.5%).

Fig.9. Fibre stiffness evolution with increasing load for fibres with different treatments.

 

0 2 4 6 8 10 12
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

VF
MPS
MPSCWC1
MPSCWC2
MPSCWC3

E x
/E

0

Strain (%)



A. Hajlane, H. Kaddami and R. Joffe                    A green route for modification of regenerated cellulose fibres…

Paper C  C16 
 

The curves shown in Fig. 9 can be divided into three different regions with respect to the 

- - - until failure. The stiffness of all 

fibres increases within Region-

treated fibres compare to the reference material. Then stiffness drops in the Region-2

followed by stabilisation afterwards for untreated fibres and stays at almost the same level 

until fibres fail. It is worth noting that the transition between the first and second region 

corresponds to yielding where the behaviour changes from viscoelastic to viscoplastic. 

However, the stiffness of the treated fibres increase after yielding and stabilise until failure at 

a value 35% higher than the initial modulus E0. This behaviour is exhibited by all treated 

fibres (MPS and CW) indicating that it is not caused by grafting of cellulose nano-whiskers 

on fibres. Hence, it can be concluded that the grafting by CW does not affect the 

microstructure of fibres and it is induced by MPS modification. It is reasonable assumption, 

since the treatment by MPS was performed in ethanol/water solvent and at elevated 

temperature (65°C). These conditions likely to promote the breakdown of inter-chain 

interactions giving rise to a disordered structure where the crystalline and amorphous regions 

are reoriented with respect to the fibre axis. 

5. Conclusions

Cellulose nano-whiskers were successfully grafted onto the surface of Cordenka 700 Super 3 

fibres using MPS as coupling agent. An environmentally friendlier method was utilised to 

polymerise the coupling agent by creating free radicals on cellulose backbone. It was possible 

to retain fibre length (continuous filaments) in order to be used in composites for high 

performance applications. The nano-whiskers network was created and deposited on fibre 

surface along with poly-MPS particles as validated by SEM. Multi-scale hierarchical fibres 

for structural composites were created by grafting of cellulose nano-whiskers onto 

regenerated cellulose fibres and preserving the same stiffness as for untreated fibres. These 

modifications are expected to increase strength of the fibre/matrix interface by the mechanical 

interlocking and also reduce the moisture uptake. 
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Abstract

The Cordenka regenerated cellulose fibres have been chemically modified and then grafted by 

cellulose nanocrystals in order to investigate the effect of the treatment on moisture uptake 

and interfacial adhesion with epoxy matrix. The water absorption tests were performed on 

fibres at 33 and 64% relative humidity at room temperature. It was shown that at high relative 

humidity (RH=64%) the grafting by cellulose nanocrystals decreased water uptake by factor 

of two compared to untreated fibres. Besides, the treatments by nanocrystals lessened the 

effect of moisture on stiffness and strength of fibres after exposure to the same humidity level 

(RH=64%). Moreover, the pull-out test performed on fibre bundles showed that the adhesion 

between fibre and matrix was less affected by moisture at RH=64% for cellulose nanocrystals 

grafted fibres compare to untreated fibres.

Keywords: Cellulose fibres; Fibre surface modification; Moisture uptake; Cellulose 

nanocrystals; Fibre/matrix interface.
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1. Introduction

Cellulosic fibres (flax, hemp, regenerated cellulose) possess decent mechanical properties and 

they are gaining interest as an alternative to synthetic reinforcement (e.g. glass fibres) in 

polymers to reduce the petroleum consumption and pollution.  In particular, manmade 

Regenerated Cellulose Fibres (RCF) have been extensively studied as potential reinforcement 

in polymer composite [1, 2]. Regenerated cellulose is a very particular class of polymers 

which can be modified during the regeneration process to produce fibres with different 

mechanical properties. Moreover, the regeneration process of cellulose presents the advantage 

to generate continuous fibres with a uniform shape and to avoid the large scatter induced by 

the irregularities and damage occurred during extraction/separation of natural fibres [3].

However, their inherent polar and hydrophilic character and the sensitivity to moisture 

remains a challenge because it leads to low compatibility and poor adhesion with polymeric 

matrices [4-6]. When used in composites beside the decrease of mechanical properties of the 

cellulose fibre itself, moisture absorption by reinforcement stimulates the degradation of the 

fibre/matrix interface. Weak fibre/matrix interface results in inefficient stress transfer from 

the matrix to fibre and therefore low mechanical properties of the composite. These factors 

limit the use of cellulosic fibres (natural and manmade) as reinforcements for non-polar 

polymers.

The fibre/matrix bonding can be realised via two main mechanisms: (i) the physico-chemical 

interactions which is based on molecular interactions such as covalent and hydrogen bonds, 

and intermolecular forces [7-9]; (ii) the mechanical interlocking at the surface. Due to its 

importance, improving the interface properties of composites was the focus of many studies 

[10-12] and still remain a challenge. Throughout our previous studies [13], it was possible to 

show that chemical modifications improve the adhesion of cellulose fibres to epoxy matrix. 

The aim of this paper is to study the effect of chemical treatment of fibre surface by grafting 

cellulose nanocrystals on interfacial adhesion between RCF and polymer as well as reduction 

of water uptake by fibres. The effect of the upgrading treatment is evaluated by fibre bundles 

moisture absorption tests and by bundle pull-out test to assess interfacial shear strength of 

RCF/epoxy.
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2. Experimental

2.1. Materials

The regenerated cellulose fibres used as substrate in this work were commercial Cordenka 

700 super 3 fibre bundles with high twist (Z100) [14]. The bundle consists of 1350 single 

The fibre treatment was done by using the organo- -

methacryloxypropyl trimethoxysilane (MPS) as coupling agent, purchased from Sigma 

Aldrich. Ceric Ammonium Nitrate (CAN) is a high purity product purchased from Fluka and 

used as initiator for the chemical reaction of MPS on RCF.

Cellulose nanocrystals (CNC) were chemically extracted from palm tree at the laboratory 

following the procedure described in details in our previous work [13]. The extraction 

procedure of CNC is briefly summarized in the following paragraph. 

The palm tree rachis were cut into short bundles and grounded to powder. Minerals, 

extractable and pectin were extracted in soxhlet using a mixture of toluene and ethanol. 

Thereafter, the obtained powder was treated by sodium hydroxide (NaOH) to remove 

hemicellulose and then by sodium chlorite to eliminate lignin. These steps were repeated until 

the pulp got bleached. A suspension of CNC was finally obtained by an acid hydrolysis of the 

bleached pulp and therefore nano-rod-like crystals with an average aspect ratio of about 43 

were produced [15].

2.2. Fibre surface treatments : a brief description of chemical modifications 

The chemical grafting of CNC onto RCF was performed in two steps. First, copolymerisation 

of MPS with RCF; MPS was used as coupling agent to graft CNC to the fibres by utilising 

CAN to initiate the copolymerisation. The pH of a 1600 mL of solvent mixture of ethanol and 

deionised water 50/50 (v) was adjusted to 7.0 at 65°C. A 32g of RCF wound on metal holder

was introduced to the solution and 4 g of CAN was added under inert atmosphere (N2 gas). 

The reaction mixture was stirred for 30 minutes. Thereafter, 4ml of MPS with slight excess 

was drop-wise added into the reactor and stirred for 5 hours at 65°C. When the reaction time 

elapsed, the treated fibres were washed twice by ethanol and once by deionized water. 

The second step of the process consists of grafting CNC on MPS-modified fibres (MPS). An 

aqueous solution of 0.1M of Sulphuric Acid (H2SO4) was added to 1600mL of deionised 

water to adjust the pH to 4.5. Afterwards, 0.1wt% suspension of CNC, for which the pH was 
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adjusted to 7 using 0.1M of NaOH, was added to the reaction mixture and stirred for 4 hours 

at room temperature (this batch is labelled as MPSCNC1). The same procedure was used for 

grafting 0.2wt% and 0.4wt% of CNC on RCF (these batches are labelled as MPSCNC2 and 

MPSCNC3, respectively). Finally, the fibres were washed two times in ethanol and once in 

deionised water to remove the unreacted products trapped in fibres.

2.3. Sorption experiments

Prior to moisture uptake measurements, two batches of untreated and treated fibres were dried 

at 50°C to remove storage moisture. The mass of fibres was monitored during the drying until 

stable measurements were achieved (mass of samples did not change anymore). Thereafter, 

fibres were divided in two batches then placed and conditioned in desiccators with two 

different relative humidity levels (RH): 33% and 64%. The corresponding RH levels in 

desiccators were adjusted by use of saturated solution of different salts. The mass of 

specimens was frequently measured to determine the kinetic of sorption as well as the 

saturation level. 

Moisture content in material was determined as the weight gain relative to the initial weight 

of specimen (measured after drying): (%) = × 100 (1)

Where stands for the weight of a specimen at a time t while denotes the weight of the 

corresponding dried specimen.

Weight gain at equilibrium, , was assumed to be reached when the weight gain does not 

change significantly during certain time period.

It is assumed that the diffusion of water molecule in infinite cylinder with radius r takes place 

in radial direction through the radius of the fibre [16]. The schematic representation of the 

moisture diffusion in cylinder-shaped fibre is shown in Fig. 1.  
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Fig. 1. Schematic representation of water diffusion in fibres with cylindrical shape.

The assumptions and resulting equations to describe the kinetics of sorption behaviour depend 

on the conditions of moisture sorption process as well as on material type [17, 18]. In this 

case only one dimensional moisture absorption (through the fibre diameter) is considered and 

the corresponding total moisture content as a function of time is given by [19, 20] assuming 

Fikian diffusion: 

= 1 ( ) exp ( ( ) ) (2)

Where D denotes the diffusion coefficient, r is radius of the fibre (r = 6.25 μm), is the 

moisture content at a time t, is the moisture at the equilibrium and j denotes the 

summation index. At low exposition time to moisture < 0.2, the above equation can be 

simplified to the following [21]:

. . (3)

By plotting  = ( ), the diffusion coefficient can be obtained from the first linear part of 

the sorption curve where the slope is = 4 . Thus, the diffusion coefficient is given by:

=    . (4)

2.4. Mechanical tests

1.4.1 Tensile test

Tensile tests were carried out on fibre bundles as-received (notation RC – “room conditions” 

is used further in the text) and after conditioning at different RH. The untreated and modified 
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(different surface treatments) fibres were tested. Bundles were fitted with wooden tabs (glued 

by using Araldite 2011 epoxy adhesive), the gauge length of bundles (distance between tabs) 

was 100mm. Specimens were conditioned in desiccators over the time period (for more than a 

week) to reach moisture saturation at RH=33% and RH=64%. The room conditioned fibres 

were left in the ambient laboratory environment (RH=14% and RT=23°C) for more than 100h 

for moisture content to reach equilibrium. Tests were performed on INSTRON 3366 machine 

in displacement controlled mode at constant cross-head speed of 10mm/min (corresponding to 

strain rate of 10%/min) using 500N load-cell and pneumatic grips. At least five specimens 

from each batch were tested. 

1.4.2 Bundle pull-out test

Pull-out specimens were prepared by embedding fibre bundles in circular block of polymer 

(further referred to as “block”) with 10 mm in diameter and 1 mm thick. The schematic 

drawing of in-house made mould for specimen preparation is shown in Fig. 2.

Fig. 2. Mould used for fibre bundles pull-out specimens.

The polymer was two components epoxy resin Araldite LY5052 with Aradur Hardener 

CH5052 mixed in 80:20 weight ratio, respectively. A one-step moulding process using one 

piece open mould was adopted. The RCF fibres passed through cavity hole in the mould 

previously sprayed by a release agent then filled by epoxy. Thereafter, the whole fixture was 

placed in pre-heated oven at 80°C and left to cure for 8 hours. When the curing time elapsed, 

the epoxy block was de-moulded and the free end of the bundle was fitted with wooden tabs 

as described above in Section 4.1. The length between tabs and the epoxy block was fixed at 
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100 mm for all samples. A schematic drawing of the final configuration of specimen is 

presented in Fig. 3. 

The effect of moisture on strength of fibre/matrix interface was evaluated by exposing pull-

out samples to different RH using the same procedure described in Section 2.3 for 

conditioning of fibre bundles. At least 3 specimens from each batch were tested.

Fig. 3. A scheme representation of bundle pull-out specimen.

Based on the force balance considerations it can be stated that in order for a fibre to be pulled 

out from a matrix without rupture, the embedded length of the fibre cannot exceed a certain 

length and this is defined as the critical fibre length Lc [22]. The apparent interfacial shear 

stress (IFSS) and the critical fibre length can be calculated according to [23] by the 

following equations

= (5)

Where is the maximum force achieved during the pull-out test, is fibre diameter and 

is the embedded length of the fibre, whereas

= 2 (6)

With being tensile strength of fibre. The same considerations were used to process results 

from the bundle pull-out tests (instead of fibre characteristics, parameters for bundle were 

used in equations 5-6). The fibre bundle diameter was calculated from the area of the hole in 

the polymer block after pull-out.
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3. Results and discussion

3.1. Sorption behaviour

The graphs presented in Fig. 4 (a, b) show the moisture absorption for fibre bundles as a 

function of square root of time ( ) at RH= 33% and RH = 64%, respectively. The results 

show that equilibrium state was reached for all materials after about 100h. However, it can be 

seen from the curves that the absorption curves of untreated fibres (VF) didn’t stabilise at an 

equilibrium value even after 100h and the moisture uptake continued, although with very low 

rate. Fick’s law [16] (first and second) is not valid in this region and therefore in this case 

only the approximation at lower times can be useful [21].  It should be noted that the time to 

reach saturation does not significantly depend on RH, whereas the shape of the sorption 

curves differ considerably for RH = 33% and RH = 64%. The moisture content at saturation 

in fibre bundles was obtained from the plateau region of sorption curves, the results are 

presented in Table 1. 

Fig. 4. Moisture uptake by fibre bundles versus square root of time (h-hours) at a), RH=33 % 
and b), RH=64%. 

Table 3. Moisture content (%) at saturation (after 100 hours) in fibre bundles at different 
relative humidity levels.

Relative 
humidity

Fibre
VF MPS MPSCNC1 MPSCNC2 MPSCNC3

33% 3.6 2.3 2.2 2.5 2.7
64% 9.1 4.1 5.7 5.4 4.1



A. Hajlane, H. Kaddami and R. Joffe                    Grafting of Cellulose Nanocrystals on Regenerated Cellulose…  

Paper D  D9 
 

Data in Table 1 show that the moisture content in fibres significantly increases with 

increasing the relative humidity. 

It can also be seen that at 33% RH, the water uptake was slightly higher for untreated fibres 

(VF) in comparison to treated ones. However, at 64% RH treated fibres show significant 

resistance to water absorption compared to untreated fibres (moisture content at saturation is 

almost two times lower). These observations reveal that the chemical treatments had 

considerably influenced the polarity of RCF. 

In order to study the effect of treatments on the kinetics of sorption, diffusion coefficients for 

untreated and treated fibres were calculated. However, the diffusion coefficient was only 

calculated for 64% relative humidity since at 33% no significant difference between untreated 

and treated fibres has been observed (see Fig. 4a). Table 2 summarises the diffusion 

coefficients at RH=64% using equation 4, data for flax and PET fibres are presented as well 

for comparison.

Table 4. Diffusion coefficient (D) of water in fibres at 64% relative humidity. D of other                 
fibres at RH=100% is given for comparison.                                     

D at 
RH=64% 
(mm2/s)

Fibre
VF MPS MPSCNC1 MPSCNC2 MPSCNC3 *Flax 

fibres 
*PET   

fibres
D x 1011 4.5 2.8 4.5 4.3 4.9 6.5 1.0
*Data from [21].

The values of D for untreated fibres (VF) and grafted CNC at different concentrations 

(MPSCNC1, MPSCNC2, MPSCNC3) are on the same order of magnitude. However, the 

diffusion coefficient of MPS treated fibres is almost two times lower than the rest of fibres. In 

fact, the MPS polymerised on fibres’ surface and propagated along the fibres hides the 

trimethoxysilane groups known to be highly hydrophobic compared to Hydroxyl groups of 

the VF. The hydrophobic character of the trimethoxysilane groups and that of the carbon 

backbone of the poly-MPS make the fibre more resistant to water diffusion or adsorption and 

therefore the rate of penetration by water molecules into the fibres was delayed. After grafting 

CNC on MPS-treated fibres, the water absorption rate increased and the diffusion was 

comparable to untreated fibres. In fact the fibre is again covered with hydroxyl group that 

increase the hydrophilic character of the fibre. The water uptake in CNC grafted fibres is 

likely not due to the pure diffusion of water into the fibres but it is rather the combination of 

adsorption on grafted nanocrystals and absorption by fibres. This statement can be made since 
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MPSCNC1, MPSCNC2 and MPSCNC3 fibres were previously modified by MPS which 

slowed the decrease of diffusion rate. Hence, the difference in diffusion coefficient between 

fibres modified MPS and grafted cellulose nanocrystals can be explained by water adsorption 

on CNC. 

3.2. Effect of moisture absorption on mechanical performance 

3.2.1. Mechanical properties of fibre bundles

The typical stress-strain curves for treated and untreated fibres conditioned at different RH are 

presented in Fig. 5. The average values of stiffness, strength and strain at failure for different 

materials at ambient laboratory conditions (RC) and for bundles conditioned at RH = 64% are 

presented and summarised in Table 3. For easier comparison the same data in normalised 

form (normalised with respect to the values obtained at RC) are presented in Fig. 6.These 

results show that strength and stiffness of all materials were consistently reduced by moisture 

whereas strain at failure shows increase (except for MPS treated bundles). However, it should 

be noted that fibre treatment itself significantly affects stiffness and strength of fibres with no 

significant effect on strain at failure. This result was discussed in details in previous study 

[24].

Fig. 5. Typical stress-strain curves from tensile tests of conditioned and unconditioned fibres. 
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Table 5. The effect of moisture (RH=64%) on mechanical properties of fibre bundles.

Fibre Stiffness (GPa) Strength (MPa) Strain at failure (%)

RC RH=64% RC RH=64% RC RH=64%
VF 22.9±0.8 17.3±0.8 618±20 575±26 7.6±0.6 8.4±0.5
MPS 15.4±0.4 13.0±1.0 519±05 414±23 12.0±0.3 9.4±0.3
MPSCNC1 18.7±1.0 14.4±0.7 455±13 424±33 8.2±0.3 9.2±0.7
MPSCNC2 18.0±0.8 14.8±0.5 408±60 345±31 7.2±1.4 7.3±1.0
MPSCNC3 17.8±0.7 15.7±0.3 384±23 384±46 6.8±0.2 7.8±1.0

Untreated fibres showed the highest decrease in stiffness due to moisture by almost 25% 

while stiffness of MPS, MPSCNC1, MPSCNC2 and MPSCNC3-treated fibres exhibited 15, 

23, 18, and 12% decay, respectively. The reduction of strength for MPS-treated fibres was the 

most important with 20% (vs. 7% for VF fibres, 16% for MPSCNC2-treated fibres, 7% for 

MPSCNC1 and no change for MPSCNC3). The considerable decrease in strengths of MPS-

treated fibres might be due to the irregularities (defects) induced by the treatment. These 

defects where reduced after grafting of CNC (so called ‘‘healing effect’’)[24].

In contrast, strain at failure of all fibres was not significantly influenced except for MPS-

treated fibres where decrease by 22% was observed. But it should be noted that treatment by 

MPS itself has increased fibre strain at failure very drastically, by almost 60% (comparison 

made for RC).

In fact, the increase of fibre strain at failure is expected, since it is well known that water 

plays a role of plasticizer for cellulose based fibres. In the study investigating the correlation 

between the structure and adsorption properties of RCF [25] it was stated that water 

absorption takes place in the less ordered regions of RCF (amorphous part and voids between 

cellulose macromolecules). Hence, water molecules penetrated into the fibre structure 

decrease the friction between cellulose chains and therefore decrease the rigidity of fibres 

[26].
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Fig. 6. Properties of different fibres obtained at RH=64% normalised to data obtained at the 
room conditions.

3.2.2. Effect of moisture on fibre/epoxy adhesion

Pull-out samples prepared and conditioned at different relative humidities according to the 

procedure described in Section 2.4.2. 

Fig. 7 presents a typical curve obtained from pull-out test of room conditioned VF fibres.  

Fig. 7. Typical load-extension curve of untreated fibres pull-out test.
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The normalised average values of IFSS for untreated and treated fibre bundles conditioned at 

RH=64% with respect to bundles conditioned at RC (T=23°C, RH=14%) are presented in Fig. 

8 and summarised in Table 4. 

Table 6. Summary of IFSS at RC and at 64%
relative humidity for different fibre treatments.
Fibre IFSS (MPa)

RC RH=64%
VF 32.2±3.1 24.9±1.9

MPS 33.7±4.0 29.7±2.6

MPSCNC1 28.4±6.5 29.6±3.3

MPSCNC2 26.3±6.5 32.3±4.8

MPSCNC3 27.2±5.0 32.4±3.0

Fig. 8. Interfacial shear strength (IFSS) for different fibres obtained at RH=64%, normalised 
with data obtained at the room conditions.

For easier comparison the same data in normalised form (normalised with respect to the IFSS 

values obtained for VF fibres) are presented in Fig. 9. 

It can be observed that at RC, the IFSS of MPS-treated bundles is slightly higher than for VF 

fibres (~5%) and by 18-28% higher than for MPSCNC-treated fibres. At RC conditions, the 

addition of nanocrystals on the fibres’ surface decreases the IFSS and larger scatter of results 
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is observed (increase of deviations for the MPSCNC treated bundles). This indicates that the 

treatment fibres by MPS slightly improved the quality of the interface at RC and this is 

probably realised by two mechanisms: (i) reducing the moisture adsorption on fibres’ surface 

(water in the interface leads to weak adhesion) and (ii) by increasing the roughness of fibre 

surface as it was revealed by SEM images in our previous work [24]. The decrease of the 

IFSS at RC after grafting nanocrystals can be related to the hydrophilic nature of CNC 

(adsorbs water) which in this case dominates on the mechanical interlocking expected to play 

an important role to enhance the adhesion with the matrix.  

Results show that at RH = 64% the average IFSS for VF and MPS fibres has decreased by 

22.5 and 12% respectively. This could be explained by the fact that at elevated humidity, 

water interpenetrates through the fibre/matrix interface leading to lower IFSS. However, 

cellulose nanocrystals treated fibres exhibited higher IFSS even when compared to the same 

fibres before conditioning and this effect increases for higher concentrations of CNC. This 

enhancement of the IFSS might be due to a combination of two mechanisms: (i) mechanical 

interlocking, where the epoxy penetrates into the network of the grafted CNC and increase the 

contact surface between fibres and matrix; (ii) swelling of the fibres, this increases the 

diameter of fibres and subsequently enhances the friction at the fibre/matrix interface [27]. 

 

 

Fig. 9. Interfacial shear strength (IFSS) for different fibres obtained at RH=64%, normalised 
with data obtained for untreated fibres (VF). 
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4. Conclusions

The regenerated cellulose fibres have been modified in order to improve interfacial adhesion 

with epoxy matrix and reduce moisture uptake. The untreated and treated fibre bundles were 

conditioned at two relative humidity levels (RH=33% and RH=64%) prior to the tensile and 

pull-out tests. During the conditioning the moisture content in fibre bundles was monitored. 

The results of mechanical tests were compared against fibre bundles kept at ambient 

conditions. The following observations were made: 

- the significant difference in water uptake for untreated and treated fibres is observed at 

RH=64%, whereas at lower relative humidity of RH=33% the performance of all 

fibres is rather similar.

- at high relative humidity (RH=64%) the treatment by cellulose nanocrystals decreased 

water uptake by factor of two compare to untreated fibres, which results in moisture 

content at saturation of 9.1% and 4.1-5.7% for untreated and treated fibres 

respectively.  

- the diffusion coefficient for untreated and MPSCNC-treated fibres is rather similar, 

whereas MPS treated fibres show much lower diffusion coefficient and as a result 

slower moisture uptake. This is likely because MPS is shielding cellulose on the fibre 

surface and thus decreases possibility for water molecules to penetrate fibre. 

- the treatment of fibres by nanocrystals positively affects the impact of moisture on 

stiffness and strength of fibres: the decrease of properties is not as severe for these 

fibres after exposure to RH=64% as for VF and MPS-treated fibres. 

- the results obtained from fibre bundle pull-out tests show that addition of CNC on the 

surface of fibres decreases interfacial shear strength when tests are performed on 

specimens that were not exposed to moisture. However, experiments performed on 

fibres conditioned at 64% revealed that interfacial shear strength of untreated and 

MPS-treated fibres is greatly affected by moisture (decrease by 14-29%). Whereas 

fibres treated by CNC not only retained the same values of interfacial shear strength 

after conditioning but even exhibited some increase of IFSS. 
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Abstract

This work is an initial study on the interlaminar properties of composites reinforced with 

regenerated cellulose fibers (RCF). The surface of RCF fabrics was chemically modified and 

the results were compared to non-treated samples. Double cantilevered beam (DCB) test was 

used to characterize fracture toughness, under static and fatigue loading. Regenerated 

cellulose fibers exhibit highly nonlinear behavior and strongly influence the performance of 

their composites. The obtained fracture toughness values were significantly higher compared 

to those of synthetic fiber reinforced composites. However, due to the high nonlinearity, a 

concrete conclusion was not easy to make on the effect of fiber treatment on the materials 

performance. Thus, scanning electron microscopy studies were carried out on fracture 

surfaces which confirmed the treatment effect, qualitatively, on the improvement of interfacial 

adhesion.

Keywords: Cellulose; Fracture toughness; Fatigue; Surface treatments.
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1. Introduction

In design of structural polymer composites, various modes crack growth, intralaminar 

(transply) as well as interlaminar (delamination), are counted for [1]. Typical failure modes in 

laminated composites are fiber/matrix deboning, matrix crack and delamination. In order to 

achieve good performance of composites the initiation of damage and growth of delamination 

should be delayed and suppressed as much as possible. To be able to predict initiation and 

propagation of delamination in composite structures the fracture toughness of the material 

should be measured. The fracture toughness, GC, is a material property representing the 

required energy to create new surfaces (further propagation of an existing crack). One of the 

most common methods to measure critical energy release rate (or fracture toughness), GC, is 

by using the double cantilevered beam (DCB) test. In design of advanced laminated 

composites fatigue loads must be taken into consideration and the material’s resistance to 

interlaminar fracture needs to be evaluated. Hence, a similar DCB test method is designed to 

determine GC based on the number of fatigue cycles required for the onset of delamination 

growth [2-5]. The opening Mode I (tensile mode) is practiced in the fracture toughness tests 

(static and fatigue), therefore GIC is the corresponding term for the critical energy release rate.

However, DCB method is based on linear elastic fracture mechanics (LEFM) theory whereas 

the composites of this study exhibit highly nonlinear behavior [6]. Therefore alternative 

methods based on nonlinear elastic (elastic-plastic) fracture mechanics, such as evaluation of 

J-integral, have been the subject of research studies [7-10]. Ilcewicz et al. [1] have compared 

different approaches in mode I experiments and reported that linear G approach, which does 

not account for nonlinear material behavior, gave the highest fracture toughness values in 

contrary to nonlinear J-integral approach giving the lowest values. Therefore, values obtained 

in the current study may be somewhat overestimated and reflect the behavior attributed not 

only to the interfacial properties of composites but also to the visoelastic and viscoplastic 

phenomena in the material.

2. Materials and manufacturing

The fibers used as reinforcement were regenerated cellulose fibers (RCF) produced by a 

special variant of viscose process (Cordenka 700 Super 3 [11]) by Cordenka GmbH & Co. 

KG. The resin was epoxy Araldite LY 556, by Huntsman International LLC. Fibers were 

assembled in form of non-crimp fabric (NCF), more details can be found in the previous study 

[12]. Furthermore, the fabric was treated chemically by coupling agent in order to enhance the 
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interface properties. Notations for composites were assigned according to the type of fabric 

they were made from, “Treated” and “Non-treated”.

In order to perform interlaminar fracture toughness tests DCB specimens were produced. To 

do so, uni-directional (UD) composite laminates were manufactured using treated as well as 

reference non-treated fabrics. Fabric was cut into rectangular pieces of 20 cm x 20 cm and 8 

layers of it were stacked to obtain the UD laminate with a final thickness of approximately 3 

mm. The manufacturing of the DCB specimens was done following guidelines of the ASTM 

D5528 standard [3]. To introduce the initial crack in the DCB samples a separation Teflon 

film was placed in between layers of fabric in order for the pre-crack to be located in the UD 

laminate’s midplane. The width of insert film was 30 mm (to produce 30 mm long initial 

infusion as described in [12]. After curing at 80°C for 8 hours composite laminates were 

demolded.

3. Experiments

3.1. Chemical treatment

The chemical treatment of NCF by Methacryloxypropyl trimethoxysilane (MPS) was 

performed in reactor of 2 liters where 1.6 liter is filled by a solvent consisting of 50/50 (v%) 

mixture of ethanol and deionized water (EtOH/H2O). The pH was adjusted to 7.0 using a 

0.1M Nitric acid (HNO3) aqueous solution and stirred until it got stabilized at 65°C. 

Thereafter, NCF pieces of 200 mm x200 mm were wound on a holder and then placed into the 

solution, and 4 grams of Cerium Ammonium Nitrate (CAN) initiator was dissolved in 

deionized water and introduced in the reaction. After stirring for 30 minutes, 4 ml of MPS 

was added dropwise under inert atmosphere of N2. The reaction was stirred at 65°C for 5 

hours as previously described and detailed in [13]. When the reaction time elapsed, the treated 

NFC was washed twice by ethanol and once by deionized water to remove unreacted products 

trapped in the fabric, and finally dried at 50°C then stored in desiccators at 23°C.

3.2. Mechanical testing

Static and fatigue experiments were carried out, to measure the critical energy release rate of 

composite in opening Mode I (GIC). Initially DCB specimens were cut according to the 

dimensions specified by the ASTM D5528-01 standard. However, due to the limited amount 

of available treated fabric, specimen dimensions were downscaled to save material. To 
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validate that the smaller specimen size does not affect the results, both the standard and 

downscaled specimens of reference composite were tested and the results were compared. It 

should be noted however, the deviation from the standard dimensions would not influence the 

conclusions of this study which is comparative in nature. Nevertheless, it was important to 

confirm the results obtained from these tests are valid if compared with the data from 

literature. See the test specimen in Fig. 1. 

Fig. 1. Schematic representation of sample (top), with comparison of standard and 
downscaled specimens (bottom left) as well as mounted DCB specimen (bottom right).

The letter “S” at the end of the notations determines the specimens with dimensions according 

to the standard.

The dimensions of standard and downscaled specimens are listed In Table 1. 

Table 1. DCB specimen dimensions.

Dimension* (mm) L LStiffener a0 b h hTotal
Standard 130 145 30 22 4 8
Downscaled 95 110 30 15 4 8-9
* Parameters are clarified in Fig. 1.

The experimental matrix is presented in Table 2. 

Table 2. DCB experimental matrix. Number of test specimens is presented in brackets.

Static Fatigue
Non-treated-S (2) Non-treated (2) Treated (2) Non-treated (4) Treated (4)
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The number of test specimens was limited due to restricted availability of the material. 

Moreover, some of the samples did not produce reliable results and in other cases tests had to 

be interrupted due to premature failure of the specimen (e.g. due to delamination of the 

stiffener). Thus the numbers presented in Table 2 indicate only the number of successful tests 

rather than total number of tested specimens.

In order to avoid excessive bending of the DCB beams, stiffening tabs made out of woven 

glass fiber/epoxy composites were glued on both sides of specimens along the whole length. 

The stiffeners were chosen slightly longer than the composite beam, in order to provide a 

space to mount the loading hinges (see Fig. 1 and Table 1). Before testing, the delamination 

induced by the insert film prior to the crack tip was carefully opened by means of a sharp 

cutter, to enhance the control over crack propagation.

Edges of sample were grinded by 240 grid sandpaper for better visibility and painted white to 

be able to clearly detect and trace the propagation of the crack tip along the specimen. The 

static DCB tests were performed on an Instron 4411 mechanical testing machine in 

displacement controlled mode with crosshead separation speed of 2 mm/min. The machine 

was equipped with mechanical grips and 500 N load cell. Two simple hinges were fastened to 

the specimen by bolts and nuts. The hinges were then clamped in the machine’s grips through 

which the load was applied to the sample, as seen in Fig. 1.

All tests were performed at ambient -47%RH). Although the 

ambient humidity was varying significantly, it should be noted that the exposure time was 

limited to the test duration and therefore too short for any substantial moisture absorption (i.e. 

specimens were exposed to the environment for a couple of days, whereas the time for 

moisture saturation is approximately 3 months) [14]. Static tests were carried out in a 

stepwise manner. The specimen was loaded until a crack propagation of approximately 5 mm 

was achieved and then it was unloaded to the initial state (crack completely closed). These 

steps were repeated until complete separation of the specimen. The load and the displacement 

were recorded during each loading-unloading cycle. The position of the crack tip was marked 

after each loading step. Thus, the crack extensions as well as the load-displacement curves 

were obtained in each step of the test. Displacement is the distance in between delamination 

planes which is the displacement corresponding to the movement of the machine grips while 

loading (see Fig. 1) [15].
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3.3. Theory and data reduction

When the load is applied on the beams of DCB specimen through hinges the pre-crack opens 

first (a0) and then once the critical load (energy) is reached it starts to propagate, from a0 to a. 

The work to create new surfaces equals the energy released as a result of crack growth. It is 

assumed that linear elastic fracture mechanics applies and that all the energy is spent for crack 

propagation. Typical experimental curve obtained from DCB tests is load-displacement (P- ). 

These results are then used to construct the plot of compliance-crack length (C-a) and the 

energy release rate is calculated using the compliance calibration method and plotted over the 

crack length (GI-a) [3]. Schematic drawings of P- , C-a, and GI-a graphs are presented in Fig. 

2. The graph of energy release rate vs. crack length sometimes represents three regions: 1) 

low values of GI corresponding to the initial crack length or small crack propagation (brittle 

behavior is observed due to a resin rich region in front of the crack tip); 2) plateau 

corresponding to a stable crack propagation (the values to obtain GIC); 3) increase of GI for 

longer delamination if fiber bridging occurs. An example of such data are presented in [16]

for carbon fiber composites.

Fig. 2. Simple representation of compliance calibration method for calculating GIC.

GIC value, indicating the interfacial properties between the laminate plies, was calculated by 

Equation 1 [3],

a
C

b
PGIC 2

2
max

(1)

where b is the width of specimen and the best fitting curve to calculate a
C

was obtained by 

exponential function (Equation 2).
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BaAeaC )( (2)

3.4. Fatigue methodology

Fatigue testing was done in a displacement controlled mode on an Instron E3000 equipped 

with pneumatic grips and 250 N load-cell. Tension-tension fatigue with 0.1 R-ratio (R= /
) and 5 Hz frequency was carried out. Fatigue displacement level ( ) was set 

according to the average value of critical displacement [ ] obtained from static DCB 

tests, as described in the ASTM D6115 standard [4], see Equation 3.

5.02

2
max

avecr

(3)

Where is the displacement necessary for delamination growth beyond the insert film [4].

The value of [ ]  for the reference composite was 19 mm whereas for the composite with 

treated fibers was 14.5 mm. It should be mentioned that the second delamination length was 

used to calculate the critical value, assuming the first delamination right in front of the 

insert film was not representative and corresponded to the initiation rather than propagation of 

the crack. This is due to a typical resin rich region formed in front of the crack [1]. Fatigue 

tests were aimed for a total number of 1M cycles; however only a few samples reached this 

target value, for the rest the test had to be interrupted due to various technical issues. Load 

and displacement data were monitored during fatigue in order to analyze changes of 

compliance with number of cycles. These results were used to compare compliance changes 

in percentage for different samples. However, using the compliance method for calculating 

GIC in fatigue was not possible, since the crack did not show any significant propagation. The 

likely reason for this is the highly viscoelastic and viscoplastic nature of the RCF composite 

where the energy dissipation is the dominating mechanism rather than crack propagation. 

Nevertheless, the obtained results were still quantified by applying the beam theory [3], to 

calculate the apparent GIC (see Equation 4).

ba
P

GIC 2
3 maxmax (4)

3.5. Fractography
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The delamination surfaces of DCB specimens, undergone static as well as fatigue loading, 

were studied by electron scanning microscopy (SEM) in order to detect qualitative differences 

between treated and non-treated laminates. This was performed using JEOL JSM 5200 SEM 

Scanning Electron Microscope operating in high vacuum pressure (5·10-2 mbar) at 

accelerating voltage of 15 kV. The samples were previously sputtered with gold using 

BLAZER SCD 050 sputter coater under argon atmosphere to obtain high quality images.

4. Results and discussions

4.1. Chemical treatment 

SEM images of non-treated and treated RCF fabrics are shown in Fig. 3. Comparison of the 

surface topography of fibers in treated fabric against non-treated showed that the surface 

treatment was successfully achieved (non-treated filaments, in contrary to treated ones, 

exhibit smooth surfaces) [13].

Fig. 3. Non-treated (left) and treated (right) RCF fabric.

4.2. Static DCB

Typical load-displacement graphs of non-treated and treated samples are shown in Fig. 4, 

where each curve represents about 5 mm of crack propagation length. These graphs display 

higher loads required for introducing delamination in treated samples compared to non-treated 
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counterparts. Moreover, treated samples experienced more steps until total detachment of 

laminate surfaces.

Fig. 4. Typical load-displacement curves of non-treated and treated DCB samples.

In order to fit a function to the compliance curves, different fitting functions, such as 

exponential, polynomial 2nd and 3rd degree, were examined. Although, the 3rd degree 

polynomial function gave the closest fit (correlation R2 value closest to 1), it was too sensitive 

to small changes of the compliance. Hence was the exponential fit, showing the least scatter 

among samples, was used for calculations of energy release rate. The accuracy of the fitting 

function to the experimental data is demonstrated in Fig.5. 

Fig. 5. Example of exponential fitting function on a standard sized non-treated sample.
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The comparison of compliance as a function of crack length (functions fitted to the 

experimental data) for different specimens is shown in Fig. 6. 

Fig. 6. Summarizing plot of compliance values over crack lengths, i.e. standard size non-
treated samples as well as downscaled samples treated and non-treated.

The resulting energy release over crack length obtained by using Equation 1 is plotted in Fig. 
7.

Fig. 7. Graph of energy release over crack length, non-treated (standard and downscaled) and 
treated samples. There are two replicas per sample.

From the plateau value on the curves in Fig. 7, in the interval of 35<a<70, the average G

values for non-treated and treated samples were calculated and results are summarized in 

Table 3. 
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Table 3. Energy release rate, GIC, in non-treated and treated samples.

Material Non-treated-S Non-treated Treated
GIC (kJ/m2) 2.4 ± 0.6 2.5 ± 0.5 2.6 ± 0.6

It can be noted that standard and downscaled non-treated specimens produce very close 

results, thus downscaling of sample dimensions did not affect the measurements. GIC values 

are significantly higher than in conventional high performance composites [15,16]. This can 

be related to the RCF viscoelasticity and viscoplasticity which results in large amount of 

energy dissipation. Furthermore, slightly higher energy release rate in treated samples 

compared to the non-treated counterparts may be attributed to an improvement in interface 

adhesion in composites with treated fibers as well as enhanced wettability of fibers. Although 

GIC values for treated and non-treated specimens are very close and within the experimental 

scatter. This makes it difficult to make concrete conclusions about the improvement of 

interlaminar fracture toughness due to fiber treatment.

In order to make a more comprehensive quantitative analysis of the results, one should use 

numerical simulations (e.g. FEM) with a nonlinear material model. This type of analysis is 

out of the scope of this article. Nevertheless, a qualitative discussion is presented by analyzing 

stress-strain curves of studied materials.

The following graph in Fig. 8 shows the typical stress-strain curves of RCF bundles. 

Fig. 8. Typical stress-strain curves for non-treated and treated fiber bundles.
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These fibers can sustain very high strains and exhibit significant nonlinearity [6]. Since these 

curves undergo a drastic change of slope, two clear regions can be distinguished on them, 

before and after yielding. This yielding point for non-treated fibers is at 1.5% strain and at 2% 

strain for treated counterparts. Assuming that the fibers within composites are not subjected to 

very high strains during the DCB tests, only the first region on the stress-strain curve can be 

considered for obtaining the strain energy in material. The energies are calculated by the area 

below the curve in that region and presented in Table 4.

Table 4. Energy dissipated in tensile test of RCF 
bundles (average of 3 samples).

Fiber Mean energy (kJ/m2)
Non-treated 2.73 ± 0.35
Treated 3.46 ± 0.07

These results show that the energy dissipation by treated fibers is significantly higher than 

non-treated ones. Thus, the effect of the fiber surface treatment is shadowed by differences in 

performance of RCF which defines behavior of composites.

4.3. Fatigue DCB

In Fig. 9 the graph of compliance growth is plotted under fatigue cycles, non-treated and 

treated samples. Fatigue results show good repeatability.

Fig. 9. Compliance growth under fatigue, non-treated and treated samples.
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In Table 5 are GIC values reported using the beam theory. 

Table 5. Critical energy release rate measured in fatigue, 
calculated according to the beam theory.

Material* Non-treated Treated
GIC (kJ/m2) 2.4 ± 0.1 2.0 ± 0.1
* Specimens were all downscaled.

As it is seen the values are in contrary to static test results, i.e. the fracture toughness in 

treated samples is inferior to non-treated. It is possible that due to the higher strain rates under 

fatigue, as compared with static loading, the behavior of RCF has changed and the 

comparison between mechanical performance of non-treated and treated materials shows a 

different trend.

4.4. SEM fractography

SEM images of fracture surfaces for samples tested in static and fatigue loading are presented 

in Fig. 10 and Fig. 11, respectively. SEM images confirm the conclusions based on the 

comparison of fracture toughness data obtained from static tests. 

Fig. 10. SEM fractography of DCB static samples, non-treated (left) vs. treated (right).
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The fracture surface in treated samples is rough exhibiting fiber pullouts whereas in non-

treated samples smooth spots free of fibers are found (Fig. 11). Fiber wetting in treated 

samples is the indication for the improvement of compatibility between resin and fibers, when 

the surface of reinforcement is treated.

Fig. 11. SEM fractography of DCB fatigue samples, non-treated (left) vs. treated (right).

5. Conclusions

The attempt for characterizing the fracture toughness of RCF composites was made. This 

characterization was performed through static and fatigue DCB tests in order to compare the 

GIC values and to analyze the fracture surface of the tested specimens. The performance of the 

studied material is defined by fibers which are highly nonlinear. Due to the presence of fibers’ 

viscoelastic and viscoplastic effects, the composite exhibit highly nonlinear behavior as well. 

This complicates the analysis of DCB test results as well as the evaluation of fiber treatment 

effect on interlaminar fracture toughness of RCF based composites.

However, the following statements can be issued based on the obtained results and 

observations:

Extremely high GIC values found for both non-treated and treated samples indicate 

high energy dissipation due to nonlinear nature of the reinforcing fibers, which cannot 

be found in conventional (glass fiber , carbon fiber) composites. This however raises 
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the question of validity of results obtained by use of LEFM and also about the 

efficiency of the fiber treatment in terms of increasing fiber/matrix adhesion. In order 

to obtain more reliable data for fracture toughness of these composites one needs to 

implement advanced data processing method to separate energy dissipation by crack 

propagation and due to viscoelasticity and viscoplasticity of the material.

Even though the obtained values of GIC were inconclusive, the SEM fractography 

showed significant difference between composites with treated and non-treated fibers. 

Nevertheless, it cannot be directly related to the experimental data, since it is not only 

the crack propagation which is responsible for energy dissipation.

According to DCB data under fatigue, change of compliance is very rapid by number 

of cycles however the crack does not propagate. It can be concluded that energy 

dissipates by another mechanism (most likely through the internal energy of material).
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