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Abstract

During the past decade there has been a growing interest in the reinforcement of synthetic 
polymers with cellulose nanowhiskers and nanofibrillated cellulose (NFC) obtained from 
plants or bacteria. Their beneficial mechanical properties like high stiffness and strength, in 
combination with their low mass allowed successful reinforcement of water based polymer 
dispersions (latexes) for the production of solution cast composite films. 

However, the production of fully degradable or biocompatible nanocomposites containing 
NFC with high aspect ratio and diameters below 100 nm is still a challenging task. One of 
the main issues to overcome is irreversible agglomeration (hornification) of NFC. 
Hornification can occur during drying of aqueous NFC suspensions or during compounding 
of NFC with hydrophobic polymers and it can be explained with the formation of a large 
number of hydrogen bonds between the hydroxyl groups of adjacent nanofibrils. This 
process is accompanied by a considerable decrease of the NFC aspect ratio and 
consequently results in the complete loss of its beneficial properties. 

Therefore, the objective of this PhD work was to chemically functionalize NFC in order to 
prevent hornification during drying and to develop novel bionanocomposites with well 
dispersed NFC, displaying improved properties compared to the neat polymers. Successful 
preparation of such bio-based composites could open up ways to new applications in e.g. 
medicine, bio-packaging or horticulture. 

In this study, a method for the preparation of water-redispersible NFC in powder form 
was developed, comprising carboxymethylation and mechanical disintegration of refined, 
bleached beech pulp (RBP). The powders formed stable gels when dispersed in water and 
SEM images confirmed that carboxymethylation had successfully prevented hornification 
of NFC during drying. Dynamic mechanical analysis (DMA) of poly(vinyl acetate) latex 
composites showed that carboxymethylation did not negatively influence the reinforcing 
potential of NFC. Consistently, the reinforcing potential of c-NFC was not altered by the 
drying procedure, as was shown by DMA experiments and tensile tests of hydroxypropyl 
cellulose composites containing dried and never-dried c-NFC. In a subsequent study, 
bionanocomposites were developed by UV-photopolymerization of N-vinyl-2-pyrrolidone 
in presence of a trimethacrylate crosslinker and water-redispersed c-NFC powder to yield a 
biocompatible hydrogel for the replacement of degenerated human Nucleus Pulposus (NP) 
in intervertebral discs. The native structure and function of the NP was mimicked by the 
randomly oriented c-NFC fibrils in the hydrogel matrix. The biocomposite hydrogels 
showed similar values for swelling ratio and modulus of elasticity in compression, 
compared to native NP. A final study focused on the feasibility of an industrial up-scaling 
of poly(lactic acid) composites containing compatibilized c-NFC using extrusion. 
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1 Introduction 

Nanocomposites can be described as engineered structures consisting of two or more 
materials with different physical or chemical properties of which one component has at 
least one dimension in the nanometer scale (below 100 nm). The use of such building 
blocks makes it possible to design and create new composite materials with high flexibility 
and improvement in their properties, far beyond the possibilities of their constituting, single 
components. The most convincing examples of such designs are naturally occurring, 
hierarchical structures found in nature, such as bone or wood. Mimicking the structure and 
function of naturally occurring systems, scientists have started to devise synthetic strategies 
for the development of nanocomposites. If such nanocomposites are biodegradable, 
biocompatible or entirely based on renewable resources, they are termed bionano-
composites (Ajayan et al. 2003). 

Wood is a natural bionanocomposite with cellulose fibrils in a matrix of lignin and 
hemicelluloses. Understanding its complex and fascinating hierarchical structure has 
engaged scientists over decades and yet not all mysteries have been unraveled (O’Sullivan 
1997; Klemm et al. 2005; Diotallevi and Mulder 2007). The isolation of cellulose structures 
in the nano scale (nanofibrillated cellulose (NFC) and cellulose whiskers) for the 
reinforcement of polymer matrices to develop novel nanocomposites, has experienced 
increasing interest among researchers during the past decade (Hubbe et al. 2008; Siró and 
Plackett 2010). 

In this chapter, an overview on the basic strategies for purification of cellulose from wood 
(pulping processes) is given and the molecular und supramolecular structure of cellulose is 
explained. Isolation of nanofibrillated cellulose and cellulose whiskers is described, 
followed by a short review of selected nanocomposites prepared thereof. The introduction 
is completed with a short overview on the two other main components of wood, lignin and 
hemicelluloses and a description of the hornification effect occurring during drying of 
cellulose. 

The aim of this work was to isolate NFC with fibril diameters below 100 nm and to 
develop a method to dry the material to a water-redispersible powder, preventing 
hornification (irreversible agglomeration of fibrils to large aggregates) and therefore 
preserving its fibrillar structure. Furthermore, novel bionanocomposites containing the NFC 
powders and a biopolymer matrix should be prepared, displaying improved properties 
compared to the neat polymers. Successful preparation of such bio-based composites could 
open up ways to new applications in e.g. medicine, bio-packaging or horticulture. 
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1.1 Pulping Processes 

Pulp consists of cellulose fibers, usually acquired from wood. The liberation of these 
fibers from the wood matrix can be done in two ways, either mechanically or chemically. 
Mechanical methods are energy consuming; however they make use of almost the whole 
wood material. In chemical pulping, only approximately half of the wood becomes pulp, 
the other half is dissolved. However, modern chemical pulping mills efficiently recover the 
chemicals and burn the remaining residues. The combustion heat covers the whole energy 
consumption of the pulp mill (Ek et al. 2009). 

1.1.1 Mechanical Pulping 

Groundwood pulp is produced by pressing round wood logs against a rotating cylinder 
made of sandstone, scraping the fibers off. Another type of mechanical pulp is refiner pulp, 
obtained by feeding wood chips into the center of rotating, refining discs in the presence of 
water spray. The disks are grooved, the closer the wood material gets to the edge of the 
disk, the finer the pulp (Ek et al. 2009). 

Apart from fibers released from the wood matrix, mechanical pulp also contains fines. 
These are smaller particles, such as broken fibers, giving the mechanical pulp its specific 
optical characteristics (Sjöström 1993, Ek et al. 2009). 

1.1.2 Chemical Pulping 

The most often applied strategy to isolate fibers from the wood compartment is to remove 
the matrix substance lignin. Delignification is done by degrading the lignin molecules, 
bringing them into solution and removing them by washing. However, there are no 
chemicals being entirely selective towards lignin. Therefore, also a certain amount of the 
carbohydrates (cellulose and hemicelluloses) is lost in this process. In addition, complete 
removal of lignin is not possible without severely damaging the carbohydrates. After 
delignification, some lignin is therefore remaining in the pulp and this amount is 
determined by the pulp’s kappa number. Of all pulp produced worldwide, almost three 
quarters are chemical pulp, of which the major part is produced by the kraft process 
(Sjöström 1993; Ek et al. 2009). 

The kraft process (or sulphate process) is the dominant chemical pulping method 
worldwide. The cooking chemicals used are sodium hydroxide (NaOH) and sodium sulfide 
(Na2S), with OH- and HS- as the active anions in the cooking process. The hydrogen sulfide 
is the main delignifying agent and the hydroxide keeps the lignin fragments in solution. 
Optionally, only sodium hydroxide can be used as cooking chemical and this process is 
called soda cooking (Sjöström 1993; Ek et al. 2009). 
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The sulfite process involves dissolving lignin with sulfurous acid (H2SO3) and hydrogen 
sulfite ions (HSO3

-) as active anions in the cooking process. More recently developed 
pulping methods include the use of organic solvents as ethanol, methanol and peracetic acid 
(CH3CO3H) for delignification (Sjöström 1993; Ek et al. 2009).  

As a final step, the pulp can be bleached, to obtain a whiter product with lower amounts of 
impurities and improved ageing resistance (yellowing and brittleness resistance). These 
effects are mainly connected to lignin in chemical pulp. In several stages, different 
chemicals are used for bleaching, e.g. hydrogen peroxide (H2O2), chlorine dioxide (ClO2), 
ozone (O3) or peracetic acid (Sjöström 1993; Ek et al. 2009). 

Comparing the kraft process and the sulfite process, there are numerous differences 
between the final pulps obtained. Sulfite pulps are more readily bleached and are obtained 
in higher yields. They are also more readily refined and require less power for refinement. 
On the other hand, paper from Kraft pulps is generally stronger compared to paper from 
sulfite pulp, even though the degree of polymerization is lower in Kraft pulp cellulose 
(Young 1994). 

1.2 Cellulose 

Cellulose is mainly isolated from wood, but it can also be obtained from other vascular 
plants like corn or wheat. Other sources of cellulose include various algae (Valonia, 
Oocystis apiculata), tunicates and even bacteria (Gluconacetobacter xylinus). Depending 
on the source of cellulose, its structure can vary considerably. 

1.2.1 The Structure of Cellulose 

Cellulose is composed of polymer chains consisting of unbranched �(1�4) linked  
D-glucopyranosyl units (anhydroglucose unit, AGU) (Fig. 1.1). The length of these �(1�4) 
glucan chains depends on the source of cellulose. For wood, a degree of polymerization 
(DP) of up to 10’000 was found. However, such large chains of insoluble molecules are 
difficult to measure, due to enzymatic or mechanical degradation during analysis 
(O’Sullivan 1997; Klemm et al. 2005). 

Three hydroxyl groups, placed at the positions C2 and C3 (secondary hydroxyl groups) and 
C6 (primary hydroxyl groups) can form intra- and intermolecular hydrogen bonds. These 
hydrogen bonds allow the creation of highly ordered, three-dimensional crystal structures. 
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Fig. 1.1  Anhydro-cellobiose unit consisting of two anhydroglucose units (AGU) linked 

by a �(1�4) glycosidic bond. In this notation, the degree of polymerization (DP) 
corresponds to n/2. 

In vascular plants the glucan chains are synthesized in transmembrane protein complexes, 
called cellulose synthase complex (CSC) or terminal complex (TC). The TC consists of a 
globule in the center and six hexagonally arranged particles that form a rosette which has a 
diameter of around 25nm (Fig. 1.2). Freeze-fractured samples of plant cell walls proved the 
existence of the rosette in the plasmatic face of the plasma membrane (Fig. 1.3 left). In 
current opinion, each of the six lobes of this rosette consists of six enzymes, the cellulose 
synthases. The synthases each polymerize a single glucan chain, using uridine diphosphate 
glucose (UDP-glucose) as a substrate. The individual chains then assemble and crystallize 
to a single cellulose microfibril (MF) with a diameter of 3.5nm (for wood), by implication 
consisting of 36 glucan chains (Diotallevi and Mulder 2007). However, the actual number 
of active catalytic subunits, defining the number of glucan chains per microfibril has never 
been experimentally demonstrated and is still subject of research (Besseuille and Bulone 
2008). In this context it has to be mentioned that the term “microfibril” is a historical term 
and defines the smallest entity that can be isolated from the cell wall structure. It does not 
reflect the real nano size of these fibrils which is in the range of 3 to 30nm, depending on 
the source of the cellulose. 

100nm 100nm 10nm 

 
Fig. 1.2 Electron micrographs from freeze-fractured samples of a plant cell wall, showing 

the imprint of a terminal complex in the exoplasmatic face of the plasma 
membrane (left) the outward-facing side of a TC, the particle-rosette with a 
characteristic depression of the plasma membrane (middle) and a close-up of the 
particle-rosette with the typical six-folded symmetry (right) (Diotallevi and 
Mulder 2007). 
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A second form of terminal complexes was observed in different algae and in the 
bacterium Gluconacetobacter xylinus, showing linear arrays of synthesizing enzymes (Fig. 
1.3 right) of varying number, depending on the organism (Delmer 1987; Besseuille and 
Bulone 2008). 

 
Fig. 1.3  Schematic drawings of terminal complexes observed by freeze-fracture of 

plasma membranes. Rosettes and globules are found in cellulosic algae and in 
lower and higher plants. The rosettes fracture with the plasmatic face, while the 
globules fracture with the exoplasmatic face of the plasma membrane (left). 
Linear terminal complexes are found in some cellulosic algae and 
Gluconacetobacter xylinus (right). MF = microfibril (Delmer 1987). 

The biosynthesis of the glucan chains is closely linked to the assembly and crystallization 
of the glucan chains into highly ordered (crystalline) domains within a microfibril. Native 
cellulose (cellulose I) occurs in two different crystalline forms (suballomorphs) designated 
I� and I�, coexisting in variable portions depending on the origin of the cellulose. While 
cellulose I� consists of triclinic unit cells the I� allomorph (which is predominant in higher 
plants) exhibits a monoclinic type of unit cells. Cellulose II (another allomorph) has been 
rarely found in nature (e.g. in the marine algae Halicystis) but it can be produced artificially 
from cellulose I by regeneration or mercerization. The regeneration process involves 
dissolution of the cellulose in a specific solvent (e.g. N-methylmorpholine-N-oxide), while 
in the mercerization process the cellulose is only swollen in aqueous sodium hydroxide. In 
both processes, a final re-crystallization step leads to the final cellulose II, which is 
thermodynamically more stable than the cellulose I allomorph. Interestingly, there has been 
strong evidence that cellulose II consists of antiparallel chains, opposed to the parallel 
arrangement of the glucan chains in cellulose I (Besseuille and Bulone 2008). However, 
this is still subject of intense discussion. Apart from these structures, there are further 
allomorphs of cellulose known, namely cellulose III and cellulose IV (Fig. 1.4) (O’Sullivan 
1997; Klemm et al. 2005). 
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Fig. 1.4  Interconversion of the polymorphs of cellulose (O’Sullivan 1997). 

As illustrated above, the glucan chains of several cellulose synthases assemble and merge 
into a single microfibril, giving rise to a highly ordered structure. However, these 
microfibrils are not perfectly crystalline; they also show para-crystalline (amorphous) 
domains of low order and defects. The generally accepted model is the fringed-fibrillar 
model, proposing that the single glucan chains pass through an irregular pattern of 
amorphous and crystalline domains (Fig. 1.5) (Fink et al. in Kennedy et al. 1993; Klemm et 
al. 2005). During hydrolysis in acidic environment, the glucan chains are preferably cut in 
the amorphous domains. The resulting microfibril fragments are called whiskers due to 
their typical slender, rod-like shape. 

 
Fig. 1.5 Various models of the structure of single microfibrils (Fink et al. in Kennedy et 

al. 1993). 

The single microfibrils then pack to larger bundles (fibril bundles, fibril agglomerates), 
hold together by the matrix substances (hemicelluloses, lignin and pectin). As the skeletal 
component in all plants, cellulose is organized in a cellular hierarchical structure. The wood 
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cell walls (Fig. 1.6) are divided by a compound middle lamella, consisting of the middle 
lamella and the primary cell wall layer. The secondary cell wall layer is divided into S1, S2 
and S3 with the S2 layer containing the main quantity of cellulose (Core et al. 1979, Fengel 
and Wegener 1989). 

 
Fig. 1.6 Structural design of the wood cell wall (modified after Côté in Core et al. 1979). 

The cellulose microfibrils organized in the cell walls have characteristic orientations 
(microfibril angles), which differ depending on the cell wall layer and according to the 
plant type. This orientation of the microfibrils is probably directed by microtubules, which 
have often been found in a parallel orientation to the microfibrils. It is supposed that during 
the biosynthesis of the glucan chains the TC is driven backwards by the force generated 
from the rigid microfibrils and that this movement is guided by restriction of lateral 
movement within channels of oriented microtubules (Delmer 1987). 

The orientation of the microfibrils has a strong effect on the mechanical properties of the 
fibers of various plant types. For instance, low microfibril angles like in S2 (with 
microfibril orientation almost parallel to the fiber axis) give rise to a large modulus of 
elasticity, while large angles lead to higher elongation at break (Klemm et al. 2005). As a 
consequence of its fibrillar structure and the large amounts of hydrogen bonds, cellulose 
has a high tensile strength. It is therefore the structural element of a plant that bears the load 
in tensile mode (Sjöström 1993). 

ML middle lamella 
P primary cell wall layer 

S1 secondary cell wall layer 1 
S2 secondary cell wall layer 2 
S3 secondary cell wall layer 3 

compound middle 
lamella
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1.2.2 Nanofibrillated Cellulose 

The first successful isolation of cellulose microfibrils was reported in 1983 (Turbak et al. 
1983; Herrick et al. 1983). Using a Gaulin laboratory homogenizer, dilute slurries of cut 
cellulose fibers from softwood pulp were subjected to high shear forces to yield 
individualized cellulose microfibrils. The resulting gels showed a clear increase in viscosity 
after several passes through the homogenizer. After carbon dioxide critical point drying of 
mechanically disintegrated cellulose fibers, scanning electron microscope (SEM) images 
revealed a network of isolated microfibrils and fibril aggregates (Fig. 1.7). 

 
Fig. 1.7 SEM image of softwood pulp after 10 passes through a homogenizer at 55 MPa 

pressure at a magnification of ca. 10’000x (Herrick et al. 1983). 

As mentioned before, the term microfibril is missleading as it does not reflect the real 
dimensions of the fibril. Furthermore, it is not possible to obtain a perfectly homogeneous 
sample of single cellulose microfibrils. Therefore, mechanical disintegration of pulps 
usually aims at the isolation of cellulose fibril aggregates having diameters below 100 nm. 
In this work, such cellulose portions are termed nanofibrillated cellulose. 

Some of the first nanocomposites containing NFC were prepared in 1983 (Boldizar, 
Klason and Kubát 1983). Softwood pulp was hydrolyzed in 2.5M hydrochloric acid (HCl) 
at 105°C and afterwards pumped through a slit homogenizer. By varying the hydrolysis 
time and the number of passes through the homogenizer several NFC gels were prepared. 
These gels were then mixed with poly(vinyl acetate) (PVAc) and films were cast from these 
suspensions. The authors reported a clear increase in MOE of the nanocomposites (up to 
2’900 MPa) compared to the neat PVAc matrix (63 MPa) from tensile tests. In the same 
work, the NFC was also mixed with a poly(styrene) (PS) matrix. The mixture was then 
dried to a solid, ground and finally injection molded. However, there was only a rather 
small reinforcing effect. This was attributed to the drying process of the NFC that reduced 
its aspect ratio and led to agglomerates within the composites, as observed under the SEM 
(Boldizar, Klason and Kubát 1983). 
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The problem of irreversible agglomeration (or hornification, see chapter 1.5) of cellulose 
upon drying for the preparation of polymer nanocomposites from powder form could not be 
solved in the following years. Several techniques were suggested, as for instance reaction 
injection moulding (RIM). In this process, the monomers are proposed to be injected into a 
mould and polymerized in the presence of the NFC (Zadorecki and Michell 1989). 
However, for almost one decade there was little interest in the preparation of 
nanocomposites from NFC. 

In 1998, the preparation of nanocomposites containing NFC and starch as a matrix was 
reported (Dufresne and Vignon 1998). Dynamic Mechanical Analysis (DMA) showed that 
the storage modulus in the rubbery plateau of starch was clearly increased when the 
polymer was reinforced with NFC. This increase in storage modulus in the rubbery plateau 
of a thermoplastic matrix upon compounding with NFC was attributed to the formation of a 
percolating NFC network. This network is created due to a large amount of hydrogen bonds 
between the isolated fibrils and provides a drastic increase in stiffness of the composite, 
originating from the rigidity of the network (Dufresne and Vignon 1998). 

Other hydrophilic polymer matrices like poly(vinyl alcohol) (PVOH) or hydroxypropyl 
cellulose (HPC) were used to prepare nanocomposites containing NFC. Tensile tests 
showed that both, MOE and tensile strength were significantly increased upon addition of 
NFC to the polymer matrices (Zimmermann et al. 2004). 

In addition, also more hydrophobic polymers, like polyurethane were used as a matrix for 
the preparation of nanocomposites. In a film-stacking method, thin films of dried NFC and 
polyurethane were stacked and compression molded. Also for this method, the thermal 
stability of the composite was clearly increased compared to the neat polyurethane. Again, 
this was attributed to a percolating network of NFC (Seydibeyo�lu and Oksman 2008).  

In the last few years, research on nanocomposites containing NFC has been noticeably 
intensified. This development is reflected by a number of detailed reviews, providing a 
detailed overview on this research topic (Hubbe et al. 2008; Siró and Plackett 2010). 

1.2.3 Cellulose Whiskers 

One of the first reports on nanocomposites containing cellulose whiskers was presented in 
1995 (Favier et al. 1995). Mantles of tunicates (a worm-like sea animal) were cut in small 
fragments and bleached, followed by a disintegration process using a blender and a Gaulin 
laboratory homogenizer. The resulting suspension was then hydrolyzed with 55% w/w 
sulfuric acid (H2SO4). SEM images revealed rod-like, highly crystalline cellulose whiskers 
with diameters and lengths in the nano scale (Fig. 1.8). 
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Fig. 1.8 SEM image of rod-like cellulose whiskers from tunicates after a disintegration 

process, followed by hydrolysis in sulfuric acid (Favier et al. 1995). 

The reinforcing effect of cellulose whiskers was compared to the effect of NFC in a 
poly(styrene-co-butyl acrylate) latex. It was showed that both fillers led to an increase in 
tensile modulus and tensile strength. However, the incorporation of NFC resulted in 
significantly higher values, due to the entanglements between the fibrils leading to a rigid 
network of NFC. In addition, DMA analysis showed a higher thermal stability (higher 
storage modulus) in the rubbery state of the polymer latex when reinforced with NFC, 
compared to whiskers. (Azizi Samir et al. 2004). 

Nanocomposites containing cellulose whiskers and poly(lactic acid) (PLA) were prepared 
by extrusion. The whiskers were prepared by swelling microcrystalline cellulose in N,N-
dimethylacetamide / lithium chloride (DMAc/LiCl), followed by ultrasonication of the 
suspension. To avoid the problem of aggregation of the whiskers during drying, the 
suspension was fed directly into the polymer melt during the extrusion process. The vapor 
generated by feeding the whisker suspension was removed by several venting systems. 
However, the suspension enhanced thermal degradation of the whiskers. The addition of 
poly(ethylene glycol) (PEG) improved the dispersion of the whiskers in PLA. However, the 
nanocomposites did not show improvements in mechanical properties compared to neat 
PLA. This was mainly attributed to the combination of the used additives (DMAc/LiCl and 
PEG) (Oksman et al. 2006). 

Another approach to prepare nanocomposites containing cellulose whiskers and PLA 
comprised the use of a surfactant on the whiskers. The surfactant treated whiskers were 
freeze-dried and dispersed in chloroform under ultrasonication. Thin films were cast from 
the mixtures in silicon molds. SEM images showed an increase in the dispersion of the 
surfactant modified whiskers within the PLA compared to the dispersion of conventional 
whiskers. In addition, DMA analysis showed an interaction between the PLA matrix and 
the surfactant modified whiskers due to a shift of the glass temperature (tan � peak) of 22K 
(Petersson, Kvien and Oksman 2007). 
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In recent years, the number of works on the preparation of nanocomposites containing 
cellulose whiskers has clearly increased. A more detailed overview on this topic can be 
obtained from several reviews (Hubbe et al. 2008; Siró and Plackett 2010). 

1.3 Lignin 

The matrix substance lignin can be isolated from extractive-free wood as an insoluble 
residue after hydrolytic removal of the polysaccharides (cellulose and hemicelluloses). 
Klason lignin is obtained after removing the polysaccharides with 72% sulfuric acid for 2h 
(primary hydrolysis) and with 3% sulfuric acid under reflux at boiling temperature for 4h 
(secondary hydrolysis). The drawback of this method is the extensive change in the 
structure of the lignin. Other methods apply the use of enzymes to remove the 
polysaccharides. These routes are tedious, but the resulting cellulolytic enzyme lignin 
retains its original structure essentially unchanged (Sjöström 1993). 

1.3.1 The Structure of Lignin  

The matrix substances in the natural composite of wood are the lignins. Their basic 
function in the wood composite is to carry the compression loads acting on the cell walls. 
Lignins are amorphous polymers of phenylpropane units. In addition to the propane group, 
the phenyl rings are often substituted with hydroxyl, methoxy, alkoxy or aryloxy groups. In 
wood, there are typically two main phenylpropane units. Guaiacyl lignin occurs in almost 
all softwoods and is largely a polymerization product of coniferyl alcohol, containing a 
hydroxyl and a methoxy group at the phenylpropane unit. Guaiacly-syringyl lignin, typical 
for hardwoods, is a copolymer of coniferyl and sinapyl alcohols. The syringyl lignin 
contains a hydroxyl and two methoxy groups. Finally, compression wood has a high 
proportion of p-hydroxyphenyl units in addition to the guaiacyl units (Fig. 1.9) (Sjöström
1993). 

 
Fig. 1.9 The two main components of lignin in wood, the guaiacyl group in softwood 

(left) and the syringyl group (co-polymerized with guaiacyl groups) in hardwood 
(middle left) and the p-hydroxyphenyl group in compression wood (middle 
right). The propane groups can have various hydroxyl, ketone or aldehyde 
groups (right) (Sjöström 1993). 
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Only relatively few of the phenolic hydroxyl groups are free, most of them are occupied 
through linkages to neighboring phenylpropane units. Especially the syringyl units in 
hardwood lignin are extensively etherified. However, there are large individual variations 
among the wood species concerning the ether and ester linkages in lignin. Even within the 
cell walls, the composition of lignin varies. In an attempt to illustrate a general structure of 
lignin, Adler’s formula represents a segment of a lignin macromolecule with some 
examples of typical phenylpropane units (Fig. 1.10) (Sjöström 1993). 

 
Fig. 1.10 A structural segment of softwood lignin proposed by Adler in 1977 (Sjöström 

1993). 

1.4 Hemicelluloses 

The main function of the hemicelluloses is to crosslink the cellulose fibrils with the lignin 
matrix. The hemicelluloses and celluloses together are often referred to as holocellulose. In 
contrast to cellulose, the hemicelluloses are heteropolysacharides, with their monomeric 
components consisting of anhydrohexoses (D-glucose, D-mannose and D-galactose), 
anhydropentoses (D-xylose and L-arabinose) and Anhydrouronic acids (D-glucuronic acid, 
D-galacturonic acid). Most hemicelluloses have a DP of only 200. Some wood 
hemicelluloses are extensively branched and are readily soluble in water. An example is 
Gum Arabic which is exuded as a viscous fluid at sites of injury of tropical trees. 
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Hemicelluloses usually account for 20 to 30% w/w of the dry weight of wood. The 
composition and structure of the hemicelluloses in softwood differ in a characteristic way 
from those in hardwoods (Sjöström 1993).  

1.4.1 The Structure of Hemicelluloses  

In softwood, the principal hemicelluloses are galactoglucomannans (about 20%). Their 
backbone consists of a linear chain built up by �(1�4) linked D-glucopyranose and 
�(1�4) linked D-mannopyranose units. The �-D-galactopyranose units are linked as a 
single unit side chain to the framework by (1�6) bonds (Fig. 1.11). The 
galactoglucomannans can be roughly divided in two groups, one with low galactose content 
(galactose:glucose:mannose 0.1:1:4) and one with a higher amount of galactose (1:1:4). 

 
Fig. 1.11 Principal structure of galactoglucomannans. Sugar units: �-D-glucopyranose (�-

D-Glc); �-D-mannopyranose (�-D-Man); �-D-galactopyranose (�-D-Gal) 
(Sjöström 1993). 

In addition to galactoglucomannans, softwoods also contain arabinoglucuronoxylan 
(about 5-10%). It is composed of a linear framework of �(1�4) linked D-xylopyranose 
units. Partially, they are substituted at the C2 by 4-O-methyl-�-D-glucuronic acid groups. 
In addition, the framework contains also some �-L-arabinofuranose units (Fig. 1.12). 

 
Fig. 1.12 Principal structure of arabinoglucuronoxylan. Sugar units: �-D-xylopyranose (�-

D-Xyl); 4-O-methyl-�-D-glucopyranosyluronic acid (�-D-GlcA); �-L-
Arabinofuranose (�-L-Ara) (Sjöström 1993). 
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Other polysaccharides in softwoods are arabinogalactan (predominantly in larches), starch 
(which is composed of amylose and amylopectin) or pectic substances. 

In hardwood, the major hemicellulose component is an O-acetyl-4-O-methylglucurono-�-
D-xylan, sometimes called glucuronoxlyan. Depending on the hardwood species, the xlyan 
content varies within 15-30% w/w of the dry wood. The backbone consists of �(1�4) 
linked D-xylopyranose units. About seven of ten xylose units contain an O-acetyl group at 
the C2 or C3. In addition, per ten xylose units there is on average one (1�2) linked 4-O-
methyl-�-D-glucuronic acid residue (Fig. 1.13). 

 
Fig. 1.13 Principal structure of glucuronoxlyan. Sugar units: �-D-xylopyranose (�-D-Xyl); 

4-O-methyl-�-D-glucopyranosyluronic acid (�-D-GlcA) (Sjöström 1993). 

In addition to xlyan, hardwoods also contain glucomannan (about 2-5%). It is composed 
of a linear framework of �(1�4) linked D-glycopyranose and D-mannopyranose units. The 
ratio between glucose and mannose varies between 1:1 and 1:2. The structure of 
glucomannan is the same as for galactoglucomannan in Figure 1.11 when omitting the 
galactopyranose residue. As for the softwoods, there are minor amounts of other 
polysaccharides present in hardwoods, partly of the same type (Sjöström 1993). 

1.5 Hornification 

The strength properties of paper made from dried and rewetted low-yield pulp (kraft pulp) 
are inferior to those of paper made from the same fibers that were never dried. More 
precisely, repeated drying of pulp results in a progressive loss of its swelling ability and in a 
decrease of its burst, fold and tensile strength. This loss in strength is typical for recycled 
fibers, originating from a structural change in the cell wall, called hornification. High-yield 
pulp is hardly affected by this process (Jayme 1944; Lindström and Carlsson 1982; Scallan 
and Tigerström 1992). 



 Introduction 

15

The structural change in the cell wall was attributed to irreversible agglomeration of 
microfibrils of neighboring lamellae (tangentially oriented planes of microfibrils) between 
and within the different layers of the cell wall. During swelling of pulp (Fig. 1.14) adjacent 
microfibrils of neighboring lamellae are debonded by suitable agents. During drying, 
additional hydrogen bonds are formed irreversibly between the microfibrils of neighboring 
lamellae and the pores in the cell wall structure close (Scallan 1974; Lindström and 
Carlsson 1982). 

A B

D C

 
Fig. 1.14 Cell-wall model for the swelling process: fiber wall dried from water (A), 

initiation of swelling by suitable swelling agents (B), further breaking of 
hydrogen bonds by water in an intermediate state of swelling (C) and complete 
delamination (swelling) of the lamellae (D) (Scallan 1974). 

To estimate the degree of hornification, the water retention value (WRV) can be 
measured, which is the amount of water retained by a pad of wet pulp after centrifugation 
for ten minutes at 2300 rpm. The WRV of Kraft pulp decreases significantly upon repeated 
drying and redispersion of the fibers in water (Jayme 1944).  

The introduction of carboxylate groups in their deprotonated form onto cellulose fibers led 
to an increase in the WRV value for dried and redispersed fibers. For a sufficiently large 
amount of carboxylate groups (corresponding to a DS of approximately 0.05), the WRV 
remained constant, regardless of the pulp being dried or not. In the protonated form, there 
was no effect of the carboxyl groups on the WRV, suggesting severe hornification of the 
pulp upon drying (Lindström and Carlsson 1982). 

There were two mechanisms suggested by the authors to understand these effects. The 
first explanation involved the ability of the carboxyl groups in their protonated form to 
establish hydrogen bonding. In their deprotonated form, however, the ability of the 
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carboxylate groups to form hydrogen bonds was regarded to be lower. This in turn might 
then create interruptions in the sequence of consecutive hydrogen bonds between 
microfibrils of neighboring lamellae. A second suggestion was the formation of ester bonds 
between the carboxyl groups and hydroxyl groups of adjacent microfibrils under acidic 
conditions, as for instance lactone formation (Lindström and Carlsson 1982). 

However, the mechanism of hornification as well as the effect of the carboxylate and 
carboxyl groups on the hornification process does not seem completely convincing. First, 
the carboxylate group can also interact with the proton of an alcoholic group (in a type of 
hydrogen bonding through the delocalized negative charge). And second, the formation of a 
lactone (or an ester in general) requires energy and is therefore not expected to occur during 
drying at room temperature. 

Nevertheless, it was shown that carboxymethylation of cellulose is a suitable method to 
prevent hornification of the fibers during drying. 

1.6 Objectives 

The first aim of this PhD work was to isolate NFC from a never-dried wood pulp (refined 
and bleached beech pulp, RBP) and chemically modify it in a way that allows drying the 
product to a powder without affecting its fibrillar structure. The powder must be 
redispersible in water and show equal or at least similar mechanical and structural 
properties after dispersion, as the original untreated NFC. 

In a second part of the studies, the NFC powder was intended to be used for the 
development of bionanocomposites with tailored properties. For this purpose, further 
chemical modification of the NFC powder was envisaged in order to guarantee sufficient 
interaction at the interface of the two components. Favorably, the methods and chemical 
modifications selected to achieve these goals could be scaled up to an industrial level. 
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2 Experimental Procedures 

2.1 Materials 

Refined and bleached beech pulp (RBP) was provided by J. Rettenmaier & Söhne GmbH, 
Rosenberg, Germany (Arbocel B1011, MAGU = 162.14 g/mol, 10.0% w/w aqueous 
suspension). Carboxymethylation of the pulp was performed with mono-chloroacetic from 
Merck (sodium salt, purity � 98%, M = 116.48 g/mol). A commercial poly(vinyl acetate) 
(PVAc) latex, VN 1693 (Collano AG, Switzerland) with a solids content of 49.5 ± 0.1% 
was used as a matrix for the preparation of nanocomposites with NFC. The latex is an 
aqueous suspension of PVAc particles stabilized by PVOH and it does not contain cross-
linking agents. Hydroxypropyl cellulose (HPC) with a molecular substitution (MS) of 3.4 – 
4.4 and a weight-average molecular weight (Mw) of 100’000 was purchased from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany). Tween® 20 and N-vinyl-2-pyrrolidone were 
purchased from Sigma-Aldrich (Buchs, Switzerland). Irgacure 2959 photoinitiator was 
obtained from Ciba Specialty Chemicals (Basel, Switzerland). Poly(lactic acid) (PLA, 2002 
D grade, Nature worksTM) was provided by Cargill Dow LCC (Minnetonka, MN, USA). 

2.2 Mechanical Isolation of NFC 

Isolation of NFC from the RBP raw material was performed in a three step procedure. 
First, the pulp was dispersed and swollen in water. Second, it was mechanically pre-treated, 
using an Ultra-Turrax system (Megatron MT 3’000, Kinematica AG, Luzern, Switzerland) 
(Fig. 2.1 left). Finally, the fibrils were mechanically isolated from the pulp in a high-shear 
laboratory homogenizer (Microfluidizer type M-110Y, Microfluidics Corporation, USA) 
(Fig. 2.1 rigtht). 

The swelling of the pulp and the mechanical pre-treatment using the Ultra-Turrax system 
was crucial for a continuous and smooth operation of the laboratory homogenizer. Large 
fiber fragments or impurities were found to clog the interaction chambers. Within these 
chambers the pre-treated aqueous fiber suspension is forced through thin capillaries (with 
diameters between 75 and 400 �m, depending on the chamber type) of specific geometries 
under large pressure (typically around 100MPa). Due to the high pressure, there occur high 
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shear-forces at the edges of the capillaries that lead to a disruption of the fibers into smaller 
fibril aggregates.  

The mechanically treated fibril suspension is then cooled and fed back to the suspension 
tank. By measuring the flux (throughput of suspension in weight per time) the number of 
passes can be determined. The final product is yielded as a suspension with a concentration 
of approximately 1 to 2 % w/w. 

Fig. 2.1 Photographs of the inline-dispersing system containing a 10L glass reactor and 
an Ultra-Turrax (left) and of the laboratory homogenizer with the two interaction 
chambers (right).

Optionally, the glass reactor (Fig. 2.1 left) was used to perform a carboxymethylation 
reaction onto the RBP under reflux at controlled temperature (60°C). The chemical 
modification of the fibers can be done after or before the isolation of the fibrils using the 
laboratory homogenizer. 

2.3 Nanocomposite Processing 

The bionanocomposites developed during this study were prepared using different 
processing methods.  

Solution casting was applied for composites containing PVAc or HPC. Homogeneous 
dispersions of (unmodified or chemically modified) NFC in water were mixed with 
aqueous polymer solutions and homogenized with a high-shear blender (T 25 basic, IKA-
Werke, Staufen, Germany). The suspensions were then degassed under vacuum, cast into 
silicon molds and finally dried at ambient for several days. 

A reactor tank 10L 
B valve for connection to 
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C Ultra-Turrax 
D feeding inlet of reactor tank 
E reflux cooler 
F heating/cooling system for 
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1 suspension tank 
2 air pressure pump 
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UV-photopolymerization was used for the preparation of in-situ polymerized 
bionanocomposite hydrogels. Homogeneous dispersions of (unmodified and chemically 
modified) NFC in water, initiator, N-vinyl-2-pyrrolidone monomer and a methacrylate 
crosslinker based on Tween® 20 were cast in cylindrical silicon moulds and exposed to UV 
light (270 to 370 nm) for 30 min. After polymerization, the hydrogels were swollen in a 
phosphate buffered saline (PBS) solution. 

Extrusion was applied for the preparation of bionanocomposites containing chemically 
modified NFC in PLA because this method is suitable for large scale processes. The co-
rotating twin-screw extruder (Coperion W&P, Stuttgart, Germany) contained 7 heating 
zones (set to 165, 170, 170, 180, 180, 190 and 200°C, respectively). The screw speed was 
set to 150 rpm. The extrudate was cooled in a water bath and pelletized. The pellets were 
dried at 50°C and injection molded using a Haake MiniJet laboratory injection molding 
machine (Thermo Scientific, Karlsruhe, Germany) to yield dog-bone specimens according 
to ASTM 0638 and flast discs. 

2.4 Tests and Analysis 

Several methods were used to confirm the successful chemical modification and isolation 
of NFC. Fourier-Transform Infrared Spectroscopy (FT-IR) and Solid-State Cross 
Polarization Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy (13C CP-
MAS NMR) were used to determine the chemical structure of the products from the 
carboxymethylation reaction. The degree of substitution (DS) was measured by 
Conductometric Titration (CT). The crystallinity and the thermal stability of the final NFC 
products were measured by X-Ray Diffraction (XRD) and Thermogravimetric Analysis 
(TGA), respectively. The morphology of the isolated NFC samples was characterized by 
Scanning Electron Microscopy (SEM). Mechanical properties (storage modulus, tensile 
strength, modulus of elasticity (MOE) and tensile strain at break) were measured by 
Dynamic Mechanical Analysis (DMA) and tensile or compression testing, using a Zwick 
Z010 Universal Testing System (UTS). 
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3 Summary of Appended Papers 

Paper I:  Preparation and characterization of water-redispersible nanofibrillated 
cellulose in powder form 

The first paper aimed at the development of a suitable method for the preparation of NFC 
in powder form. It had been earlier reported that carboxymethylation can reduce 
hornification in drying and rewetting cycles of pulp fibers. Two routes were investigated 
for the preparation of carboxymethylated NFC powder by interchanging the sequence of the 
chemical modification and the mechanical isolation step. A drying method was developed, 
including solvent exchange to alcohol and repeated stirring during drying in an oven. 
Depending on the DS, the final powders showed good redispersibility in water and formed 
stable suspensions for at least 20 h. Generally, both routes proved to be feasible for the 
preparation of redispersible NFC in powder form. However, the clearly lower number of 
chamber clogging and the better quality of the isolated NFC (the size and the homogeneity 
of the fibril diameter distribution) observed by SEM images showed that it is more effective 
to first carboxymethylate the RBP and then apply the mechanical isolation in a second step, 
rather than the interchanged sequence. 

 

Paper II:  DMA analysis and wood bonding of PVAc latex reinforced with cellulose 
nanofibrils 

The objective of the second paper was to prepare nanocomposites with carboxymethylated 
NFC and commercial PVAc latex and to investigate the mechanical reinforcing effect of the 
chemically modified NFC compared to unmodified NFC. The composites were prepared by 
mixing the components in water and degassing the suspensions under vacuum, before 
casting the films onto silicon molds. Rectangular shaped samples were cut off the films, 
dried and finally measured by DMA in tensile mode. The results showed a strong increase 
of the storage modulus in the rubbery plateau with increasing concentration of NFC for all 
composites prepared, compared to the neat PVAc latex. The same trend was observed for 
the storage modulus in the glassy state. Furthermore, the presence of NFC led to a gradual 
disappearance of the tan � peak in the PVOH glass transition around 80°C, suggesting 
strong interaction between the NFC and the PVOH. Again, DMA experiments showed that 
the combination of chemical modification, followed by mechanical disintegration leads to 
the strongest reinforcing effects. These results showed that carboxymethylation does not 
compromise the inherent reinforcing potential of NFC (at least in the examined PVAc 
latex) but it can even promote a further increase of the mechanical properties of final 
nanocomposites. 
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In addition, three PVAc formulations (neat PVAc and PVAc containing 
carboxymethylated RBP of 1 and 3% w/w, respectively) were also tested as adhesives, by 
preparing bonded panels of beech wood. The assemblies were tested for Durability class D1 
(conditioning 7 days in standard atmosphere), Durability class D3 (as D1 plus 4 days in 
water at 20°C) and WATT ’91 (as D1 plus 60min at 80°C). The adhesives all passed 
durability class D1 but failed test D3 (which was surprising, since the PVAc adhesive was 
classified as suitable for class D3 by the provider). However, the addition of the 
carboxymethylated fibers led to a significant increase in heat resistance of the boards, as 
deduced from the WATT ’91 test. 

 

Paper III:  Reinforcing effect of carboxymethylated nanofibrillated cellulose powder 
on hydroxypropyl cellulose 

In the third paper, the reinforcing potentials of carboxymethylated NFC powders were 
compared to those of their never-dried analogues. Nanocomposites were prepared from 
carboxymethylated NFC and hydroxypropyl cellulose (HPC) by solution casting. Reference 
materials containing only mechanically treated NFC, untreated RBP or no fibers, 
respectively, were also prepared and compared to the nanocomposites. 

The mechanical properties of the composites were measured by DMA and tensile testing. 
The results showed that storage moduli, tensile strengths, MOE and tensile strains at break 
of the nanocomposites were not affected by the drying and redispersion procedure of 
carboxymethylated NFC prior to compounding. In contrast, the composites containing NFC 
without carboxylate groups showed clearly inferior values when the NFC was dried and 
redispersed before. In addition, SEM images showed a homogeneous, layered morphology 
for freeze-fractured composites containing carboxymethylated NFC that was dried to a 
powder. The freeze-fractured samples prepared with chemically unmodified NFC powder, 
however showed large agglomerations and voids, indicating severe agglomeration of the 
fibrils. 

 

Paper IV:  Fiber-reinforced hydrogel for the replacement of the Nucleus Pulposus 

Degenerated human Nucleus Pulposus (NP) in intervertebral discs is a major cause of 
lower back pain and the aim of this paper was to develop bionanocomposite hydrogels for 
minimally invasive replacement of degraded NP. The bionanocomposite hydrogels were 
prepared by UV-photopolymerization of N-vinyl-2-pyrrolidone in presence of a Tween 20 
trimethacrylate crosslinker and an aqueous NFC suspension. The swelling ratios (SR) of the 
composite hydrogels (a measure for the ability to absorb moisture) was slightly lower than 
for neat hydrogel (without NFC), but still in a similar range to healthy NP. This property is 
crucial for restoration of the original intervertebral disc height and correct loading of the 
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Annulus Fibrosus, the load bearing outer constriction of the discs that surrounds the NP. 
Under compression, the elastic moduli of the composite hydrogels increased with NFC 
loading and showed slightly higher values than healthy NP. Biocompatibility tests of neat 
hydrogels with cartilage fetal cells did not show any granulation or anomalous morphology 
of the cells, indicating that cell’s metabolism was not affected by the hydrogels. The results 
of this study demonstrated that composite hydrogels reinforced with NFC may be viable as 
NP implant. 

 

Paper V:  Biocomposite hydrogels with carboxymethylated, nanofibrillated cellulose 
powder for replacement of the nucleus pulposus 

Bionanocomposite hydrogels for replacement of degenerated human Nucleus Pulposus 
(NP) in intervertebral discs were prepared by UV-photopolymerization of a mixture 
containing N-vinyl-2-pyrrolidone monomers, a Tween 20 trimethacrylate crosslinker and 
water-redispersed, carboxymethylated NFC (c-NFC). The samples were compared to 
composite hydrogels that had been developed previously, containing unmodified NFC. 
With increasing degree of substitution (DS), the hydrogels containing c-NFC showed 
higher swelling ratios than those containing equal loadings of unmodified NFC after 
immersion in phosphate buffered saline solution (PBS). Consequently, the larger amount of 
PBS absorbed by the composite hydrogels caused a clear decrease in the compression 
moduli of the hydrogels with increasing DS for equal loadings of nanofibrils. Relaxation 
tests performed over three days of neat and biocomposite hydrogels immersed in a PBS 
solution revealed that more hydrophilic hydrogels showed lower strain values during the 
tests and also showed more pronounced relaxation. The bionanocomposite hydrogels 
containing c-NFC therefore showed a higher resistance against deformation induced by 
compressive forces and faster relaxation compared to neat hydrogels or composite 
hydrogels containing unmodified NFC. These results demonstrated that bionanocomposite 
hydrogels containing c-NFC successfully mimic the structure and properties of the native 
human NP and may be favored as NP replacing implants over previously prepared 
hydrogels due to their improved mechanical long-term properties and higher swelling 
ratios. 

 

Paper VI:  Compatibilization of carboxymethylated nanofibrillated cellulose by 
esterification with 1-hexanol for extrusion with polylactic acid 

The aim of this final study was to develop a method for the preparation of 
bionanocomposites containing poly(lactic acid) (PLA) and c-NFC that can be scaled up to 
an industrial process. In order to enhance the compatibility with the hydrophobic PLA, the 
c-NFC was compatibilized by esterification with 1-hexanol at elevated temperatures and the 
presence of sulfuric acid catalyzer. The resulting c-NFC-hexanoate (c-NFC-hex) was then 
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dispersed in acetone and mixed with a solution of PLA in dichloromethane. The mixture 
was precipitated in ice-cold isopropanol and dried in an oven before compounding in an 
extruder. The extrudate was pelletized and injection molded. Even though the thermal 
stability of the c-NFC-hex samples was clearly increased with better transparency 
compared to samples containing c-NFC that was not esterified, the increase in mechanical 
properties was marginal. A slight increase in modulus of elasticity was measured for the 
biocomposites compared to neat PLA, while tensile strength and storage modulus were not 
improved by c-NFC-hex. This was attributed to insufficient redispersion of c-NFC in the 
hexanol phase before esterification. Consequently, SEM images of fractured surfaces of 
tensile samples showed excessive hornification of all types of nanofibrils used. However, 
even though the mechanical and morphological results were not satisfying, further 
experiments might focus on improved dispersion of compatibilized c-NFC in a PLA 
masterbatch to fully exploit the reinforcing potential of the c-NFC powders. 

 

Patent I: Surface modified cellulose nanofibers 

The patent contains 12 claims for a process to prepare dry, surface modified cellulose 
nanofibers having a diameter between 2 and 100 nm. In particular, carboxymethylated 
cellulose nanofibers in powder form (dry, carboxymethylated NFC) are included as a 
(possible) starting material. Further modification involves the condensation of an 
alkoxysilane compound (in particular trialkoxysilanes) on the surface of the cellulose 
nanofibers. The alkoxysilane contains an organofunctional side group that can be 
selectively chosen for specific applications. The organofunctional side group can range 
from low to high polarity to match the surface energy of a desired matrix or include specific 
chemical groups for selective chemical reactions with different functional groups of a 
matrix polymer. The surface modified cellulose nanofiber is provided in dry form and can 
be redispersed in an appropriate solvent. 
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4 Conclusions 

The aim of this PhD thesis was to chemically functionalize NFC in order to prevent 
hornification during drying and to develop novel bionanocomposites with well dispersed 
NFC, displaying improved properties over neat polymers. In a first part of the work, a 
method was developed for the preparation of water-redispersible, c-NFC in powder form. 
Redispersed c-NFC powders formed stable suspensions in water even at very low DS and 
SEM images confirmed the prevention of hornification during the drying procedure. As a 
drawback of the chemical modification, the crystallinity and thermal stability of c-NFC was 
slightly lower than for conventional NFC. However, subsequent studies showed that even 
though reducing the nanofibrils crystallinity, carboxymethylation did not lower the 
mechanical reinforcing potential of the c-NFC powders. In contrast, DMA experiments of 
nanocomposites with PVAc latex proved evidence of a synergistic effect of 
carboxymethylation and mechanical disintegration on the increase in storage modulus of 
the composites, when chemical modification was applied first. Indeed, the presence of ionic 
charges such as carboxylate groups enhances mechanical isolation of nanofibrils and was 
observed directly by the clearly reduced number of interaction chamber clogging during 
mechanical disintegration of the carboxymethylated pulp. Such an effect had also been 
mentioned in an earlier report (Wågberg et al. 2008). Nanocomposites with hydroxypropyl 
cellulose finally proved the successful prevention of hornification during the drying 
procedure of c-NFC. The mechanical properties (stiffness, tensile strength and storage 
modulus) of composites containing c-NFC were not affected by the drying procedure, 
confirming that c-NFC powders can be used as an attractive alternative to conventional 
NFC suspensions for the synthesis of bionanocomposite materials. Furthermore, there are 
considerable advantages of c-NFC powders over commercially available NFC aqueous 
suspensions. The novel procedure does not only allow reducing storage volume and 
shipping costs (commercially available, conventional NFC suspensions can contain up to 
90% w/w of water) but also prolongs storage life against microbial degradation. In addition, 
the presence of (a relatively small amount of) carboxylate groups allows the isolation of a 
homogeneous and uniform NFC product at lower energy consumption (due to reduced 
number of passages needed at lower pressure), containing nanofibrils of diameters clearly 
below 100 nm. 

The second part of the studies focused on the development of bionanocomposite 
hydrogels for replacement of degenerated human Nucleus Pulposus in intervertebral discs, 
which had been identified as a major cause for lower back pain. The bionanocomposite 
hydrogels were successfully prepared by UV-photopolymerization of an aqueous 
suspension of N-vinyl-2-pyrrolidone in presence of a Tween 20 trimethacrylate crosslinker 
and water-redispersed c-NFC powder. Cryo-SEM images of freeze-fractured samples 
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showed a homogeneous dispersion of the nanofibrils within the hydrogel. The 
bionanocomposite hydrogels therefore mimic the structure of the native human NP with a 
matrix filled with randomly oriented fibrils. The swelling ratios of the composite hydrogels 
after immersion in aqueous PBS increased with higher DS of the c-NFC. The hydrogels 
containing a larger number of carboxylate groups therefore show a higher affinity towards 
water. The high water content of those composite hydrogels therefore showed a reduction 
in the compression modulus compared to composite hydrogels containing c-NFC with 
lower DS or unmodified NFC. By varying the loading and the DS of c-NFC, it might 
therefore be feasible to tailor the swelling and mechanical properties of the final 
bionanocomposite hydrogels to meet the original values of a healthy human NP. In 
addition, relaxation tests performed over three days indicated that c-NFC has a beneficial 
effect on the long term behavior of the composites. It can be supposed that the lower strains 
that were measured for composite hydrogels containing c-NFC originate from a more 
effective swelling behavior during the loading and relaxation cycles, compared to neat 
hydrogels or composite hydrogels containing unmodified NFC. The results showed that 
water-redispersible c-NFC in powder form can be used for the development of 
bionanocomposite hydrogels that mimic the structure and properties of native human NP. 

The aim of the last part of the studies was the development of a process for the 
preparation of bionanocomposite structures containing PLA and water-redispersible c-NFC 
powders, that can be scaled up to an industrial process. For this purpose, the c-NFC powder 
was first compatibilized to the hydrophobic PLA by esterification with 1-hexanol. 
Conductometric titration showed that approximately 60% of all carboxylate groups were 
esterified after the reaction. After the preparation of a masterbatch, the samples were 
extruded and pelletized before injection molding. Tensile tests showed only a small 
increase in stiffness of the composites, while tensile strength was not improved, compared 
to neat PLA. SEM images of fractured surfaces of tensile samples confirmed excessive 
agglomeration of the nanofibrils, forming almost spherical particles. It was suspected that 
the c-NFC powders were not dispersed sufficiently in 1-hexanol prior to the esterification 
reaction. It might therefore be necessary to disperse the powders in water first and solvent 
exchange to hexanol. Such a procedure might also further increase the rate of esterification. 
In addition, the reduced number of free carboxylate groups in composites containing  
c-NFC-hex led to an increase in the thermal stability compared to those composites that 
were prepared with unmodified c-NFC powders. Any esterification reaction can therefore 
be suspected to cancel off the decrease in thermal stability of c-NFC introduced by the 
carboxymethylation reaction. Even though the mechanical properties of the examined 
composites were not improved compared to neat PLA, small adaption in the methodology 
of the developed process might result in a suitable route for the preparation of 
bionanocomposites on an industrial scale. 
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5 Outlook 

During the past decade, increasing awareness of the importance of ecologically benign 
materials for automotive parts, housing appliance or building and construction in 
combination with the need for light weight construction and high stiffness and strength, 
induced an intensification of research efforts on cellulose based nanoparticles. Until now, 
there are only few examples of commercial products that have evolved from this field. The 
availability and handling of commercially available NFC raw materials in aqueous 
suspensions might be one issue that hampers the use of such materials. The use of low DS 
carboxymethylated NFC powders might be a promising alternative, offering distinct 
advantages like lower weight and volume, improved quality of nanofibrils and 
redispersibility in water. Several examples of bionanocomposites with PVAc latex, 
hydroxypropyl cellulose or N-vinyl-2-pyrrolidone based hydrogels containing redispersed 
c-NFC powder, have successfully proven its high reinforcing potential. On the other hand, 
high quality bionanocomposites with more hydrophobic polymer matrices like PLA are still 
difficult to obtain. 

Several research groups currently focus on exploiting the reinforcing potential of NFC or 
cellulose whiskers in hydrophobic polymers by compatibilization of the cellulose 
nanoparticles, applying chemical modification strategies. Thereby it seems to be important 
that a compromise is found between surface modification of the nanoparticles to create a 
strong interface with the polymer matrix, and conservation of a sufficiently high amount of 
hydroxyl groups for the formation of hydrogen bonds, allowing interaction between the 
cellulose nanoparticles. Another important prerequisite of a successful methodology for the 
preparation of biopolymer nanocomposites will be the ability to upscale the process on an 
industrial level. 

Clearly, beside the interesting mechanical properties, NFC shows other beneficial 
properties that are and will be subject of research. The large surface area of this material 
makes it a favorable candidate for filtering membranes. Appropriate chemical modification 
of NFC could result in highly versatile additives to paints, lacquers or latexes. Due to its 
biocompatibility, NFC might be used for medical applications. Because of the transparency 
of NFC, the material might also be used in optical devices. For a major part (if not for all) 
of these research area, the probably most important parameter will be to control the 
structure of the (modified) NFC in the final material or composite. 
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Abstract Water-redispersible, nanofibrillated cellu-

lose (NFC) in powder form was prepared from

refined, bleached beech pulp (RBP) by carboxymeth-

ylation (c) and mechanical disintegration (m). Two

routes were examined by altering the sequence of the

chemical and mechanical treatment, leading to four

different products: RBP-m and RBP-mc (route 1),

and RBP-c and RBP-cm (route 2). The occurrence of

the carboxymethylation reaction was confirmed by

FT-IR spectrometry and 13C solid state NMR (13C

CP-MAS) spectroscopy with the appearance of

characteristic signals for the carboxylate group at

1,595 cm-1 and 180 ppm, respectively. The chemical

modification reduced the crystallinity of the products,

especially for those of route 2, as shown by XRD

experiments. Also, TGA showed a decrease in the

thermal stability of the carboxymethylated products.

However, sedimentation tests revealed that carboxy-

methylation was critical to obtain water-redispersible

powders: the products of route 2 were easier to

redisperse in water and their aqueous suspensions

were more stable and transparent than those from

route 1. SEM images of freeze-dried suspensions

from redispersed RBP powders confirmed that car-

boxymethylation prevented irreversible agglomera-

tion of cellulose fibrils during drying. These results

suggest that carboxymethylated and mechanically

disintegrated RBP in dry form is a very attractive

alternative to conventional NFC aqueous suspen-

sions as starting material for derivatization and

compounding with (bio)polymers.

Keywords Cellulose � Carboxymethylation �
Mechanical disintegration � Nanofibrils �
Hornification � Water-redispersible

Introduction

Nanofibrillated cellulose (NFC) has attracted great

interest for the preparation of nanocomposites with

polymer matrices due to its interesting properties,

such as high strength and stiffness (Zadorecki and

Michell 1989; Yano and Nakahara 2004; Hubbe et al.

2008), transparency (Yano et al. 2005) or biodegrad-

ability (Couderc et al. 2009). The isolation of NFC

from wood pulp has been achieved by applying

mechanical treatment, using a high-pressure homog-

enizer (Turbak et al. 1983; Herrick et al. 1983;

Wågberg et al. 1987; Pääkkö et al. 2007) or grinding

with previous chemical treatment (Abe et al. 2007;

Saito et al. 2006). However, the hydrophilic nature of
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cellulose causes two major issues, namely, irrevers-

ible agglomeration during drying and agglomeration

of NFC in non-polar matrices during compounding.

Irreversible agglomeration of cellulose during

drying is called hornification (Young 1994; Hult

et al. 2001) and is explained by the formation of

additional hydrogen bonds between amorphous parts

of the cellulose fibrils during drying. The formation

of these bonds correlates with the amount of water

removed, and does not depend directly on tempera-

ture. As in the crystalline parts of cellulose, water

cannot break the formed hydrogen bonds during

rewetting of hornificated cellulose (Scallan and

Tigerström 1992; Laivins and Scallan 1993). To

prevent hornification, isolation of NFC is preferen-

tially done by mechanical disintegration of never-

dried pulp in an aqueous suspension. So far, to the

best of the authors’ knowledge, there is only one

commercially available NFC product of high quality

(Celish, Daicel Chemical Industries, Osaka, Japan),

which is delivered as a 10–35% (w/w) aqueous

suspension. The ramifications of producing NFC in

aqueous suspensions are high shipping costs, large

storage facilities and propensity towards bacterial

decomposition. Consequently, the preparation of a

nanofibrillated cellulose powder, which can be easily

dispersed in water avoiding hornification, would be

of great industrial interest from both economical and

ecological points of view. Also, the general interest in

preparing NFC powder avoiding hornification has

been evidenced in several patents (Herrick 1984;

Bahia 1995; Dinand et al. 1996; Excoffier et al. 1999;

Cantiani et al. 2001; Cash et al. 2003; Bordeanu et al.

2008). Basically, the main strategy is prevention of

increased hydrogen bond formation between cellu-

lose fibrils by introducing steric and electrostatic

groups.These groups increase the accessibility and

affinity of water towards the fibrils.

The second issue is agglomeration of NFC in

hydrophobic polymers during compounding. Again it

is the large number of hydrogen bonds that can be

formed between the cellulose fibrils that prevent a

homogeneous distribution of NFC within a non-polar

polymer matrix. Therefore, the aspect ratio of these

NFC agglomerates is drastically reduced, causing a

strong decrease in their reinforcing potential (Boldizar

et al. 1987;Chakraborty et al. 2006). In order to improve

compatibility at the fiber-matrix interface, chemical

modification of cellulose hydroxyl groups is a viable

and widely used approach. Various methods to mod-

ify the surface of NFC were reported, such as

silylation (Goussé et al. 2004; Andresen et al. 2006),

TEMPO oxidation (Saito et al. 2006; Araki et al. 2001;

Lasseuguette 2008), acetylation (Sassi and Chanzy

1995) or reactionswith anhydrides (Stenstad et al. 2008).

Partial carboxymethylation of the NFC hydroxyl

groups can overcome hornification during drying,

provided that the carboxylic groups are present in their

sodium form (Lindström and Carlsson 1982; Laivins

and Scallan 1993). Also, this effect depends on the

degree of substitution (DS)which is defined by the ratio

of reacted carboxyl groups per anhydroglucose units

(AGU). The DS of commercially available carboxy-

methyl cellulose (CMC) is usually between 0.5 and 1.0

butmainly around 0.9. Such highlywater-solubleCMC

is well-known as a thickening agent in food, as an

additive in pharmaceutics, cosmetics and detergents,

but also as a component of membranes or drilling mud

for water retention. Below a DS of 0.3–0.4, CMC is

insoluble in water, however, such low-DS CMC show

higher water absorbance and swelling in water than the

original cellulose, even if the DS is only 0.025

(Walecka 1956; Reid and Daul 1947). In addition to

the prevention of hornification, carboxymethylation

could possibly also prevent agglomeration of the NFC

during compounding with polymers. However, further

chemical modification to enhance the chemical affinity

of the NFC to different non-polar polymer matrices

might be necessary.

In the present work, two routes for the preparation

of dry, water-redispersible NFC are compared by

altering the sequence of the chemical and mechanical

treatment of a commercial, refined beech pulp (RBP).

The resulting modified and unmodified RBP powders

were analyzed by FT-IR, 13C solid state NMR (13C

CP-MAS), XRD and TGA in order to learn more

about their chemical structure and thermal stability.

Also, after dispersing the RBP powders in water,

sedimentation studies were conducted to evaluate the

stability of the different suspensions. Finally, the

redispersed RBP suspensions were freeze-dried and

their morphologies were analyzed by the SEM.

Materials and methods

Refined, bleached beech pulp (RBP) was provided by

J. Rettenmaier & Söhne GmbH, Rosenberg, Germany

20 Cellulose (2010) 17:19–30

123



(Arbocel B1011, 10.0% w/w aqueous suspension,

MAGU (anhydroglucose unit) = 162 g/mol). Chloro-

acetic acid (sodium salt, purity C 98%, M =

116.48 g/mol) and sodium hydroxide (NaOH, pur-

ity C 98%, M = 40.0 g/mol) were purchased from

Merck and Fluka, respectively.

Mechanical disintegration

Preparation of RBP-m (route 1) was performed in a

10 L glass reactor, equipped with an inline Ultra-

Turrax system (Megatron MT 3,000, Kinematica AG,

Luzern, Switzerland), and in a high-shear homoge-

nizer (Microfluidizer type M-110Y, Microfluidics

Corporation, USA). 2.0 kg of the 10% w/w aqueous

RBP were diluted to 2.0% w/w with 8.0 kg of

deionised water and allowed to swell for one week at

20 �C, followed by 2 h of homogenization using the

Ultra-Turrax system (20,000 rpm). The suspension

was diluted with deionised water to 1.75% w/w and

pumped through a H230Z400 lm and a H30Z200 lm

chamber for 6 passes, followed by another 4 passes

through a H230Z400 lm and a F20Y75 lm chamber.

The processing pressure inside the F20Y chamber

was calculated to approximately 125 MPa. The

resulting RBP-m suspension was then concentrated

to a dry material content of 10.0% in a centrifuge

(5,000 rpm, 15 �C, 45 min).

For the preparation of RBP-cm (route 2), 8.75 g of

RBP-c (solid, preparation described below) were used

as starting material. The RBP-c powder was dis-

persed in 500 ml of deionised water to a final

concentration of 1.75% w/w and homogenized with

a blender (T 25 basic, IKA-Werke, Staufen, Ger-

many). In general, the mechanical treatment of the

resulting suspension was performed as previously

described for route 1. However, the disintegration

treatment was stopped after only 2–3 passes through

the H230Z400 lm and F20Y75 lm chambers since the

resulting gel became too viscous for further

processing.

Chemical modification

Preparation of RBP-mc (route 1) was performed in a

10 L glass reactor, equipped with the Ultra-Turrax

system and a mechanical stirrer. 700 g of the 10%

w/w aqueous RBP-m suspension (0.432 mol AGU)

was transferred into the reactor. 6.2 L of a 5/3 v/v

isopropanol/ethanol mixture was added to obtain a

final cellulose concentration of 1.27% w/w. The

suspension was homogenized, using the Ultra-Turrax

system (10,000 rpm; 20 �C). After 15 min, 303 g of a

5.0% w/w NaOH aqueous solution (0.4 mol) was

added dropwise to the RBP-m for 30 min to activate

the cellulose. Then, 25.1 g of chloroacetic acid

(sodium salt; 0.216 mol) was added to the activated

RBP. The mixture was heated to 60 �C under stirring,

without using the Ultra-Turrax system. The reaction

was stopped after 2 h by cooling it to room temper-

ature and the pH of the suspension was adjusted to

neutrality with acetic acid.

Preparation of RBP-c (route 2) was performed

with 700 g of the 10% w/w RBP aqueous suspension

(0.432 mol AGU) as starting material. In this case,

198 g of a 5.0% w/w aqueous NaOH solution

(0.25 mol) and 14.85 g of chloroacetic acid (sodium

salt; 0.127 mol) was used.

Purification of RBP-mc and RBP-c was done by

washing them several times with different solutions

(described below) and centrifugation (5,000 rpm,

15 �C, 45 min). First, the glycolic acid (by-product)

was removed with a 1/1 v/v mixture of 0.05 M

aqueous acetic acid and 5/3 v/v isopropanol/ethanol.

Second, the carboxyl groups of the modified cellulose

were deprotonated with a 1/1 v/v mixture of 0.05 M

aqueous NaOH and 5/3 v/v isopropanol/ethanol.

Finally, the remaining salts were washed off with a

1/1 v/v mixture of deionised water and 5/3 v/v

isopropanol/ethanol. It was ensured that the pH of

the last supernatant did not drop below 8.0.

Drying of cellulose suspensions

To obtain cellulose powders from aqueous suspen-

sions of the various samples, a two steps procedure

was applied. First, the solvent of the aqueous

suspensions was exchanged from deionised water to

a 5:3 v/v isopropanol/ethanol mixture in several

washing and centrifugation steps (5,000 rpm, 15 �C,
45 min). Then, the suspensions were stirred several

times with a glass bar during drying in an oven at

60 �C, until a fine powder of constant weight was

obtained.
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Determination of the degree of substitution (DS)

Conductometric titration (CT) was used to calculate

the DS of carboxymethylated RBP following the

protocol of Eyler (Eyler et al. 1947) with slight

modifications. 0.3 g of dried, carboxymethylated

cellulose fibrils were redispersed in 60.0 g of deion-

ised water using a blender. Then, 5.0 ml of a 0.1 M

aqueous NaOH solution was added to the suspension

and stirred with a magnetic bar. The conductivity of

the suspension was measured upon titration with

10.0 ml of a 0.1 M aqueous hydrochloric acid (HCl)

solution, using a Metrohm conductometer (model

1.712.0010, Metrohm AG, Herisau, Switzerland),

equipped with a platinum electrode (model

6.0309.100). The measurements were repeated three

times for each sample. The experimental DS values

for RBP-mc (0.087 ± 0.002), RBP-c (0.130 ±

0.001) and RBP-cm (0.138 ± 0.002) were signifi-

cantly lower than those expected stoichiometrically

(0.3 and 0.5, respectively). This difference can be

attributed to the partial deactivation of monochloro-

acetic acid with water during the reaction and the loss

of some higher substituted, water-soluble NFC during

purification.

Fourier transform-infrared spectroscopy (FT-IR)

Powder samples were measured after drying at 60 �C.
The spectra were recorded using a Digilab BioRad

FTS 6000 Spectrometer (Philadelphia, USA) in single

reflection diamond ATR (Attenuated Total Reflec-

tance) mode (P/N 10,500 series, golden gate). The

number of scans was 32 and the resolution was

4 cm-1.

Solid-state 13C CP-MAS NMR spectroscopy

(Cross Polarization Magic Angle Spinning

Nuclear Magnetic Resonance)

The 13C CP-MAS NMR spectra of the RBP samples

were measured at 100.61 MHz on a Bruker AVANCE

-400 MHz NMR Spectrometer (Bruker BioSpin AG,

Fällanden, Switzerland) using a 7 mm broadband CP-

MAS probe. The following parameters were used:

MAS rates of 3,000 Hz, CP-MAS contact times of

3 ms, 8 s relaxation delays, number of accumulated

free induction decays (FID)[ 20,000 (for a reason-

able signal to noise ratio of the carbonyl resonances,

2,134 for the untreated RBP) applying 38 kHz TPPM

decoupling of 1H during acquisition. The FIDs were

multiplied by an exponential window function of

50 Hz before Fourier Transformation.

X-Ray diffraction (XRD)

For each RBP, three pellets were prepared by

applying 3 t of weight to 750 mg of powder for

2 min. The pellets were measured in reflection mode,

using an X’Pert Pro diffractometer from Panalytical

(Almelo, Netherlands) with Cu Ka radiation (k =

1.5418 Å) in combination with a linear detector

system (X’Celerator).

Thermogravimetric analysis (TGA)

Degradation behavior of the treated and untreated

RBP was analyzed using a NETZSCH TG 209 F1

(Netzsch Group, Selb, Germany) in dry gas nitrogen

atmosphere. The heating rate was 20 �C/min.

Scanning electron microscopy (SEM)

The prepared cellulose powders of both routes were

redispersed inwater to afinal concentrationof0.1%w/w

and homogenized with a blender. Then, a sample

holder on which a fresh mica plate had been fixed with

liquid carbon cement was cooled down in liquid

nitrogen. Immediately after removing the sample

holder plate, droplets of the 0.1% w/w suspensions of

the treated and untreated RBP in water were placed

onto the surface with a syringe. The frozen sample was

then kept under vacuum (below 1 9 10-1 mbar) until

the ice was sublimated. The freeze-dried RBP samples

were then sputtered with a 4 nm platinum coating.

Images were recorded in a JEOL JSM-6300F (Jeol

Ltd., Tokyo, Japan) equipped with a cold-cathode field

emission gun. The following parameters were used:

acceleration voltage of 5.0 kV, probe current of

6 9 10-11 A, working distance of 48 mm. Of each

suspension, three droplets were analyzed. All images

were recorded in the center of the droplets.

Results and discussion

Two processing routes (Fig. 1) were proposed to

prepare nanofibrillated cellulose powder, capable of

22 Cellulose (2010) 17:19–30
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forming a stable suspension after redispersion in

water. Mechanical disintegration of the pulp was

done either before (route 1) or after (route 2)

carboxymethylation (Fig. 2). Good redispersibility

of the final RBP powder in water depended on the

drying procedure and the DS of the CMC. Drying

CMC from a 5:3 v/v isopropanol/ethanol mixture at

60 �C under occasional stirring with a glass bar led to

a highly porous and fluffy powder with a significantly

higher volume compared to those dried from aqueous

suspensions or without stirring. This can directly

account for the enhanced redispersibility of the

powders in water, being able to more easily penetrate

the more open structure of the cellulose. The use of a

blender for several seconds of course accelerates the

re-wetting of the cellulose. No further treatment (e.g.

freeze-drying, vacuum drying or spray-drying) was

necessary to obtain redispersible powders. However,

some of the mentioned methods might also lead to

redispersible CMC powders when the suspensions are

dried from an alcohol mixture. As a second criterion,

the DS must be high enough to prevent hornification

during drying but sufficiently low to prevent solu-

bilisation during water redispersion. Therefore,

preliminary experiments were performed to select

an appropriate DS that would satisfy the above

requirements. Briefly, the selected experimental DS

for RBP-mc (route 1) and RBP-cm (route 2) were

0.09 and 0.13, respectively.

To confirm successful carboxymethylation reac-

tion, the powdered treated and untreated RBP were

characterized using FT-IR spectroscopy (Fig. 3a).

The spectrum of the untreated RBP showed the

characteristic absorption bands of cellulose. A large

band between 3,600 and 2,800 cm-1 contains CH

stretching vibrations, and OH stretching vibrations

from alcoholic groups and water. The broad band

with a peak at 1,640 cm-1 was attributed to the

bending vibrations of adsorbed water. A series of

peaks between 1,500 and 1,300 cm-1 were associated

to OCH deformation vibrations, CH2 bending vibra-

tions and CCH and COH bending vibrations. Finally,

the band ranging from 1,200 to 900 cm-1 mainly

contains the signals of CC stretching vibrations and

COH and CCH deformation vibrations (Proniewicz

et al. 2001). Mechanical disintegration of the RBP

(RBP-m) did not lead to a change in the FT-IR

spectrum. However, chemical modification of the

RBP (RBP-mc, RBP-c and RBP-cm) led to the

appearance of a new signal at 1,595 cm-1, which was

attributed to the asymmetric stretching vibration of

the carboxylate group (Cuba-Chiem et al. 2008),

confirming the successful carboxymethylation. As it

can be observed, the intensity of the 1,595 cm-1

signal for the RBP-mc (route 1) is lower than those

for the RBP-c and RBP-cm (route 2). This is in

agreement with the experimental DS values previ-

ously reported where the DS for the RBP-mc was also

lower than the one for the RBP-c.

CP-MAS 13C-NMR was used to support the find-

ings of the FT-IR experiments. Figure 3b shows the

spectra of the untreated RBP and the treated RBP

products of both routes in the region from 0 to

220 ppm. Also, an inset graph showing the region

where the carboxylate signal appears (around

Fig. 1 Schematic overview on the sample preparation routes.

In route 1 (left block), the untreated RBP is mechanically

disintegrated (RBP-m), followed by carboxymethylation (RBP-

mc). In route 2 (right block), the treatments are interchanged.

The untreated RBP was first carboxymethylated (RBP-c), then

dried to a powder, redispersed in water and finally mechan-

ically disintegrated (RBP-cm). Aqueous suspensions (grey) are
intermediate products

Fig. 2 Carboxymethylation of cellulose with chloroacetic acid
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180 ppm) is included. Again, the RBP material shows

the characteristic signal pattern of cellulose: C1

(106 ppm), C4 (90 and 85 ppm, from crystalline and

amorphous domains, respectively), overlapped signals

of C2, C3 and C5 (between 70 and 80 ppm) and C6

(66 ppm) (Gilardi et al. 1995; Kono et al. 2002). As

expected, mechanical disintegration of RBP (RBP-m)

did not promote changes in the chemical structure as

all the NMR signals are identical. However, carbo-

xymethylated RBP samples (RBP-mc, RBP-c and

RBP-cm) showed a new signal at 180 ppm, which was

attributed to the carboxylate group (Heinze and

Koschella 2005). This peak is again more pronounced

for the samples with higher DS, i.e. the RBP-c and the

RBP-cm. Finally, the resonances marked with a star

are spinning side bands of the carboxylate groups (210

and 150 ppm) and of the C1 (136 ppm), respectively.

Overall, the occurrence of the carboxymethylation

reaction on the RBP samples was successfully evi-

denced by CT, FT-IR and CP-MAS 13C-NMR

analyses.

Chemical modification of cellulose can decrease

its crystallinity (Sassi and Chanzy 1995) leading to a

possible reduction of its reinforcing potential in

composites with polymers. The effect of the mechan-

ical and chemical treatments on the crystallinity of

the different samples was analyzed by X-ray diffrac-

tion (Fig. 4a). The diffractogram of the untreated

RBP shows reflections of the cellulose lattice planes

appearing at 2h angles between 13� and 17� (1�10 and

110), 22.3� (020) and 34.5� (004) (Sassi and Chanzy

1995). The crystallinity vcr of the samples was

estimated by using Eq. 1 (Segal et al. 1959) with

I020 being the intensity of the 020 peak (amorphous

and crystalline reflections at 22.3�) and Iam being the

intensity of the minimum between the 020 and 110

peaks (amorphous reflections at 18.5�).

vcr ¼
I020 � Iam

I020
: ð1Þ

This method assumes that the amorphous part of

the cellulose shows equal intensity at both 2h angles,

18.5� and 22.3�, respectively. It also assumes that

there is no portion of crystalline reflection at 18.5�.
The highest value of crystallinity was obtained for

RBP raw with 71%, followed by RBP-m (68%),

RBP-mc (65%), RBP-c (63%) and RBP-cm (49%).

As it can be observed, samples from route 1 (RBP-m

and RBP-mc) showed very similar crystallinity

values, implying that the crystalline structure was

not significantly affected. However, samples from

route 2 (RBP-c and RBP-cm), presented a more

pronounced reduction in crystallinity. Consequently,

mechanical disintegration had a stronger effect on

crystallinity when the cellulose was carboxymethy-

lated first. Apparently, the presence of the carboxyl-

ate groups makes the mechanical isolation more

efficient, as not only amorphous parts but also

crystalline domains are affected by the treatment.

Increased efficiency for isolation of fibrillated mate-

rial can be explained by ionic repulsion between the

carboxylate groups of the single cellulose chains

(Wågberg et al. 2008). Lower forces would therefore

be sufficient to isolate the nanofibrillated material.

Another cause for reduction of the NFC reinforc-

ing potential can be thermal degradation of NFC

during compounding with polymers at high temper-

atures, i.e. by extrusion. Therefore, the thermal

stability of the RBP samples was evaluated by TGA

in dry gas nitrogen (Fig. 4b). As it can be observed,

Fig. 3 a FT-IR and b 13C

CP-MAS NMR spectra of

treated and untreated RBP
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the onset temperature of cellulose degradation was

around 250 �C for the untreated RBP (top graph,

weight loss curve) with a sharp degradation peak at

345 �C in the DTG (Fig. 4c, weight loss rate curve) at

a heating rate of 20 �C/min. During the thermal

degradation process, cellulose is converted into

volatiles, tars and charcoal (Shafizadeh and McGinnis

1971). Mechanical disintegration of RBP (RBP-m)

did not lead to significant changes in the character-

istic degradation temperatures. However, chemical

modification of the RBP (i.e. RBP-mc, RBP-c and

RBP-cm) led to a decrease of both the onset

degradation temperature and the degradation peak

to 200 and 300 �C, respectively. Consequently, car-
boxymethylation clearly reduced the thermal stability

of the studied products. This finding is in agreement

with the results obtained from thermal degradation of

TEMPO-mediated, oxidized cellulose (Fukuzumi

et al. 2009) and of partially carboxymethylated

cellulose (Lourdes-Leza et al. 1989).

The ability of the samples to form stable suspen-

sions or gels in water was evaluated by qualitatively

analyzing the sedimentation rate of the suspensions.

Figure 5 shows testing tubes with 0.2% w/w (left

series) and 1.0% w/w (right series) concentrations of

redispersed RBP samples in water. After transferring

the suspensions into the testing tubes, photo-

graphs were taken at 0 min, 15 min, 1 h and 20 h.

At 0.2% concentration, complete sedimentation of

the untreated RBP and the RBP-m occurred within

15 min and 1 h, respectively. In contrast, the

suspensions of the carboxymethylated RBP suspen-

sions (RBP-mc, RBP-c and RBP-cm) were stable for

at least 1 h, with the RBP-cm being stable for the

Fig. 4 a XRD

diffractograms, b TGA

spectra and c DTG spectra

of treated and untreated

RBP

Fig. 5 Time-dependent sedimentation experiments of treated

and untreated RBP in concentrations of 0.2 and 1.0%
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whole studied period of time (i.e. 20 h). It should be

noted that the stability of a carboxymethylated NFC

suspension is susceptible to its pH and salt concen-

tration (Wågberg et al. 2008). At 1.0% concentration,

differences in the sedimentation behavior of the

different RBP suspensions were more difficult to

observe. However, differences in transparency of the

suspensions became more distinct. Samples from

route 1 (RBP-m and RBP-mc) formed a white

suspension, whereas samples from route 2 (RBP-c

and RBP-cm) were more transparent. The transpar-

ency of RBP-cm indicates that the dimensions of a

major part of cellulose particles in the suspension

were below the limit for light-scattering. This was

verified by SEM characterization of the redi-

spersed suspensions after freeze-drying (Fig. 6). The

untreated RBP (a) formed large aggregates which

were not dispersed in the suspension. This is in

agreement with the much faster sedimentation rate of

the RBP suspension compared to the other samples.

RBP-m (b) did also form some aggregates, although

they were smaller and some fibrils with diameters

below the micrometer range remained isolated.

Carboxymethylation of this sample (RBP-mc) did

not lead to significant changes in the morphology of

the freeze-dried cellulose. In contrast, RBP-c (d)

formed a network of cellulose fibrils with overall

diameters below 1 micron. The SEM image of

Fig. 6 SEM-images of water-redispersed and freeze-dried RBP samples at a magnification of 95000, a RBP, b RBP-m, c RBP-mc,

d RBP-c and e RBP-cm
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freeze-dried RBP-cm (e) showed a coherent system

of cellulose nanofibrils, with overall diameters below

100 nm. The samples from route 2 (RBP-c and RBP-

cm) showed clearly less agglomeration of the fibrils,

which also were lower in diameter, compared to those

of route 1 (RBP-m and RBP-mc). This also accounts

for the increased stability of the suspensions from this

route, as presented above.

The appearance of the redispersed CMC aqueous

suspensions with respect to their DS is shown in

Fig. 7a. A series of seven samples with varying DS

was prepared for each carboxymethylated product

(RBP-mc, RBP-c and RBP-cm). The various DS of

the prepared powders are indicated by empty circles.

The powders were dispersed in water at concentra-

tions of 0.2% w/w and 1.0% w/w (data for 1.0% w/w

not shown) and photographs were taken of the

suspensions after 20 h (Fig. 8). The suspensions were

then categorized into three classes, i.e. solutions

(white), stable suspensions or gels (light grey) and

suspensions showing partial sedimentation (dark

grey). The suspensions with a concentration of

1.0% w/w were stable for the whole time range and

no phase-separation or sedimentation was observed.

However, at lower concentration (0.2% w/w), the

differences between the samples became more evi-

dent: At low DS (between 0.05 and 0.09 for RBP-mc,

0.03 and 0.12 for RBP-c and 0.02 and 0.04 for RBP-

cm) the translucent suspensions showed opaque,

white sediments which were more pronounced in

the RBP-c series. This partial sedimentation can be

explained by local hornification due to the inhomo-

geneous substitution pattern at low substituted car-

boxymethyl celluloses (Walecka 1956). It is worth to

note that pre-mechanical carboxymethylation (RBP-

cm, route 2) seems to clearly reduce the level below
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which hornification occurs. Also, it was reported that

carboxymethylated, bleached sulfate pulp shows

hornification below a DS of around 0.05 (Lindström

and Carlsson 1982). At higher DS (between 0.15 and

0.17 for RBP-mc and 0.08 and 0.22 for RBP-cm) the

suspensions were stable and almost transparent. Only

the suspensions of RBP-c (between 0.13 and 0.24)

showed some translucent sediments. Still, these

suspensions were qualified as stable because of the

small volumes and translucence of the sediments.

Interestingly, the threshold DS above which the

powders formed a solution were reduced for both

products of the two routes. Pre-mechanical (RBP-cm,

route 2) and post-mechanical (RBP-mc, route 1)

carboxymethylation led to products which were

soluble in water above a DS of 0.2 and 0.22,

respectively. RBP-c was soluble above a DS of 0.27

which is close to the reported value of 0.3 Walecka

(1956). Figure 7b shows the range of DS values

covered for the preparation of redispersible carbo-

xymethylated cellulose nanofibrils (light grey,

striped) reported in patents (Excoffier et al. 1999;

Cash et al. 2003 and Bahia 1995). In addition, the

‘‘preferred values’’ of DS indicated in the patents are

highlighted (dark grey, striped). The experimentally

determined range of DS to yield stable suspensions of

water-redispersible, nanofibrillated cellulose in pow-

der form coincides with the preferred values from the

references.

Conclusions

Water-redispersible, nanofibrillated cellulose in pow-

der form was prepared from refined, bleached beech

pulp (RBP) by carboxymethylation (c) and mechan-

ical disintegration (m). Two routes were examined,

leading to four different products. In route 1, the RBP

was mechanically disintegrated (RBP-m), followed

by carboxymethylation (RBP-mc) with a DS of 0.09.

In route 2, the sequence of the chemical and

mechanical treatment was reversed, leading to the

RBP-c and RBP-cm products with a DS of 0.13 and

0.14, respectively.

FT-IR and CP-MAS 13C-NMR spectroscopy

proved the occurrence of the carboxymethylation

reaction of the RBP-mc, RBP-c and RBP-cm prod-

ucts with the appearance of characteristic signals for

the carboxylate group at 1,595 cm-1 and 180 ppm,

respectively. Also, mechanical disintegration of the

RBP (RBP-m) did not lead to a change in chemical

structure since the FT-IR and the 13C solid state NMR

spectra were identical.

XRD experiments showed a loss of crystallinity

for the carboxymethylated samples, and this effect

was especially pronounced for the products of route

2. Mechanical disintegration of the untreated RBP

material did not significantly alter the crystalline

structure. Also, TGA experiments evidenced a dra-

matic decrease in thermal stability of the carboxyme-

thylated samples, since the onset temperature of the

cellulose degradation dropped from 300 to 200 �C.
This will limit the use of the final RBP products in

nanocomposites to those biopolymers that do not

require processing temperatures above 200 �C during

extrusion.

On the other hand, SEM and sedimentation tests

confirmed that carboxymethylation was essential to

obtain water-redispersible powders, capable of form-

ing stable suspensions. Specifically, samples that

were first carboxymethylated (those from route 2)

formed a more transparent suspension in water and

showed a more homogeneous network with overall

diameters below 1 lm (RBP-c and RBP-cm).

Mechanical disintegration of the RBP (RBP-m)

improved dispersibility in water compared to the

untreated RBP but it was not very stable as it phase-

separated with time.

These results demonstrate that the water-redispers-

ible RBP powders obtained in this work are an

attractive alternative to the conventional nanofibrillat-

ed cellulose aqueous suspensions as starting material

for the synthesis of novel cellulose nanocomposites.

The powdered chemically modified RBP would not

only allow reducing storage volume and shipping costs

but also they would increase the storage life of the

product against bacterial degradation. Furthermore,

the generated carboxylate groups on the surface of the

derivatized RBP could undergo further chemical

modification (e.g. esterification) to enhance the chem-

ical affinity of the fibrils to a specific non-polar matrix.
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Österberg M, Ruokolainen J, Laine J, Larsson PT, Ikkala

O, Lindström T (2007) Enzymatic hydrolysis combined

with mechanical shearing and high-pressure homogeni-

zation for nanoscale cellulose fibrils and strong gels.

Biomacromolecules 8:1934–1941

Proniewicz LM, Paluszkiewicz C, Weselucha-Birczyńska A,

Majcherczyk H, Barański A, Konieczna A (2001) FT-IR

and FT-Raman study of hydrothermally degradated cel-

lulose. J Mol Struct 596:163–169

Reid JD, Daul GC (1947) The partial carboxymethylation of

cotton to obtain swellable fibers, I. Text Res J 17:

554–561

Saito T, Nishiyama Y, Putaux JL, Vignon M, Isogai A (2006)

Homogeneous suspensions of individualized microfibrils

from TEMPO-catalyzed oxidation of native cellulose.

Biomacromolecules 7:1687–1691

Sassi JF, Chanzy H (1995) Ultrastructural aspects of the

acetylation of cellulose. Cellulose 2:111–127

Scallan AM, Tigerström AC (1992) Swelling and elasticity of

the cell walls of pulp fibres. J Pulp Pap Sci 18:188–193

Segal L, Creely JJ, Martin AE Jr, Conrad CM (1959) An

empirical method for estimating the degree of crystallinity

of native cellulose using the X-Ray diffractometer. Text

Res J 29:786–794

Shafizadeh F, McGinnis GD (1971) Chemical composition and

thermal analysis of cottonwood. Carbohydr Res 16:

273–277

Stenstad P, Andresen M, Tanem BS, Stenius P (2008) Chem-

ical surface modifications of microfibrillated cellulose.

Cellulose 15:35–45

Cellulose (2010) 17:19–30 29

123



Turbak AF, Snyder FW, Sandberg KR (1983) Microfibrillated

cellulose, a new cellulose product: properties, uses, and

commercial potential. J Appl Polym Sci: Appl Polym

Symp 37:815–823
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Abstract Suspensions of commercial refined beech

pulp (RBP) were further processed through mechan-

ical disintegration (MD-RBP), chemical modification

(CM-RBP) and through chemical modification fol-

lowed by mechanical disintegration (CM-MD-RBP).

Nanocomposites were prepared by compounding a

poly(vinyl acetate) (PVAc) latex adhesive with

increasing contents of the different types of nanofi-

brils, and the resulting nanocomposites were ana-

lyzed by dynamic mechanical analysis (DMA). Also,

the suitability of using the CM-RBP fibrils to

formulate PVAc adhesives for wood bonded assem-

blies with improved heat resistance was studied. The

presence of cellulose nanofibrils had a strong influ-

ence on the viscoelastic properties of PVAc latex

films. For all nanocomposites, increasing amounts of

cellulose nanofibrils (treated or untreated) led to

increasing reinforcing effects in the glassy state,

but especially in the PVAc and PVOH glass transi-

tions. This reinforcement primarily resulted from

interactions between the cellulose fibrils network and

the hydrophilic PVOH matrix that led to the complete

disappearance of the PVOH glass transition (tan d
peak) for some fibril types and contents. At any given

concentration in the PVOH transition, the CM-MD-

RBP nanofibrils provided the highest reinforcement,

followed by the MD-RBP, CM-RBP and the

untreated RBP. Finally, the use of the CM-RBP

fibrils to prepare PVAc reinforced adhesives for

wood bonding was promising since, even though they

generally performed worse in dry and wet conditions,

the boards showed superior heat resistance (EN

14257) and passed the test for durability class D1.

Keywords Cellulose nanofibrils �
Carboxymethylation � Mechanical disintegration �
PVAc latex � Reinforcement � DMA �
Wood bonding

Introduction

Cellulose nanofibrils (CNF) derived from biomass

resources are increasingly being used as reinforcing

agents in the preparation of nanocomposites with

polymer matrices due to their interesting properties,

such as high strength and stiffness (Hubbe et al. 2008;
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Yano and Nakahara 2004; Zadorecki and Michell

1989), transparency (Yano et al. 2005) or biodegrad-

ability (Couderc et al. 2009). Although CNF have been

proved suitable to prepare nanocomposites with apolar

matrices after chemical modification (e.g. silylation,

TEMPO oxidation, acetylation or reactions with anhy-

drides) of the surface hydroxyl groups (Andresen et al.

2006; Araki et al. 2001; Goussé et al. 2004; Lasseu-

guette 2008; Saito et al. 2006; Sassi and Chanzy 1995;

Stenstad et al. 2008), the hydrophilic nature of CNF

makes them especially attractive for polar matrices

such as PVOH (Zimmermann et al. 2005; Roohani

et al. 2008; Lu et al. 2008), hydroxypropyl cellulose

(Zimmermann et al. 2005), acrylic and phenol–form-

aldehyde resins (Iwamoto et al. 2007; Nakagaito and

Yano 2004, 2005, 2008), or poly(styrene-co-butyl

acrylate) (Samir et al. 2004; Dalmas et al. 2007) and

PVAc (DeRodriguez et al. 2006) latexes. However, the

main drawback of using the hydrophilic CNF is that

they have to be stored as aqueous suspensions (10–30

wt%) since irreversible agglomeration of the fibrils

through hydrogen bonding will occur during drying,

i.e. hornification (Young 1994; Hult et al. 2001).

Fortunately, partial carboxymethylation of the CNF is

well-known to prevent hornification (Bordeanu et al.

2008; Cantiani et al. 2001a, b, c; Cash et al. 2000;

Eyholzer et al. 2009; Dinand et al. 1996; Excoffier et al.

1999; Herrick 1984; Laivins and Scallan 1993; Lind-

ström and Carlsson 1982), and consequently, carbo-

xymethylated CNF (highly hydrophilic) can be

obtained in powder form that is water-redispersible.

Finally, in addition to adequate fibril/matrix chemical

affinity, attainable reinforcement levels are closely

related to the degree ofmechanical disintegration of the

fibrils. Therefore, the mechanical properties of nano-

composites can bemodified by properly processing and

refining the CNF (Zimmermann et al. 2004).

The mechanical properties of nanocomposites can

be efficiently evaluated by dynamic mechanical ther-

mal analysis (DMA) as a function of time/frequency

and temperature. Moreover, DMA is especially suited

to identify fibril/matrix interactions or changes in the

viscoelastic properties of nanocomposites in the

glassy, glass transition and rubbery plateau regions.

For instance, Lu et al. (2008) showed that increasing

amounts of microfibrillated cellulose (derived from

kraft pulp) to a PVOH matrix led to a significant

increase of the storage modulus in the glassy region

and especially in the rubbery plateau. Kvien and

Oksman (2007) reported a significant difference in

storagemodulus in the glassy region of a PVOHmatrix

when using cellulose nanowhiskers (CNW) oriented in

parallel or transverse directions. Dalmas et al. (2007)

showed that cellulose nanofibrils obtained from sugar

beet pulp provided a large mechanical reinforcement

to an amorphous poly(styrene-co-butyl acrylate)

matrix in the rubbery plateau region. This effect was

explained by the formation of a rigid nanofibril

network through hydrogen bonding, which was gov-

erned by a percolation mechanism (Azizi Samir et al.

2005). Alemdar and Sain (2008) showed the reinforc-

ing effect of wheat straw cellulose nanofibers in a

starch-based thermoplastic polymer (TPS). Interest-

ingly, the presence of the nanofibers remarkably

shifted the neat TPS glass transition temperature

(Tg) 30–40 �C, which was attributed to interfacial

TPS/nanofibers interactions. Similarly, Kristo and

Biliaderis (2007) attributed the significant increase in

the sorbitol-plasticized pullulan Tg with increasing

amounts of starch nanocrystals to strong filler/filler

and filler/polymer interactions. In summary, these

studies demonstrate the potential of the DMA tech-

nique to identify fibril/polymer interactions and to

evaluate reinforcement effects in the viscoelastic

response of cellulose nanocomposites.

In the present work, the aqueous RBP suspensions

were further processed through chemical modifica-

tion (CM-RBP), mechanical disintegration (MD-

RBP) and through chemical modification followed

by mechanical disintegration (CM-MD-RBP). Nano-

composites were prepared by mixing a commercial

PVAc latex with different concentrations of the

untreated or the processed RBP fibrils. The resulting

nanocomposites were analyzed by DMA to investi-

gate the influence of the different types of cellulose

nanofibrils on the PVAc viscoelastic properties and to

identify possible fibril/PVAc interactions. Finally, the

suitability of the CM-RBP fibrils to prepare PVAc

adhesives intended for wood bonded assemblies with

enhanced heat resistance was evaluated.

Materials and methods

Materials

The refined, bleached beech pulp (RBP) was provided

by J. Rettenmaier & Söhne GmbH, Rosenberg,
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Germany (Arbocel B1011, 10 wt% aqueous suspen-

sion. The chloroacetic acid (sodium salt, purity C

98%) and the glacial acetic acid (purity C 99.8%)

were purchased from Merck (Darmstadt, Germany),

and the sodium hydroxide (NaOH, purity C 98%)

from Fluka (Buchs, Switzerland).

The commercial PVAc latex used was VN 1693

(Collano AG, Switzerland) with a solids content of

49.5 ± 0.1%. This system is an aqueous suspension of

PVAc particles stabilized by PVOH and it does not

contain cross-linking agents. This is a thermoplastic

wood adhesive for non-structural applications classi-

fied as suitable for durability class D3 (EN 204:2001)

by the provider. Briefly, durability class 3 implies that

the bonded member can be used in interior with

frequent short-term exposure to running or condensed

water and/or to heavy exposure to high humidity. Also,

it can be used in exterior not exposed to weather.

Mechanical disintegration

About 1.40 kg of the RBP aqueous suspension (ca.

10 wt%) were initially mixed with 8 L of water and

stirred with a stainless steel agitator for 30 min at

20 �C in a 10 L reactor. The diluted RBP suspension

(ca.1.5 wt%) was then processed with an inline

disperser (Megatron MT 3000, Kinematica AG, Swit-

zerland) at 20,000 rpm for 60 min. This pretreatment

facilitated the breaking down of the RBP fibrous

material into smaller parts (cellulose fibril bundles)

providing a more homogeneous suspension. Then, 6 L

of the pretreated RBP suspension were subjected

to high-shear disintegration in a Microfluidizer type

M-110Y (Microfluidics Corporation, USA). A stable

cellulose nanofibril suspension (MD-RBP) was

obtained after 6 passes through the H230Z400 lm and

F20Y75 lm interaction chambers of the microfluidizer.

The estimated processing pressure inside the F20Y

chamber was 125 MPa.

Chemical modification

About 2.54 kg of the 10 wt% RBP aqueous suspen-

sion were transferred to a 10 L reactor equipped with

the inline disperser and a mechanical stirrer, and then

7.46 kg of a 5/3 v/v isopropanol/ethanol mixture

were added. The resulting mixture was processed

with the inline disperser at 15,000 rpm for 30 min at

20 �C followed by slow addition of 189.50 g of a

21 wt% sodium hydroxide aqueous solution under

continuous stirring to activate the cellulose. Then,

115.02 g of chloroacetic acid (sodium salt) were

added to the activated suspension and the temper-

ature was increased to 60 �C. The reaction mixture

was again processed with the inline disperser at

20,000 rpm for 2 h before cooling it down to 20 �C
to stop the reaction. The resulting suspension was

neutralized with acetic acid and centrifuged at

15,000 rpm for 90 min. The supernatant was dis-

carded and the precipitate containing the carboxyme-

thylated cellulose fibrils was washed first with

distilled water three times to remove any water-

soluble by-product and second with a 5/3 v/v

isopropanol/ethanol mixture prior to drying overnight

in the oven at 65 �C. The resulting powdered CM-

RBP fibrils are easily re-dispersable in water forming

a stable gel. The degree of substitution (DS) of the

CM-RBP was evaluated by conductometric titration

according to a modified method from Eyler et al.

(1947) and described in a previous study (Eyholzer

et al. 2009). A DS of 0.156 ± 0.028 was obtained

from three independent evaluations, which amounts

to 5.2% of the hydroxyl groups present in the

cellulose fibrils being replaced by carboxyl groups.

As a reference, when the DS of the CM-RBP is

greater than 0.25 the cellulose fibrils become soluble

in water (Eyholzer et al. 2009).

Finally, the CM-MD-RBP fibrils were prepared by

initially re-dispersing 69.2 g of the dry CM-RBP in

2.69 kg of water (ca. 2.5% by weight) with a high-

shear blender (Ultra-Turrax, IKA, Germany). The

resulting suspension was then transferred to the 10 L

reactor and the mechanical disintegration treatment

was conducted as previously described.

Preparation of nanocomposites

Composites were prepared by mixing the PVAc latex

with the RBP, MD-RBP, CM-RBP or CM-MD-RBP

fibrils at different concentrations, i.e. 5, 10, 20 and

30 wt% (g of dry fibrils in 100 g of total dry material).

The PVAc-fibrils mixtures were blended with the

Ultra-Turrax and degassed under vacuum before

casting the films onto silicon molds. The films were

dried under ambient conditions for 2 days and then cut

with a twin-bladed cutter to obtain 45 (length) 9 10

(width) 9 0.6–0.7 (thickness) mm samples. Prior to
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DMA analysis, all samples were dried by storage over

silica gel under vacuum for at least 3 days.

Field emission scanning electron microscopy

The surface of the PVAc nanocomposites (previously

dried as described for the DMA samples) with 10 and

30 wt% of the CM-MD-RBP fibrils were evaluated

on a Jeol 6300F FE-SEM (Jeol Ltd., Japan) instru-

ment. For the preparation of the FE-SEM samples,

glimmer plates bonded to the sample’s holder with a

conducting carbon paste were employed. The sam-

ples were placed on the glimmer plates, and then

coated with a platinum layer of 9 nm (BAL-TEC

MED 020 modular high vacuum coating system,

BAL-TEC AG, Principality of Liechtenstein). The

FE-SEM experiments were conducted at an acceler-

ating voltage of 5 kV.

DMA experiments

A GABO-Eplexor DMA 800 (GABO qualimeter

Testanlagen GmbH, Germany) in tension mode was

used to study the viscoelastic properties of the

resulting dried PVAc nanocomposites. All samples

were initially conditioned at 0 �C for 5 min in the

DMA, and then dynamic heating scans were per-

formed from 0 to 150 �C at 2 �C/min and 10 Hz. The

contact force, the static load strain and the dynamic

load strain used in these experiments were 0.1 N, 0.3

and 0.03%, respectively. Three analyses were

obtained for each sample.

Assessment of adhesive performance

Three adhesive formulations, namely, the neat PVAc

and the PVAc with 1 and 3 wt% of the CM-RBP

were selected to prepare three bonded panels of

1000 9 135 9 10 mm3 using beech wood (10.8 ±

0.5% moisture content, n = 10). The preparation

details of the bonded assemblies with these three

adhesives are shown in Table 1. Each panel was cut

into individual test specimens of 150 9 20 9 10 mm

according to EN 205:2003. The resulting 30 lap joint

test pieces per board were randomly distributed into

three treatment groups (Table 2): (1) 10 specimens

were conditioned at (20 ± 2) �C and (65 ± 5)%

relative humidity for 7 days (Standard atmosphere or

durability class D1, EN 204:2001), (2) 10 specimens

were conditioned in the above standard atmosphere

followed by 4 days in water at (20 ± 5) �C (Durabil-

ity class D3, EN 204:2001) and (3) 10 specimens were

conditioned in the described standard atmosphere and

then each test piece was heated for 1 h in a preheated

fan oven at 80 �C (WATT 091 test) according to EN

14257:2006. Immediately after each treatment, the

specimens were tested in a Universal Testing Machine

(Zwick 1474, Zwick GmbH & Co. KG, Germany) to

evaluate the tensile shear strength parallel to the grain.

Table 1 Preparation of Beech bonded assemblies with three PVAc formulations

Boards 1 2 3

Adhesive PVAc PVAc with 1% CM-RBP PVAc with 3% CM-RBP

Solids content (%)a,c 49.5 ± 0.1 46.0 ± 0.2 40.8 ± 0.2

Apparent viscosityb,c (Pa.s) 9.55 ± 0.07 3.16 ± 0.02 3.83 ± 0.01

Spreading rated (g/m2) 185f

Open time (min)e 5f

Pressure (N/mm2) 0.3f

Press time (h) 2f

Press temperature (� C) 20–21f

a Determined according to ASTM D 1489-87
b Measurement at 14.38 s-1 and 20 �C using a cone (40 mm, 1.59�)/plate in a Physica MCR 300 rheometer
c Average value for three samples with standard deviation
d Amount and application is on each bonding surface
e Time elapsing from adhesive application to assembly of the lamellas
f The same value was used for the three adhesive formulations
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The rate of separation of the jaws was 50 mm/min for

all samples. Specifically for the WATT 091 test, the

time between removal of the test piece from the oven

and the start of the test has to be 9 ± 1 s.

Additionally, the steady-state flow properties of

these liquid PVAc adhesives were measured in order

to find out the influence of the CM-RBP fibrils on the

PVAc rheological behaviour. These experiments

were conducted in a Physica MCR 300 rheometer

at 20 �C using a cone (40 mm, 1.59�)/plate from 100

to 1 s-1 of shear rate. The resulting flow curves were

fitted to the Power law equation (szx = k (dVz/dx)n),

where szx is the shear stress (Pa), (dVz/dx) is the

shear rate (s-1), k is the consistency index (Pa.sn) and

n is the power law index (Fig. 1). The fit was

conducted collectively on three data sets from the

respective sample types and the goodness of fit (R2)

was always higher than 0.99.

Statistical analysis

One-way analysis of variance (ANOVA) was per-

formed on the shear strength data for each treatment,

with the adhesive type as independent variable.

Tukey multiple comparison tests were conducted if

a significant difference (p B 0.05) existed. Version

2.03 of the Windows SigmaStat software was used to

conduct this statistical analysis.

Results and discussion

Figures 2 and 3 show the evolution of the storage

modulus (top graphs) and tan d (bottom graphs) with

temperature for the PVAc nanocomposites prepared

with the the RBP and CM-RBP (Fig. 2), and MD-

RBP and CM-MD-RBP (Fig. 3) fibrils at different

concentrations (i.e. 0, 5, 10, 20 and 30 wt%). All

graphs show the same temperature, storage modulus

and tan d scales in order to facilitate comparisons

between nanocomposites. Also, inset graphs of the

storage modulus response in the low temperature

region are provided to help visualize differences. The

reproducibility of the viscoelastic response was very

good, as demonstrated by the nearly perfect overlap

of three repeat curves for each sample type. Spanning

from low to high temperatures, three different regions

can be identified in the neat PVAc films (open circle

symbols): the glassy state (approx. below 25 �C), the
PVAc glass transition (25–65 �C) (López-Suevos and
Frazier 2005; Backman and Lindberg 2004) with a

tan d peak near 45 �C, and the very broad PVOH

glass transition (65–150 �C) (López-Suevos and

Table 2 Conditioning treatments for the lap joint test pieces and minimum required tensile shear strength values

Treatment Duration and condition Shear strength (N/mm2) European standard

Durability class D1 7 days in standard atmospherea C10 EN 204 and 205

Durability class D3 7 days in standard atmospherea C2 EN 204 and 205

4 days in water at (20 ± 5) �C
WATT 091 7 days in standard atmospherea Not specifiedb EN 14257

(60 ± 2) min at (80 ± 2) �C
a (20 ± 2) �C and (65 ± 5)% relative humidity
b In general, there is not specific requirement; only when the adhesive is intended for window sections a shear strength higher than

7 N/mm2 is required

100101
1

10

100

1000

 PVAc with 1% CM-RBP
n=0.67±0.01
k=7.66±0.20 Pa.sn

 PVAc with 3% CM-RBP
n=0.41±0.00
k=19.35±0.06 Pa.sn

S
he

ar
 S

tr
es

s 
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a)
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 PVAc
n=0.74±0.01
k=19.08±0.68 Pa.sn

Fig. 1 Flow curves of the three liquid PVAc adhesives fitted

to the Power law equation (solid lines) showing the consistency
(k) and the power law (n) indexes. The fit was conducted

collectively on three data sets from the respective sample types

and the goodness of fit (R2) was always higher than 0.99
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Frazier 2006) with a tan d peak around 80 �C. As the
temperature increased through these two glass tran-

sitions the neat films dramatically softened, as

showed by the almost four decade reduction in

storage modulus.

First of all, it should be highlighted that the

presence of the cellulose nanofibrils had a remarkable

effect on the viscoelastic properties of the resulting

nanocomposites, regardless of the fibril type (treated

or untreated) and content. This was demonstrated by

an increase in their storage modulus in the whole

temperature range and a decrease in the tan d
intensity above the PVAc glassy state (Figs. 2, 3).

We defined a reinforcement factor, RF, calculated by

dividing the storage modulus for each composite by

the storage modulus of the neat PVAc at the same

temperature, i.e. the RF is the number of times the

storage modulus was increased by the presence of the

fibrils (Table 3). When considering the glassy region

(see inset graphs of Figs. 2, 3 or Table 3, column for

0 �C), the storage modulus moderately increased with

increasing loadings of each type of cellulose nano-

fibrils (RF values ranging from 1.11 to 1.39 for the

RBP, 1.21 to 1.76 for the CM-RBP, 1.12 to 1.57 for

the MD-RBP and 1.15 to 1.64 for the CM-MD-RBP

nanocomposites). Interestingly, when the different

fibrils were compared at the same concentrations, the

reinforcement provided by the untreated RBP fibrils

was quite similar to that of the treated fibrils (CM-

RBP, MD-RBP and CM-MD-RBP) at 5 and 10 wt%

but markedly smaller at 20 and 30 wt% (Table 3,

column for 0 �C).
In the PVAc glass transition, on the one hand, the

presence of cellulose fibrils did not significantly alter

the PVAc glass transition temperature (±2 �C from

tan d peak) suggesting, according to similar studies

(Backman and Lindberg 2004), a weak interaction

between the bulk PVAc particles and the fibrils.

Indeed, since PVAc is hydrophobic, it seems very

unlikely that the fibrils would penetrate into a neat
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Fig. 2 Dynamic heating scans showing the storage modulus

(top graphs) and tan d (bottom graphs) for PVAc composites

prepared with the RBP and CM-RBP cellulose fibrils at 0, 5,

10, 20 and 30 wt%. Three repetitions at each concentration are

shown. Insets show expanded plot of the storage moduli in the

low temperature region (glassy region)
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PVAc region. On the other hand, the storage modulus

in the PVAc glass transition significantly increased

up to nearly 1.5 decades and the damping intensity

(tan d peak) decreased from 0.85 to 0.19, depending

on the fibril type and concentration (maximum

storage modulus and minimum tan d intensity were

obtained when using 30 wt% of the CM-MD-RBP).

Even more significant was the effect of the fibrils

in the PVOH glass transition, which led to increases

in the storage modulus of up to three decades with

respect to the neat PVAc films (Figs. 2, 3). For each

type of fibril, the RF values dramatically increased,

especially at 150 �C, with increasing fibril contents.

For example, the RF varied (at 150 �C) from 6.6 to

494 for the RBP, 17 to 1001 for the CM-RBP, 37 to

1208 for the MD-RBP, and 126 to 1588 for the CM-

MD-RBP nanocomposites. More interestingly, the

presence of the fibrils also led to the gradual

disappearance of the tan d peak with increasing fibril

contents (Figs. 2, 3). These effects are associated

with the segmental motions of the PVOH chains

being increasingly restricted by the presence of the

nanofibrils network and their strong interaction with

the highly hydrophilic PVOH. Also, because of chain

transfer reactions during polymerization of the PVAc,

it is very likely that PVOH is covalently bonding the

particle surfaces acting much like a capsular barrier.

Because of this, the reinforcement observed in the

PVAc glass transition might also be attributed to

these strong PVOH/fibril interactions and possibly to

fibril/fibril interactions (within the PVOH matrix) at

the particle boundaries. Since PVOH is dispersed

around the PVAc particles, it is clear that effects at

the PVOH-rich boundaries will have an impact on the

PVAc bulk particles. Supporting this mechanism,

SEM images from nanocomposites with 10 and 30

wt% of CM-MD-RBP (Fig. 4) showed that cellulose

nanofibrils mostly form a compact network covering

the surface of the PVAc particles and the interparticle

regions. They also showed some isolated cellulose
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Fig. 3 Dynamic heating scans showing the storage modulus

(top graphs) and tan d (bottom graphs) for PVAc composites

prepared with the MD-RBP and CM-MD-RBP cellulose

nanofibrils at 0, 5, 10, 20 and 30 wt%. Three repetitions at

each concentration are shown. Insets show expanded plot of the

storage moduli in the low temperature region (glassy region)
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fibril aggregates that were not completely refined

during the chemical and mechanical treatments.

When considering all nanocomposites at any given

fibril content, those prepared with the CM-MD-RBP

nanofibrils clearly showed the highest RF values at 80

and 150 �C followed by the MD-RBP, CM-RBP and

the untreated RBP fibrils. Differences between the

treatments were maximum at lower contents and

decreased when the fibril contents increased. These

differences between the treatments might be

Table 3 Storage modulus and reinforcement provided by the differently treated cellulose fibrils (chemical, mechanical or both) at

different concentrations at 0, 80 and 150 �C

PVAc

nanocomposite

0 �C 80 �C 150 �C

Storage modulus

(MPa)

Reinforcement

factora
Storage modulus

(MPa)

Reinforcement

factora
Storage modulus

(MPa)

Reinforcement

factora

Neat PVAc 4417 (67) 1 17 (0) 1 1.8 (0.1) 1

5% RBP 4900 (60) 1.11 (0.02) 44 (1) 2.6 (0.1) 8.4 (0.6) 4.6 (0.4)

5% CM-RBP 5347 (133) 1.21 (0.04) 56 (2) 3.3 (0.1) 19 (1) 10 (1)

5% MD-RBP 4940 (138) 1.12 (0.04) 99 (5) 5.9 (0.3) 39 (1) 21 (1)

5% CM-MD-

RBP

5097 (139) 1.15 (0.04) 242 (8) 14 (1) 128 (1) 70 (3)

10% RBP 5543 (293) 1.26 (0.07) 93 (2) 5.5 (0.2) 29 (2) 16 (1)

10% CM-RBP 5717 (100) 1.29 (0.03) 189 (9) 11 (1) 74 (3) 40 (2)

10% MD-RBP 5420 (140) 1.23 (0.04) 305 (13) 18 (1) 152 (6) 83 (5)

10% CM-MD-

RBP

5363 (180) 1.21 (0.04) 490 (32) 29 (2) 326 (29) 178 (17)

20% RBP 5430 (193) 1.23 (0.05) 389 (38) 23 (2) 194 (17) 106 (10)

20% CM-RBP 6003 (92) 1.36 (0.03) 653 (53) 39 (3) 376 (27) 205 (17)

20% MD-RBP 6297 (166) 1.43 (0.04) 911 (54) 54 (3) 519 (24) 283 (18)

20% CM-MD-

RBP

6683 (146) 1.51 (0.04) 1302 (26) 78 (2) 983 (12) 536 (23)

30% RBP 6150 (210) 1.39 (0.05) 829 (44) 49 (3) 496 (33) 270 (21)

30% CM-RBP 7760 (185) 1.76 (0.05) 1532 (115) 91 (7) 1003 (57) 547 (39)

30% MD-RBP 6953 (150) 1.57 (0.04) 1775 (144) 106 (9) 1210 (68) 660 (46)

30% CM-MD-

RBP

7263 (446) 1.64 (0.10) 1850 (152) 110 (9) 1590 (160) 867 (95)

All values are the average for three samples with standard deviation (in parentheses)
a The reinforcement factor (RF) was calculated by dividing the storage modulus for each composite by the storage modulus of the

neat PVAc, i.e. the RF is the number of times the storage modulus was increased by the presence of the fibrils

Fig. 4 FE-SEM surfaces of PVAc nanocomposites with 10(a) and 30 (b) wt% of the CM-MD-RBP cellulose fibrils
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explained because mechanical disintegration of the

RBP (MD-RBP) breaks down the RBP fibrous

material into thinner parts providing cellulose nano-

fibrils with higher aspect ratio, and consequently,

with higher reinforcing potential (Chakraborty et al.

2006). On the other hand, carboxymethylation of the

RBP nanofibers (CM-RBP) increases the degree of

swelling of the fibers and opens up the fiber structure

(Walecka 1956), facilitating not only fiber/fiber and

fiber/matrix interactions but also further microfibri-

lation (CM-MD-RBP) (Wågberg et al. 2008). In fact,

a synergistic effect between the treatments was found

at 5 and 10 wt% and 5, 10 and 20 wt% fibril loadings

at 80 and 150 �C, respectively. This is shown by a

synergy ratio, defined as the RF provided by the

cellulose nanofibrils that were first chemically mod-

ified and subsequently mechanically disintegrated

(CM-MD-RBP) divided by the sum of the individual

RFs due to the fibrils that were chemically (CM-RBP)

and the fibrils that were mechanically modified (MD-

RBP), greater than 1 for these compositions

(Table 4). As expected, this synergistic effect was

more significant for nanocomposites prepared with

the lowest fibril content (5 wt%) with ratios around

1.6 (80 �C) and 2.2 (150 �C), suggesting that the

CM-MD-RBP nanofibrils form the most effective

percolating network within the PVOH matrix. As the

fibril content increased, the synergistic effect was

progressively reduced and it vanished for nanocom-

posites with 20 and 30 wt% at 80 �C and for

nanocomposites with 30 wt% at 150 �C (ratio\ 1).

Consequently, from an economical point of view, the

extra cost in treating and obtaining the CM-MD-RBP

fibrils might limit their use to low concentrations,

whereas at high concentrations (e.g. 30 wt%) the

MD-RBP fibrils (RF of 1208 at 150 �C), the CM-

RBP (RF of 1001 at 150 �C) or even the untreated

RBP (RF of 494 at 150 �C) might be a better choice

than the CM-MD-RBP (RF of 1588 at 150 �C).
Considering the outstanding reinforcing potential

provided by the studied cellulose fibrils to the PVAc

latex adhesive in the high temperature region, a

preliminary study on their suitability to prepare wood

adhesives to manufacture beech bonded assemblies

with higher heat resistance was conducted. Therefore,

three adhesive formulations, namely, the neat PVAc

and the PVAc with 1 and 3 wt% of the CM-RBP were

employed to prepare boards as previously described

(Table 1). The CM-RBP fibrils were chosen for this

study, regardless of the lower reinforcing potential

respect to the MD-RBP and CM-MD-RBP (both

obtained as aqueous suspensions), because they were

obtained in powder form (but easily redispersible in

water). Therefore, the CM-RBP fibrils are not only

more stable (especially against bacterial decomposi-

tion) allowing significant savings in storage and,

consequently, in shipping, but also they facilitate the

preparation of wood adhesives with a tailored solids

content and a better control of the viscosity prior to

wood bonding. In particular, the addition of the

CM-RBP fibrils to the neat PVAc latex led to a more

pseudoplastic behaviour of the resulting adhesives as

the power law index (n) decreased from 0.74 to 0.41

(Fig. 1). This behavior is of great interest because, as

the adhesive is subjected to stress during its applica-

tion, its apparent viscosity will decrease, resulting in

better flow, and consequently enhancing the spread-

ing of the adhesive over the wood surface.

Table 5 shows the average shear strength with

standard deviation for the three boards after the

conditioning treatments (Table 2). As it can be

observed, all boards easily met the requirement for

durability class D1 (dry shear strength[ 10 N/mm2).

However, one-way ANOVA showed that the addition

of fibrils had a detrimental effect on the shear strength

of the boards (p\ 0.05) when tested in dry condi-

tions, and both boards prepared with 1 and 3% of CM-

RBP fibrils showed significantly lower shear strengths

than the neat PVAc. When the requirement for

Table 4 Synergistic effects between treatments at 80 and

150 �C

Fibril content (%) Synergy ratioa

80 �C 150 �C

5 1.56 (0.07) 2.23 (0.06)

10 1.01 (0.07) 1.44 (0.13)

20 0.83 (0.04) 1.10 (0.05)

30 0.56 (0.06) 0.72 (0.08)

All values are the average for three samples with standard

deviation (in parentheses)
a The synergy ratio is defined as the ratio of the reinforcement

factor (RF) due to the fibrils that were chemically modified

followed by mechanical disintegration (CM-MD-RBP,

treatments acting together) divided by the sum of the

individual RFs due to the fibrils that were chemically (CM-

RBP) and the fibrils that were mechanically modified (MD-

RBP) at the same concentration. A ratio higher than 1 implies a

synergistic effect
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durability class D3 (wet shear strength[ 2 N/mm2)

was tested, surprisingly, none of the boards prepared

passed the test. This was unexpected, since the

commercial neat PVAc used in this study was

classified as suitable for durability class D3 by

the provider. Again, one-way ANOVA showed that

the addition of fibrils had an adverse effect on the

properties of the boards (p\ 0.05). However, in this

case, the average shear strength value for the board

with 3 wt% of CM-RBP fibrils was not significantly

different than that of the neat PVAc adhesive. Finally,

when tested in the WATT 91 test (briefly, lap joint

specimens tested after 1 h at 80 �C), addition of the

fibrils also had a significant effect (one-way ANOVA,

p\ 0.05) but in this case, positive, since the board

reinforced with 3 wt% of fibrils showed a significantly

higher shear strength value than the control sample.

This indicates a significant increase in heat resistance

when using the PVAc adhesive reinforced with 3 wt%

fibrils and it is in agreement with the reinforcing effect

observed in Table 3 (DMA data) at 80 �C for all

nanocomposites containing the CM-RBP fibrils. The

observed decrease in adhesion (durability class D1)

might be associated to the reduction in apparent

viscosity induced by the fibrils (the neat PVAc

apparent viscosity was approx. three times higher

than those for the adhesives containing the fibrils).

This, while improving spreadability, might also result

in an increased penetration of the fibril-containing

adhesives into the wood which in turn could lead to a

weaker glue line. In addition, the presence of the

cellulose nanofibrils might also perturb the film

forming process of PVAc negatively affecting adhe-

sion. On the other hand, the fact that carboxymethy-

lated cellulose fibrils are quite hydrophilic and

consequently, more accessible to water might explain

the reduction in durability. Finally, in agreement with

the DMA data, the presence of the fibrils is stiffening

the glue line which while not contributing to improve

adhesion at room temperature, becomes essential when

tested at 80 �C. Collectively, these results indicated

that the addition of the carboxymethylated fibrils (CM-

RBP) to a PVAc latex effectively enhanced the heat

resistance of the glue line of beech bonded assemblies

but generally reduced its performance under dry

(durability class D1) and wet conditions (durability

class D3). Further studies will be conducted to

optimize the main parameters involved in the PVAc

preparation (e.g. solids content, viscosity, cellulose

fibril content, other type of cellulose fibrils, other type

of PVAc latex, etc.) in an attempt to prepare adhesive

formulations that will also fulfill the durability class

D3 and WATT 91 requirements.

Conclusions

The untreated and processed cellulose nanofibrils

used in this work had a remarkable influence on the

viscoelastic properties of PVAc latex films as dem-

onstrated by significant increases in storage modulus

in the whole temperature range and by significant

decreases in tan d above the glassy state. This was

mainly attributed to a strong interaction between the

cellulose nanofibrils network and the highly hydro-

philic PVOH matrix that dramatically restricted

segmental motions of the PVOH chains. Among the

different cellulose nanofibrils at any given concen-

tration in the high temperature region, those that were

carboxymethylated and subsequently mechanically

disintegrated provided the largest reinforcement fol-

lowed by those that were only mechanically disinte-

grated, those that were only carboxymethylated, and

the untreated ones. However, the higher technical and

Table 5 Average shear strength values with standard deviation for boards 1–3 after the conditioning treatments (see Table 2 for

details)

Board Adhesive Shear strength (N/mm2)

Durability class D11 Durability class D31 WATT 911

1 Neat PVAc 19.4 ± 2.8a 1.7 ± 0.3a 4.6 ± 0.6a

2 PVAc-1% CM-RBP 14.7 ± 0.6b 1.4 ± 0.2b 5.1 ± 0.7a

3 PVAc-3% CM-RBP 14.8 ± 1.1b 1.5 ± 0.2a,b 5.9 ± 0.4b

One-way analysis of variance was performed on the shear strength data for each treatment
1 For each treatment, same letter indicates that the shear strength data is not significantly different
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energetic operating expenses necessary to produce

the CM-MD-RBP fibrils might only be justifiable

when they are used at very low contents (5 wt%),

where the difference in reinforcement respect to the

other types of fibrils is maximum. Otherwise, the

simple mechanical treatment seems a better choice

since the resulting fibrils not only provide a large

reinforcement at a smaller processing cost but also

they are less hydrophilic than the carboxymethylated

fibrils and therefore less accessible to water. This

proved important when the CM-RBP fibrils were

used to prepare adhesives, since boards prepared with

this type of fibrils clearly passed the test for durability

class D1 and showed significantly enhanced heat

resistance (EN 14257), but failed the test for dura-

bility class D3.

Collectively, these findings are encouraging to

conduct a more thorough study with the other types

of fibrils, especially the MD-RBP, and PVAc latexes

so that the durability class 3 and specific heat

resistance requirements (e.g. for windows sections

the shear strength[ 7 N/mm2) are met.
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Abstract Bionanocomposites of hydroxypropyl cel-

lulose (HPC) and nanofibrillated cellulose (NFC) were

prepared by solution casting. The various NFC were in

form of powders and were prepared from refined,

bleached beech pulp (RBP) by mechanical disintegra-

tion, optionally combined with a pre- or post mechan-

ical carboxymethylation. Dynamic mechanical

analysis (DMA) and tensile tests were performed to

compare the reinforcing effects of the NFC powders to

those of their never-dried analogues. For unmodified

NFC powders an inferior reinforcing potential in HPC

was observed that was ascribed to severe hornification

and reagglomeration of NFC. In contrast, the com-

posites with carboxymethylated NFC showed similar

behaviors, regardless of the NFC suspensions being

dried or not prior to composite preparation. SEM

characterization confirmed a homogeneous dispersion

of dried, carboxymethylated NFC within the HPC

matrix. These results clearly demonstrate that drying of

carboxymethylated NFC to a powder does not decrease

its reinforcing potential in (bio)nanocomposites.

Keywords Nanofibrillated cellulose �
Hydroxypropyl cellulose � Hornification �
Nanocomposites � Morphology �
Dynamic mechanical properties �
Mechanical properties

Introduction

The general awareness of the increasing need for

environmentally benign materials in building and

construction, automotive and packaging at low cost

has promoted a drastic increase in the research

activities towards composites based on renewable and

sustainable plant fibers (Hubbe et al. 2008). Among

all biopolymers, cellulose is the most abundant and

combines high strength and stiffness with low density

and biodegradability (Zadorecki and Michell 1989;

Couderc et al. 2009). Its inherent mechanical prop-

erties arise from b-1,4 linked glucopyranose chains,

aligned into highly ordered (crystalline) domains by

intra- and intermolecular hydrogen bonds. These

crystallites are linked by amorphous domains to form

bundles of fibrils (Azizi Samir et al. 2005).
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Successful isolation of cellulose fibrils with diam-

eters below 100 nm is usually done by applying high

shear forces to an aqueous suspension of never-dried

cellulose pulp (Turbak et al. 1983; Herrick et al.

1983; Wågberg et al. 1987; Yano and Nakahara 2004;

Zimmermann et al. 2004; Jonoobi et al. 2009). In

order to enhance disintegration rate and lower energy

consumption, chemical (Wågberg et al. 1987; Saito

et al. 2006) and enzymatic (Pääkkö et al. 2007) pre-

treatments were applied. However, the yielded sus-

pensions of nanofibrillated cellulose contain large

amounts of water. Therefore, they suffer from

bacterial degradation, require large storage facilities

and generate high transportation costs. These rami-

fications could be avoided by preparing nanofibril-

lated cellulose (NFC) in powder form. However,

simple drying of cellulose pulp from an aqueous

suspension leads to irreversible agglomeration of the

fibrils, called hornification (Scallan and Tigerström

1992; Laivins and Scallan 1993; Young 1994; Hult

et al. 2001). This problem can be solved by

functionalization of cellulose hydroxyl groups

with carboxymethyl groups in their sodium form

(Lindström and Carlsson 1982; Laivins and Scallan

1993). Following this approach, we recently reported

the preparation and characterization of water-redis-

persible, chemically modified NFC powders (Eyholzer

et al. 2010). The high interest in producing NFC in

powder form for industrial application is reflected by

several patents (Herrick 1984; Bahia 1995; Dinand

et al. 1996; Excoffier et al. 1999; Cantiani et al. 2001;

Cash et al. 2003; Bordeanu et al. 2008).

Nevertheless, the NFC starting material for

mechanical reinforcement of polymer matrices is still

predominantly used in form of never-dried aqueous

suspensions. Several studies showed its high reinforc-

ing potential on hydrophilic matrices like plasticized

starch (Dufresne and Vignon 1998), poly(styrene-co-

butyl acrylate) and poly(vinyl acetate) latexes (Azizi

Samir et al. 2004; Dalmas et al. 2007; Lopez-Suevos

et al. 2010), poly(vinyl alcohol) (Alemdar et al. 2009),

polyurethane (Seydibeyoğlu and Oksman 2008), phe-

nol–formaldehyde resin (Nakagaito and Yano 2005)

and hydroxypropyl cellulose (Zimmermann et al.

2004). As compared to the neat matrices, these NFC

composites essentially showed increased thermal

stability, tensile strength and/or Young’s Modulus.

However, the preparation of composites containing

water-redispersed NFC in powder form without the

drawbacks of hornification has not been reported so

far.

In this article, we present the elaboration and

characterization of composites containing water-

redispersed NFC powders and hydroxypropyl cellulose

(HPC). This highly interesting cellulose derivative

has been extensively analyzed regarding its ability to

form liquid crystalline (LC) mesophases (Werbowyj

and Gray 1976; Werbowyi and Gray 1980; Shimamura

et al. 1981; Suto et al. 1982, 1986; Charlet and Gray

1987) and displays high compatibility with cellulosic

nanofibers (Zimmermann et al. 2004; Johnson et al.

2009).

The aim of this work was to examine the effect of

drying conventional and carboxymethylated NFC on

their reinforcing potentials in HPC composites and

further understand the interaction between the differ-

ent phases. The composite films were characterized

by dynamic mechanical analysis (DMA) and tensile

testing and the results were compared to those from

HPC composites containing the never-dried NFC

counter-parts. Moreover, morphological characteriza-

tion was done using scanning electron microscopy

(SEM) to highlight the interactions at the fiber-matrix

interface and confirm the interpretation of dynamic

mechanical and tensile properties.

Materials and methods

Hydroxypropyl cellulose (HPC) with a molecular

substitution (MS) of 3.4–4.4 and a weight-average

molecular weight (Mw) of 100,000 was purchased

from Sigma–Aldrich Chemie GmbH (Steinheim,

Germany). The preparation of the various NFC

powders is described elsewhere (Eyholzer et al.

2010). Briefly, refined bleached beech pulp (RBP)

was carboxymethylated (c) and mechanically disin-

tegrated using a high-shear laboratory homogenizer.

In addition to RBP (untreated raw material), three

NFC products were obtained by changing the

sequence of the treatments (Fig. 1): NFC (mechan-

ically isolated from RBP) and c-NFC and NFC-c

(NFC that was carboxymethylated before and after

mechanical disintegration, respectively), each yielded

in the form of never-dried aqueous suspension and

dry powder (after solvent exchange to isopropanol/

ethanol 5:3 w/w and oven drying at 60 �C under

repeated stirring).
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Preparation of composite films

Composite films with fibril loadings of 5, 10 and 20%

w/w were prepared at room temperature by mixing

appropriate volumes of a 2.0% w/w aqueous solution

of HPC with a 2.0% w/w aqueous suspension of the

various RBP and NFC products, using a blender (T

25 basic, IKA-Werke, Staufen, Germany). Samples in

powder form were redispersed in deionized water to

yield a 2.0% w/w aqueous suspension, prior to

mixing. The suspensions were then degassed under

vacuum, cast in silicon moulds and placed in a

laboratory hood. The films were left to dry for several

days and showed thicknesses between 40 and

150 lm.

Dynamic mechanical analysis

The viscoelastic properties of the prepared films were

studied by using a RS IIIa Rheometrics System

Analyzer (TA Instruments, Delaware, USA) in ten-

sion mode. The composite films were cut into

rectangular specimens with 6.0 mm width and

45.0 mm length and dried by storage over silica gel

under vacuum for at least 3 days.

As HPC is very difficult to dry (Pizzoli et al.

1991), possibly remaining water on the samples was

removed by heating to 180 �C (140 �C for neat HPC

samples and 150 �C for samples containing 5% of

RBP, NFC or NFC-c) at a heating rate of 4 �C/min

and hold there for 2 min for equilibration. Dynamic

cooling scans were performed from 180 �C (140 and

150 �C, respectively) to -30 �C at a cooling rate of

2 �C/min and a frequency of 1 Hz. The purge gas was

dry air between 180 and 35 �C and gas nitrogen

below 35 �C. Initial load strain and initial static force

were set to 0.09% and 2.0 g, respectively. The static

force was set 15% higher than the dynamic force. The

upper limit for the applied load strain was set to

0.3%. Three scans were averaged for each sample.

The standard deviation in the DMA results (Figs. 2

and 3) shows the good reproducibility of the

measurements for the three specimens of one sample.

Tensile testing

Modulus of elasticity (MOE), nominal tensile strength

(rmax) and tensile strain at break (e) were determined

according to EN ISO 527-1:1996 with slight modifi-

cations. A Universal Testing System (Zwick 1474,

Ulm, Germany), equipped with a 1kN load cell was

used. Small dog-bone-shaped specimens were cut

from the composite films using a clicker press. The

specimens had an overall length of 75.0 mm, a width

of 12.0 mm at the clamping zone and a width of

4.0 mm at the stretching zone. The samples were

conditioned for at least 1 week at 35% relative

humidity and 20 �C. Elongation of the samples was

measured by optical strain detection. MOE values

were determined by the slope of the linear interpola-

tion line of the curves between 0.1 and 0.3% strain.

The initial cross head speed was set to 0.5 mm/min and

increased to 5 mm/min after the determination of the

MOE to minimize creeping of the samples. For each

sample, six replicates were measured. Of all 150

specimens measured, six replicates were rejected due

to failure of the specimen within the grips or error in

test procedure.

SEM characterization

The composite films were freeze-fractured in liquid

nitrogen and the surfaces were sputtered with a

7.0 nm platinum coating. The samples were observed

Fig. 1 Schematic overview on the sample preparation routes.

In route 1 (left block), RBP was mechanically disintegrated

(NFC), followed by carboxymethylation (NFC-c). In route 2

(right block), the treatments were interchanged and RBP was

first carboxymethylated, followed by a mechanical disintegra-

tion step (c-NFC). White rectangles denote never-dried NFC

products (aq) and composites prepared thereof. Shaded

rectangles denote NFC products dried to a powder (s) and

composites prepared thereof
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at an acceleration voltage of 5.0 kV and a working

distance of 5 mm. Images were recorded in a FEI

NovaNanoSEM 230 (FEI Company, Hillsboro, Ore-

gon, USA) equipped with a Schottky field emission

gun.

Results and discussion

The viscoelastic responses of all composites studied

in this work are presented in Fig. 2 (with storage

modulus E0 on top and tan d below). Figure 2a shows
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Fig. 2 Viscoelastic

response of HPC films

reinforced with a untreated

RBP, b NFC, c NFC-c and

d c-NFC. As a reference, E0

and tan delta of neat HPC

films are included in all

graphs
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the viscoelastic response of HPC composite films

reinforced with RBP. Figure 2b and c presents the

viscoelastic response of HPC nanocomposites from

route 1, containing mechanically isolated NFC and

NFC that was further treated by carboxymethylation

(NFC-c), respectively. Finally, Fig. 2d shows the

viscoelastic response of HPC nanocomposites from

route 2, containing NFC that was carboxymethylated

prior to mechanical disintegration (c-NFC). Fiber

loadings are marked with triangles (5% w/w), rect-

angles (10% w/w) and circles (20% w/w). Samples

containing dried and never-dried NFC products are

denoted with filled and open symbols, respectively. In

all DMA graphs, the viscoelastic response of neat

HPC films is included as a reference (inverted

triangles). All graphs show the same temperature,

storage modulus and tan d scales in order to facilitate

comparisons between nanocomposites. Also, the

reproducibility of the viscoelastic response was very

good, as demonstrated by the nearly perfect overlap

of three repeat curves for each sample type.

Viscoelastic properties of neat HPC

The neat HPC films in Fig. 2a (inverted triangles)

show three regions that are separated by two relax-

ations, aa and am, both involving large-scale molec-

ular motion.

In the first region, ranging from -30 to 20 �C the

films exhibit a very high storage modulus which is in

the range of several GPa (Pizzoli et al. 1991). At

these temperatures, the bulk HPC consists of essen-

tially three distinct phases: a crystalline phase, a

disordered isotropic amorphous phase and a phase of

intermediate order which was described as a frozen

anisotropic amorphous phase (Rials and Glasser

1988; Pizzoli et al. 1991; Wojciechowski 2000). At

20 �C a first transition can be observed, indicated by

the peak in the tan d curve. This Tg-like transition

(Aspler and Gray 1982; Rials and Glasser 1988) was

attributed to the aa relaxation, denoting a devitrifica-

tion process of the disordered amorphous phase

(Pizzoli et al. 1991; Wojciechowski 2000).

The second region between 20 and 130 �C is

characterized by a relatively large drop in storage

modulus, exhibiting a remarkable softening of the

films. Around 130 �C a second Tg-like transition

occurs with a strong increase in the tan d intensity,

known as the am relaxation (Pizzoli et al. 1991). This

relaxation was explained as the transition from the

frozen anisotropic phase to a mobile liquid crystal

thermotropic mesophase (Pizzoli et al. 1991;

Wojciechowski 2000).

In the third region above 130 �C, the storage

modulus decreases drastically and the neat HPC films

start to flow (Horio et al. 1988). At these tempera-

tures, the flexible side chains of HPC act like an

internal plasticizer, allowing the rather stiff main

chains some mobility (Gray 1983). Due to this

mobility, the main chains can orientate into a

cholesteric conformation, stabilized by the side

chains. Therefore, the molecular interactions of these

side chains have a significant influence on the liquid

crystal organization (Wojciechowski 2000). To avoid

plastic deformation of the neat HPC films in tensile

geometry, we limited data acquisition to 140 �C for

this sample.

Viscoelastic properties of composites reinforced

with never-dried (aq) NFC

To allow easier comparison, Fig. 3 shows the storage

modulus values of the neat HPC films and composites

with RBP and NFC products organized in columns at

three arbitrary temperatures, i.e. at -20 �C (below

the aa relaxation; Fig. 3a), at 75 �C (between the aa
and am relaxations; Fig. 3b) and at 140 �C (above the

am relaxation; Fig. 3c). White and dark columns

denote composites containing never-dried and dried-

redispersed cellulosic fillers, respectively.

As can be seen from the three diagrams, the

storage modulus of the composite films increased

with fiber loadings regardless of the treatment. Below

the aa relaxation at -20 �C, the increase in storage

modulus was generally small (Fig. 3a). At 75 �C,
after the aa relaxation (Fig. 3b) this increase becomes

more pronounced, but the strongest increase in

storage modulus with higher fiber loadings compared

to neat HPC was observed at 140 �C, after the am
relaxation (Fig. 3c). This later increase in storage

modulus was associated with the formation of a

highly rigid percolating network of fibrils (Dalmas

et al. 2007). The rigidity of this network arises from

strong hydrogen bonds and entanglements between

the fibrils.

Clearly, the tan d intensity of all composites was

reduced with higher filler content over the whole

temperature range but most pronounced in the high
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temperature region above 130 �C (Fig. 2). This

decrease in tan d can (partly) be explained with the

increased volume fraction of the filler in the

composites. However, when comparing composites

with equal loadings of filler it can be observed that

the decrease in tan d intensity depends on the filler

type, becoming more pronounced in the following

order: RPB\NFC\NFC-c\ c-NFC (Fig. 2). This

suggests that the presence of the fillers (and the

percolating networks they form) promoted different

degrees of segmental restrictions of the molecular

motion of HPC chains, leading to an increase in E0

and a decrease in tan d. The efficiency of these

segmental restrictions may depend on surface chem-

istry (i.e. the availability of carboxylate groups

COO-), surface area to volume ratio and aspect ratio

of the filler (Johnson et al. 2009).

It was earlier reported that carboxymethylation

prior to mechanical disintegration (c-NFC) enhances

the isolation of fibrils (Wågberg et al. 2008; Eyholzer

et al. 2010). This might lead to the production of

fibrils which are favorable in terms of the above

mentioned properties compared to chemically

unmodified NFC or RBP and therefore account for

more efficient segmental restriction of HPC molec-

ular motion.

Viscoelastic properties of composites reinforced

with dried (s) NFC

Similarly to the composites containing the never-

dried cellulosic fillers discussed above, an increase in

E0 with the filler loading was observed for the

composites reinforced with dried RBP and NFC,
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Fig. 3 Storage moduli of HPC films reinforced with RBP and

NFC products at temperatures of a -20 �C, b 75 �C and

c 140 �C. White columns denote films reinforced with never

dried NFC products. Dark columns denote films reinforced

with NFC products dried to a powder before compounding
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regardless of the treatment (Fig. 3a, b and c).

However, a clear difference was observed between

the films containing carboxymethylated (NFC-c and

c-NFC) and those containing chemically unmodified

fibers (RBP and NFC). For all temperatures studied,

storage modulus values of samples containing redi-

spersed RBP and NFC were clearly lower than those

of their never-dried analogues. This effect can be

attributed to the hornification of RBP and NFC fibrils

upon drying (Eyholzer et al. 2010), leading to a

reduction of the fiber’s aspect ratio and the preven-

tion of a percolating network formation.

In contrast, films containing the dried NFC

products that were carboxymethylated (NFC-c and

c-NFC), showed an almost identical response as those

containing the never-dried fibers in the whole tem-

perature range (Fig. 3a, b and c). These results prove

that carboxymethylated NFC can be dried and

redispersed in water without affecting its mechanical

performance in a nanocomposite. To confirm this

suggestion, tensile tests were performed with speci-

mens obtained from the same composite films.

Tensile tests

Figure 4a shows the nominal modulus of elasticity

(MOE) of neat HPC and the composites containing

RBP and NFC products in dried and never-dried

condition. Once again, an increase in MOE with

higher fiber loadings was measured for the films

containing never-dried NFC products with a maxi-

mum increase for films containing 20% w/w of c-

NFC (of up to approximately three times compared to

neat HPC films).

In agreement with the data obtained from DMA,

drying of carboxymethylated NFC products (NFC-c

and c-NFC) did not lead to a significant reduction of

the reinforcing effect, in contrast to unmodified RBP

and NFC. Interestingly, films with dried NFC showed

decreasing MOE values with higher loadings. Once

again, this behavior was associated with an extensive

hornification of the mechanically disintegrated fibrils,

leading to films with poor homogeneity. The same

trends were observed when analyzing the nominal

strength values (rmax) of the composites (Fig. 4b).

Composites containing dried carboxymethylated

NFC products (NFC-c and c-NFC) showed similar

rmax values as composites reinforced with never-

dried fibers, displaying almost 3 times higher values

than neat HPC. The displayed reinforcement is in the

same range as observed for composites of HPC and

never-dried NFC in an earlier publication (Zimmer-

mann et al. 2004).

Figure 4c shows the strain to break values of neat

HPC and the composites containing RBP and NFC

products in dried and never-dried condition. Neat

HPC films showed a strain to break around 20% with

a relatively large standard deviation that might

originate from the susceptibility of HPC towards

moisture (Pizzoli et al. 1991). A clear decrease of e
was found for all composites containing chemically

modified fibers (NFC-c and c-NFC), regardless of

being compounded in dried or never-dried condition.

This can be attributed to the rigidity of the incorpo-

rated fibrils. In agreement with the DMA results, the

tensile measurements therefore confirm that carbo-

xymethylated NFC products show the same reinforc-

ing effect in a HPC matrix, regardless of compounded

in dried or never-dried condition.

Characterization by SEM

Figure 5 shows SEM images of freeze-fractured sur-

faces of a neat HPC film (Fig. 5a) and composite films

containing 20% w/w of dried NFC (Fig. 5b) and 20%

w/w of dried c-NFC (Fig. 5c). Neat HPC showed grain

sizes in themicrometer range, as already reported in the

literature (Johnson et al. 2009). The composite film

containing driedNFC (Fig. 5b) showed voids and large

aggregations of fibrils (indicated by arrows), confirm-

ing the poor dispersion and the hornification of NFC in

the matrix. In contrast, the surface morphology of

composite films containing dried c-NFC was domi-

nated by the coherent structure of the fibrils. Their

orientation may suggest that the fibrils were deposited

in a layered structure during the slow evaporation of

water in the solution casting process. The uniform

structure may origin from a homogeneous dispersion

of the fibrils in the HPC matrix.

Conclusions

Bionanocomposites from hydroxypropyl cellulose

(HPC) with dried and redispersed nanofibrillated

cellulose (NFC) powders were prepared by solution

casting from water. The various NFC powders were

obtained by solely mechanical disintegration (NFC)
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or in combination with pre- or post mechanical

carboxymethylation (c-NFC and NFC-c) of refined,

bleached beech pulp (RBP). The mechanical and

morphological properties of the composites were

analyzed by DMA, tensile tests and SEM imaging

and compared to those from composites prepared

with the same RBP products that were never dried.

DMA analysis and tensile tests showed that the

highest reinforcing effect was observed for films

containing c-NFC, in terms of storage modulus (E0),
modulus of elasticity (MOE) and nominal tensile

strength (rmax). Enhanced isolation of the fibrils may

account for the higher performance compared to the

films containing the chemically unmodified RBP and
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Fig. 4 a Modulus of elasticity, b ultimate strength and

c elongation to break values of HPC films reinforced with

RBP and NFC products at room temperature, obtained from

tensile tests. Open columns denote films reinforced with never

dried NFC products. Filled columns denote films reinforced

with NFC products dried to a powder before compounding

Fig. 5 SEM images of freeze-fractured surfaces from a neat

HPC film, b composite film of HPC, reinforced with 20% w/w

of dried and redispersed NFC and c composite film of HPC,

reinforced with 20% w/w of dried and redispersed c-NFC. All

images are magnified 10,0009
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NFC fibers. In general, the mechanical response of

carboxymethylated NFC products in the composites

was independent of whether the fibrils were dried or

not prior to compounding. NFC without carboxylate

groups showed a strong decrease of its reinforcing

potential when dried before mixing with HPC due to

hornification. Consistently, SEM characterization of a

freeze-fractured HPC film containing dried c-NFC

showed a continuous and homogeneously dispersed

structure.

These results demonstrate that carboxymethylated

NFC preserves its mechanical reinforcing potential

when dried to a powder and redispersed in water.

Therefore, carboxymethylated and mechanically iso-

lated NFC in powder form has a high potential for

polymer reinforcement with increased shelf life and

easier handling compared to conventional NFC

aqueous suspensions.
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Abstract 

The swelling and compressive mechanical behavior as well as morphology and biocompatibility 

of composite hydrogels based on Tween® 20 trimethacrylate (T3), Nvinyl-2-pyrrolidone (NVP) 

and nanofibrillated cellulose (NFC) were assessed in the present study. The chemical structure of 

T3 was verified by FTIR and 1H NMR and the degree of substitution (DS) was found to be 

around 3. Swelling ratios of neat hydrogels composed of different concentrations of T3 and NVP 

were found to range from 1.5 to 5.7 with decreasing concentration of T3. Various concentrations 

of cellulose nanofibrils (0.2 to 1.6 wt%) were used to produce composite hydrogels that showed 

lower swelling ratios than neat ones for the same T3 concentration. Neat and composite 

hydrogels exhibited typical non-linear response under compression. All composite hydrogels 

showed an increase in elastic modulus compared to neat hydrogel of about 3 to 7-fold, reaching 

27.40 ± 12.16 kPa for the hydrogel with the highest NFC content. All hydrogels presented a 

porous and homogeneous structure, with interconnected pore cells of around 100 nm in diameter. 

The hydrogels are biocompatible. The results of this study demonstrate that composite hydrogels 
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reinforced with NFC may be viable as nucleus pulposus implant due to their adequate swelling 

ratio that may restore annulus fibrosus loading and their increased mechanical properties that 

could possibly restore the height of intervertebral discs 

Keywords 

Composite hydrogel, Nucleus pulposus, Compression and Shear Properties, Swelling behavior, 

Cryo-Sem, Nanofibrillated cellulose 

Introduction 

Lower back pain is mostly due to intervertebral disc (IVD) degeneration and in particular to 

nucleus pulposus (NP) degeneration.[1] About 80% of the world population suffers from back 

pain[2, 3] and in 75% of the cases this is a direct consequence of degenerative processes of the 

disc. This huge public health issue nowadays generates several billion dollars costs worldwide 

and it is the primary cause of working days lost.[3] In the normal healthy disc, the hydrated NP 

exerts a hydrostatic pressure on the annulus fibrosus (AF).[4] This pressure increases with the 

loads applied to the NP and water from the NP is released. With recumbency, the pressure 

decreases and water returns, driven by osmotic pressure.[5] This creates a pump effect responsible 

for the mechanical properties (elastic modulus 3-6 kPa) of the NP[6] and for the load transfer 

through the AF. However, this load transfer mechanism is altered in degenerated discs, the water 

content in degenerated NPs is considerably reduced, resulting in a decrease of the hydrostatic 

pressure.[7] 

Total disc arthroplasty[8, 9] and NP replacement are two non-fusion techniques emerging as 

solutions to this issue. The ideal benefits of a non-fusion solution are the removal of the source 

of pain and the preservation of the biomechanical balancing and motion of the spine.[8, 9] Having 

a functional NP will then restore the biomechanics of the AF. 

NP replacement with a synthetic material or with a tissue-engineered scaffold[10, 11] targets earlier 

stages of disc degeneration, where the AF is not yet affected.[12] A classical approach to 

replacing the NP involves mimicking the structure and function of the native NP. The NP was 

described as a gel-like structure containing randomly disposed collagen fibers and radial elastin 

fibers.[13] The NP is inextensible, extremely deformable and very hydrophilic.[14] The mechanical 

properties in compression and viscoelastic properties in shear have been previously  
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reported.[15, 16] While mechanical requirements, i.e. a Young’s modulus of 3 to 6 kPa, for a NP 

replacement material have been described[17], a standard test procedure for determining these 

requirements is yet to be agreed on by the regulatory and scientific communities.[18] Hydrogels 

are suitable materials for NP replacement due to their hydrophilic character and potential 

biocompatibility.[19] However, their main use has occurred in applications were mechanical 

performance is not decisive such as contact lenses and drug delivery.[20] For the particular NP 

application, it is believed that a nondegradable hydrogel would be safer to target as the 

metabolism of the NP is very slow due to its low cell density. It would then be very questionable 

to expect a biodegradable hydrogel being replaced by native tissue. A non-degradable hydrogel 

could then be developed to replace the NP, in this sense the hydrogel is considered as a 

permanent implant. Composite hydrogels have been evaluated in this study as potential 

candidates for the replacement of the NP. Therefore, a hydrogel reinforced with natural 

biocompatible nanofibers seems the best choice for mimicking the human NP. The increase in 

mechanical properties due to these nanofibers should not decrease the swelling ability of the 

hydrogel. In this context, the fibers should possess a high water retention value, (WRV), which is 

the case of nanofibrillated cellulose (NFC). NFC is usually obtained after mechanical 

disintegration of cellulose raw materials obtained from various lignocellulosic fiber sources like 

wood.[21] After the treatment, NFC builds up a web-like structure and shows fiber diameters from 

10 to 100 nm.[22] Due to its large surface area, NFC has a high WRV of up to 400%.[21] NFC has 

already been used as reinforcement in several applications.[23-25] It has been used in polymer 

matrices, such as polyvinyl alcohol (PVA) and hydroxypropyl cellulose (HPC) where a 

significant increase of Young’s modulus and tensile strength was observed by  

Zimmermann et al.[26] 

The objectives of this study were, first, to synthesize a suitable branched molecule, Tween® 20 

trimethacrylate (T3), in order to produce resistant and non-degradable gels, and then to combine 

it with a monomer to obtain a highly swelling and hydrophilic copolymer curable by UV light. In 

a second step, this hydrogel was reinforced with NFC and the swelling, compression and shear 

properties were determined and compared to the human NP. SEM imaging and biocompatibility 

studies were performed on the hydrogels and finally, from the obtained results, the best 

candidate material for the NP replacement was determined. 
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Materials and methods 

2.1. Materials 

Cell culture tested Tween® 20 (MM = 1226 g/mol) was purchased from Sigma-Aldrich, Buchs, 

Switzerland, dried by azeotropic distillation with benzene and stored in a desiccator. 

Methacryloyl chloride (MeOCl, 97%), 4-(N,N-dimethylamino)pyridine (DMAP, 99%) and N-

vinyl-2-pyrrolidone (NVP, MM = 111.14 g/mol) were obtained from Sigma-Aldrich (Buchs, 

Switzerland) and used as received. Tetrahydrofuran (THF, extra dry, < 50 ppm water) was 

purchased from Acros Organic (Geel, Belgium). Other solvents were obtained from Sigma-

Aldrich (Buchs, Switzerland). The photoinitiator Irgacure 2959, 4-(2-hydroxyethoxy) phenyl-(2-

hydroxy-2-propyl) ketone (I2959), was obtained from Ciba Specialty Chemicals (Basel, 

Switzerland) and used as received. For the biocompatibility studies, Giemsa’s azur eosin 

methylene blue solution was purchased from Merck (Zug, Switzerland). 

Nanofibrillated Cellulose (NFC) from refined bleached beech pulp was obtained from the Swiss 

Federal Laboratories for Materials Testing and Research (EMPA) (Duebendorf, Switzerland) as 

an 8 wt% water suspension. The NFC-suspension was then diluted in deionized water to yield a 

concentration of 2 wt% of fibrils, using a high shear mixer, an ultra-turrax IKA T25 digital, SN 

25 10G (IKA, Staufen, Germany). 

2.2. Synthesis of Tween® 20 trimethacrylate (T3) 

Tween® 20 (20 g, 0.016 moles) was dissolved in 100 ml of THF in a 250 ml roundbottom flask, 

to which 6.2 g (0.06 moles) of 4-dimethylaminopyridine (DMAP) was introduced under argon. 

After cooling to 0 °C in ice, 4.9 ml of MeOCl (0.049 moles) in 30 ml THF was added drop-wise 

to the mixture over 30 minutes under stirring using a pressure-equalized addition funnel. The 

flask was covered with aluminum foil and left under stirring overnight. The resulting precipitate 

was then filtered off, washed with THF and dried in a rotary evaporator at room temperature, 

avoiding light exposure. Part of the crude product (3 g) was purified by column chromatography 

(60 g silica, eluant CHCl3/MeOH, 9/1 to 8/2, v/v), yielding 2.2 g of a light yellow viscous liquid, 

after evaporation of the solvent. The T3 yield obtained after purification was 75%. The degree of 

substitution (DS, average number of substituted OH groups per molecule of Tween® 20) was 

confirmed by Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer Spectrum One, 
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Spectrum Spotlight 300) and by proton nuclear resonance (1H-NMR, Brucker Avance 400 MHz) 

with CDCl3 as the solvent. 

2.3. Neat and composite hydrogel preparation 

Hydrogels were fabricated by photopolymerization of precursor solutions in a cylindrical 

silicone mould (10 mm diameter and 5 mm deep). The precursor solutions were prepared with 

different concentrations of T3, NVP and photoinitiator in water to produce several hydrogels 

presented in Table 1. 

The photoinitiator was used as an aqueous solution of 0.05 wt% of I2959 in water, the final 

concentration of photoinitiator solution into the precursor solution being varied. To produce neat 

hydrogels, the solution was vigorously stirred at room temperature, and then it was injected into 

the mould and exposed to UV light provided by an EXFO Omnicure S2000 source (270 nm to 

370 nm). The UV intensity was 145 mW/cm2 and was measured using a radiometer (Solatell, 

UK). The UV intensity varied by less than 10% between two illuminations. Composite hydrogels 

were produced with the precursor solutions containing T3, NVP, I2959 and NFC (2 wt% water 

suspension). The final concentration of fibrils was varied and the detailed compositions are 

shown in Table 1. The solutions were mixed with a high shear mixer to ensure good dispersion 

of the fibrils and finally degassed with a vacuum pump. The curing conditions were similar to 

the ones used for the neat hydrogels. 

2.4. Characterization of hydrogel 

2.4.1. Non-crosslinked species 

Neat and composite hydrogel cylinders (10 mm in diameter and 5 mm in thickness) were 

vacuum dried during 24 h immediately after polymerization. This was followed by several cycles 

of washing in ethanol and deionized water to remove unreacted molecules during 24 h and 

finally vacuum-drying for 24 h. The amount of noncrosslinked species S, was determined by 

121 /)( WWWS ��  (1) 

with W1 the initial solid weight of the dried sample after polymerization, and W2 the weight of 

the dried sample after washing. 
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2.4.2. Equilibrium swelling ratio 

The swelling behavior was monitored gravimetrically by measuring the weight gain with time of 

immersion in phosphate buffered saline (PBS) solution at room temperature. The samples were 

wiped off and weighed every 15 minutes, until equilibrium was reached. The equilibrium 

swelling ratio SR was calculated from: 

ddwds WWWWWSR /)(/ ���  (2) 

where Ws is the weight of PBS in the swollen hydrogel at equilibrium, Ww is the weight of the 

wet sample and Wd is the weight of the hydrogel before immersion (i.e.time 0). 

2.4.3. Static compression tests 

The mechanical properties of the hydrogels were also characterized by compressive unconfined 

stress-strain measurements which were performed on swollen gels using a UTS Z010, Zwick 

(Ulm, Germany). The cylindrical gel samples were loaded on the lower plate and compressed by 

the upper plate, which was connected to a load cell of 20 N, at a strain rate of 1mm/min. A pre-

compressive load of 10 mN was applied to the samples. The stress-strain curve being non-linear, 

the behaviour of hydrogels was described with a phenomenological relationship used for 

different applications [27, 28]: 

� �� �1�� ���	 e  (3) 

with � and � as the fitting parameters. When the deformation is small, �·� corresponds to the 

elastic modulus at 0% strain. In order to compare the mechanical properties to several studies, 

we also report the value of the elastic modulus in the linear part of the stress-strain curve which 

corresponds to a strain range of 20-25%. We call this elastic modulus Elin. All tests were made at 

37°C. Three samples per measurement were performed and the values were averaged. 

2.4.4. Shear tests 

The shear behavior of the neat hydrogel T3-4.5 and the composite hydrogel containing 4.5 vol% 

of T3 and 0.4 wt% of NFC (T3-4.5_0.4nfc) at their swelling equilibrium was studied using an 

ARES, Rheometric Scientific Inc. (New Jersey, USA) in parallel plate geometry. The plates were 

developed in the laboratory and contained a surrounding oil-chamber to minimize water 

evaporation of the hydrogels during the experiments (Figure 1). Dynamic frequency sweep tests 



7 

were performed at room temperature with a preload in compression of 20% of strain. A delay of 

300 seconds after the preload ensured complete relaxation of the samples before the tests. A 

shear strain of 25% with frequencies from 1 to 100 rad/s was applied and 9 points per decade 

were taken. Three specimens of each sample were tested and the resulting values were averaged. 

2.5. Biocompatibility 

Human foetal cartilage cells from a foetus (gestational age 14 weeks) were obtained from our 

dedicated cell banks (University Hospital of Lausanne, Switzerland (Ethical Protocol # 51/01). 

They were cultured in basal DMEM medium (Invitrogen, Carlsbad,CA) supplemented with 1% 

L-glutamine (Invitrogen, Carlsbad, CA), 10% FCS (Sigma-Aldrich,St-Louis,MO), and 

maintained at 37°C in a humidified, 5% CO2 atmosphere. Culture medium was changed twice 

per week. Cells were used between the third and fifth passage. The hydrogel samples were 

swollen until equilibrium in PBS in small flasks and then sterilized in an autoclave at 120°C 

during 20 minutes. 

To evaluate the biocompatibility of the hydrogel T3-4.5, foetal cells were seeded at 3’000 

cells/cm2 in Petri dishes at a distance of 0.5 cm around the gel without contact between gel and 

cells, and incubated for ~1 week in culture conditions described above. Additional fresh culture 

medium was added twice weekly for cell proliferation. Giemsa staining was then used to stain 

the cells and hydrogel and observe the hydrogel-cells interface and the cell’s morphology as 

described previously [29]. Blanks consisted of cells without the hydrogel. Experiments were 

performed twice, with three specimens per sample. 

Results and Discussion 

3.1. Synthesis of Tween® 20 trimethacrylate (T3) 

The general synthetic route for coupling a vinyl moiety with a hydroxylated polymer was first 

described by Hennink et al.[30] and the grafting of dextran with glycidyl methacrylate was 

performed by Cavalieri et al. and Dijk-Wolthuis et al.[31, 32] The Tween® 20 hydroxyl endgroups 

react with the methacryl moieties of the chloride in the presence of a base (DMAP), which acts 

as a catalyst to form T3 as shown in Scheme 1. FTIR spectra for Tween® 20 and T3 are shown in 

Figure 2 where differences could be noted between the two spectra. Hence, the modification of 
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Tween® 20 induced the disappearance of the –OH absorption band (
OH) at 3500 cm-1, an 

increase of the carbonyl stretching vibration at 1200 cm-1 (
C=O, methacrylate) as well as the 

appearance of two peaks at 1100 cm-1 (
C-O, methacrylate) and 813 cm-1 (
C-H, CH=CH2). These results 

were consistent with the conversion of the –OH groups into methacrylate groups. Except these 

modifications, the two spectra were identical, suggesting no modification of the Tween® 20 

monomer backbone after reaction. The success of the reaction was further confirmed with 1H 

NMR spectroscopy (Figure 3). Tween® 20 is characterized by chemical shifts at �0.8 ppm, �1.2 

ppm, �1.6 ppm, �3.65 ppm and �4.2 ppm. The peak at �3.65 ppm is characteristic of the PEG 

structure and represents the inner protons, whereas that at �4.2 ppm is representative of the 

protons adjacent to the end groups. These peaks were present in both spectra, again indicating 

that the backbone of the molecule remained unchanged after reaction. The lack of additional 

peaks other than those associated with the methacrylate moieties in the T3 spectra suggests that 

unreacted compounds were quantitatively removed. Peaks at �5.6 and 6.1 ppm are reported for 

the methylene protons of methacrylate groups of T3. The peak at �4.2 ppm corresponded to the 

protons adjacent to the hydroxyl groups in the Tween® 20 molecule. After methacrylation, an 

additional peak was observed at �4.3 ppm, due to protons adjacent to the newly added 

methacrylate moieties. Unreacted hydroxyl groups could not be distinguished in the spectra 

owing to overlap with the inner proton peak at �3.65 ppm. In order to quantify the degree of 

methacrylation, the peak at �1.2 ppm, which corresponds to 18 of the olefinic protons, was used 

as reference. The calculated DS of 3.12 confirmed the full conversion of hydroxyl moieties into 

methacrylate moieties within the accuracy of the measurement (experimental error < 5%). 

3.2. Hydrogel non-crosslinked species 

Figure 4 presents the evolution of the hydrogel Sol contents as function of crosslinker (Figure 

4a) and initiator (Figure 4b) concentrations. Figure 4a shows that for all the hydrogels studied 

(T3-4.5, T3-8, T3-11.5 and T3-15), the amount of non-crosslinked species decreased with 

increasing T3 concentration from 51.7 ± 2.3% to 39.1 ± 2.6%. This trend was attributed to an 

increase of crosslinked network formation with the T3 concentration, as expected. 

Figure 4b shows the influence of the photoinitiator on the amount of non-crosslinked species for 

three different hydrogels containing 8 vol% of T3 and 10, 30 and 50 vol% of initiator solution 

(T3-8, T3-8_30init and T3-8_50init, respectively). Non-crosslinked species content reached a 
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minimum value for T3-8_30init containing 30 vol% of I2959 solution whereas the sample 

containing 50 vol% of initiator solution showed again a larger amount of non-crosslinked 

species. This was associated with an increase in steric hindrance with the initiator concentration. 

Hence, methacrylate crosslinking might have been faster with higher amounts of initiator, thus 

increasing the viscosity of the solution and decreasing the mobility of the methacrylate 

molecules. 

Concerning the nanocomposite hydrogels reinforced with NFC, only one fiber concentration was 

tested, because the subsequent washing and drying of the NFC within the samples completely 

disintegrated the hydrogels for high NFC contents. This might be due to hornification of the 

NFC. The neat hydrogel T3-4.5 had a non-crosslinked species amount of 51.7 ± 2.3% and the 

composite hydrogel T3-4.5_0.4nfc showed an amount of 40.2 ± 4.9% which was comparable to 

the non-crosslinked species amount of the highest crosslinked hydrogel T3-15. 

3.3. Swelling ratio 

The equilibrium swelling ratio is influenced by the crosslinking density, gel composition, charge 

density or filler content and other parameters.[33] Neat hydrogels with three different T3 

concentrations (4.5, 8 and 15 wt%, respectively) and composite hydrogels thereof with two 

different NFC concentrations (0.4 and 0.8 wt%) were tested (Fig. 5). Their equilibrium swelling 

ratios decreased from 5.7 to 1.5 with increasing T3 content. A three-fold increase in crosslinker 

resulted in a SR three times lower, tending to show a linear relationship between T3 content and 

SR over the analyzed concentration range. The least crosslinked network, (i.e. the hydrogel with 

the highest amount of non-crosslinked species, T3-4.5) also presented the highest SR.  

The swelling ratios of neat and composite hydrogels reinforced with NFC are presented in  

Figure 6. As compared with the SR of neat hydrogels, the SR of composite hydrogels clearly 

decreased with increasing NFC concentration. However for smallest concentration of NFC tested 

(0.4 wt%), this decrease was less significant than for higher NFC concentrations. From these 

results, we can conclude that the swelling ratio is, in the case of composite hydrogels, still 

controlled by the T3 content and not by the amount of NFC. For the desired application, high 

swelling ratio is required. Therefore, further testing was limited to composite hydrogels 

containing 4.5 wt% of T3 with varying NFC contents.  
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Calculated SRs were (Fig. 6): 5.7 for the neat hydrogel, 4.3 for T3-4.5_0.2nfc, 3.7 for T3-

4.5_0.4nfc, 3.4 for T3-4.5_0.8nfc and 2.8 for T3-4.5_1.6nfc. There is a sharp decrease in SR 

between the neat hydrogel and the first composite hydrogel with the lowest concentration of 

NFC but then, even if SR decreased with increasing NFC content, the decrease is less important. 

The influence of NFC content is not as important as the influence of the network crosslinking 

density determined by T3. 

3.4. Static compression tests 

Neat hydrogels of composition T3-4.5 and composite hydrogels with same T3 content and 

different NFC concentrations (0.2, 0.4, 0.8 and 1.6 wt%, respectively) were tested in static 

compression. Figure 7 shows typical compressive stress-strain curves of the hydrogels. To 

describe such non-linear stress-strain curves, Eq. 3 was used and the corresponding values of � 

and � are reported in Table 2. As it can be seen on Figure 8, the constitutive law (Eq. 3) 

adequately described the experimental data. The linear part of the stress-strain (20-25%) curve 

was used to calculate the elastic modulus Elin and its value is reported in Table 2. The standard 

deviations are small, indicating reproducible results and homogeneous hydrogels. The composite 

hydrogels showed an increase of the Elin value with increasing concentrations of NFC. The 

increase was very significant already with a small amount of NFC (0.2 wt%) were Elin was 

increased about 3-fold. With the highest concentration of NFC, Elin was increased around 8-fold 

but the results with this concentration were not highly reproducible owing to a difficulty in 

controlling the dispersion of fibers at this high concentration of NFC. Therefore, combining the 

swelling and compression results, the best compromise is the neat hydrogel of composition T3-

4.5 and composite hydrogel T3-4.5_0.4nfc. 

3.5. Shear properties 

Figure 9a presents the storage (G’) and loss (G”) moduli of the neat and composite hydrogels 

(i.e., T3-4.5_0.4nfc) as function of the shear frequency. For all hydrogels tested, the storage 

values were systematically higher than the loss values, over the entire frequency range (1 to 100 

rad/s) with G’ in the order of 103 Pa, indicating an elastic solid behavior.[34] G’ and G” generally 

increased as the frequency increased for both neat and composite hydrogels, which indicates a 

relaxation of the network at higher frequencies. Both G’ and G” increased for the composite 

hydrogel compared to values measured for the neat material. After about 35 rad/s, a change in 
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slope was observed for the two moduli of both hydrogels, which was also confirmed by the 

evolution of the damping factor with shear frequency (tan �) (Fig. 9b). The elastic component 

becomes more important causing the decrease in tan � for both hydrogels. Comparison of the 

two hydrogels shows that the increase in G’ was more significant than the increase in G”, thus 

indicating that the composite hydrogel behaves more like an elastic solid than the neat one. The 

increase in tan � of both hydrogels was pronounced at low frequencies. Calculated dynamic 

complex shear moduli |G*| and � ranged from 0.77 ± 0.02 to 1.16 ± 0.06 kPa and 4.74° ± 0.75° 

and 6.70° ± 1.35° respectively for neat hydrogels and 1.88 ± 0.93 to 2.35 ± 0.98 kPa and 6.33° ± 

0.86° and 9.55° ± 2.76° respectively for the composite hydrogels. These two values are a 

measure of the dissipative ability of the material.  

3.6. Cryo-SEM imaging 

The morphology of neat and composite hydrogel networks was observed by scanning electronic 

microscopy as shown in Figure 10. A very porous structure was observed for both hydrogels, 

with pore sizes in the order of 100 nm and lower. The neat hydrogel presented a very 

homogeneous crosslinked structure and no cluster of polymer chains could be observed. When 

adding NFC to the network, the observed structure changed, but a clear differentiation of the 

NFC from the polymer chains was not possible. It can however be affirmed that a good 

dispersion of the fibrils was obtained because no NFC agglomeration was really observed. 

3.7. Biocompatibility 

Cartilage foetal cells seeded around the neat hydrogels were used as preliminary assessment to 

determine the biocompatibility of the material. Only cells attached to the Petri dish could be 

fixed and colored indicating that only living cells are shown in Figure 11. The cells do not 

present any granulation or anomalous morphology indicating that the hydrogel or any non-

crosslinked monomer has an effect on the cell’s metabolism. 

Discussion and Conclusions 

Biological materials are complex, dynamic and multi-functional and these properties are difficult 

to achieve in purely synthetic systems. It was previously believed that artificial biomaterials 

needed to provide high strength associated with a high elasticity modulus at low strain levels[35] 
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for soft tissue replacement. However, soft biological tissues are characterized by large strains 

before failure and are tough and flexible. In order to avoid the mechanical mismatch between 

replacement materials and soft tissue, the design of new materials has to mimic the structure of 

the natural materials, in this case the NP[20]. This biomimetic approach has been used here to 

design a cellulose nanofibril-reinforced hydrogel, which is able to match the swelling and 

mechanical properties of the native NP. The ideal parameters have already been outlined by Bao 

et al.[5] for an ideal NP replacement. They suggest choosing a material with stiffness greater than 

or equal to the native NP. The elasticity modulus at 20% strain, corresponding to Elin in our 

study, reported for the NP, is of 5.39 ± 2.56 in compression.[15] An appropriate choice of the 

molecule for such a material is therefore of paramount importance. Hydrogels made of 

methacrylates, and mostly PEG dimethacrylates, are widely used in biological applications[36]. 

Linear elastic moduli reported for PEG-based hydrogels used for tissue engineering are about 0.1 

kPa.[37] As shown in this study, the three-branched methacrylate molecule T3 allows a 30-fold 

increase of the modulus of the neat hydrogel. 

In our study, the amount of non-crosslinked species of the polymerized T3-NVP hydrogels is in 

the range of 30 to 50 %, which is in agreement with the values that were reported for the 

photopolymerization of methacrylate-NVP-based hydrogels[38]. Unreacted molecules of T3 and 

NVP are still present in the network after polymerization but low cytotoxicity of unreacted 

methacrylates and NVP[39, 40] have been reported so far. 

The native NP is composed of a matrix containing randomly disposed collagen fibres which 

allow a higher elastic modulus and dissipation of load through the surrounding structures.[13] All 

composite hydrogels tested in this work presented a 3 to 8-fold increase in elastic modulus 

compared to neat hydrogel, from 7.42 ± 1.05 to 62.17 ± 8.30 kPa, depending on NFC 

concentration and on the method used to determine the modulus, which is above the values of the 

native NP. The modulus at 0% strain given in the literature for the human NP is of 3.25 ± 1.56 

kPa[15] and in this study, the elastic modulus at 0% strain was determined from � and � (Table 2). 

Here again, the modulus increases with NFC content and is higher than the value for the human 

NP. The dissipation of loads was assessed with shear measurements, from where the complex 

shear modulus |G*| and the angle � were calculated. Generally, the dynamic mechanical 

properties of a hydrogel depend on the density of the polymer chains, the friction between the 

chains and the homogeneity of the intrinsic network structure.[41, 42] Incorporation of NFC not 
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only increases the friction, but also increases the value of �, thus leading to higher complex 

dynamic moduli and therefore increased load dissipation of composite hydrogels. These values 

are lower than the values observed by Iatridis et al.[16] for the human NP, reporting values for 

|G*| of 7 to 21 kPa and � between 23° and 30°. However, composite hydrogels showed 

increasing load dissipation with increasing NFC content compared to the neat hydrogels. The 

deviating rheological behaviors of the neat and the composite hydrogels are due to their different 

network structures. Although different forces - compression, shear, tension – act on each spine 

segment, it can be assumed that in daily life, the loads transmitted through the NP are mainly 

compressive.[4] As mentioned earlier, the developed composite hydrogel fulfils the requirements 

in compression. 

A functional NP replacement should restore disc height and the loading of the annulus fibrosus 

(AF) in order to keep the biomechanics of the spine intact. However, as observed in SEM 

images, the pore size of all hydrogel studied was too small for cell proliferation. Consequently, 

the NP implant in this work was not designed for cell proliferation within the scaffold but rather 

for high mechanical and swelling properties. The viability of living cells in contact with the neat 

hydrogel was observed, rendering this composite hydrogel a suitable candidate for human 

implantation. Furthermore, as cellulose has been used in a wide range of biomedical 

applications, such as scaffolds for cartilage engineering and has proved to be biocompatible,[43] 

the composite hydrogel can now be considered for in vivo tests. 

The data presented in this study showed that hydrogels with high elastic modulus had lower 

swelling ratios. These two properties are co-dependent and both need to be taken into account 

when choosing the best candidate for replacing the NP. The composite hydrogel containing 4.5 

vol% of T3 and 0.4 wt% of NFC combined desired swelling and mechanical performance and 

could be the most suitable candidate for NP replacement. Future studies should investigate the 

potential of fiber modification to increase the swelling capacities without hindering the 

mechanical properties of the composite hydrogel. 
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Scheme 1 Reaction of Tween® 20 with MeOCl to give T3. 
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Fig. 1 Plate geometry used for the shear tests. This geometry allows to minimize the loss of 
humidity in the testing chamber. 
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Fig. 2 Transmittance FTIR spectra of Tween® 20 (A) and T3 (B). Selected peaks are assigned 
as follows: 3500(	O
H), 2900 (	C
H), 1710 (	C=O), 1100 (	C
O, ester), 815 (	C
H,C=CH2). 
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Fig. 3 1H NMR spectra of Tween® 20 (A) and T3 (B). 
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Fig. 4 Influence of (a) the crosslinker concentration T3 and (b) the initiator concentration for 
hydrogels containing 8 vol% of T3 on the amount of non-crosslinked species of hydrogels. 



23 

 
Fig. 5 Equilibrium swelling ratios of neat hydrogels: T3-4.5, T3-8, T3-15. 
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Fig. 6 Equilibrium swelling ratios of neat and composite hydrogels reinforced with 0.4 and  
0.8 wt% of NFC. 
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Fig. 7 Stress-strain curves in compression of neat and composite hydrogels with different NFC 
concentrations at room temperature and at swelling equilibrium. 



26 

 
Fig. 8 Compressive stress-strain curve for a T3-4.5 hydrogel (0.4 wt% of NFC) at room tem-
perature and swelling equilibrium. The experimental data are fitted with equation 3. 
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Fig. 9 Properties of neat and composite hydrogels under shear stress. (a) Storage modulus (G’, 
solid symbols) and loss modulus (G”, hollow symbols) and (b) tan � versus frequency at room 
temperature. 
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Fig. 10 Cryo-SEM micrographs of neat (left) and composite hydrogel containing 0.4 wt% of 
NFC (right). 
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Fig. 11 Phase contrast microscopic images of foetal cartilage cells after one week of culture 
alone (left) and in presence of a T3-4.5 hydrogel (right). Magnification is 10x. Cell seeding 
density: 3000 cells/cm2. 
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Table 1 Composition of tested hydrogels. NVP content in vol% can be calculated from this 
table. 

 T3 

[vol%] 

NVP 

[vol%] 

I2959 sol. 

[vol%] 

Water 

[vol%] 

NFC 

[wt%] 

T3-4.5 4.5 45.5 10 40 - 

T3-8 8 42 10 40 - 

T3-11.5 11.5 38.5 10 40 - 

T3-15 15 35 10 40 - 

T3-8_30init 8 42 30 40 - 

T3-8_50init 8 42 50 40 - 

T3-8_0.4nfc 8 42 10 40 0.4 

T3-8_0.8nfc 8 42 10 40 0.8 

T3-15_0.4nfc 15 35 10 40 0.4 

T3-15_0.8nfc 15 35 10 40 0.8 

T3-4.5_0.2nfc 4.5 45.5 10 40 0.2 

T3-4.5_0.4nfc 4.5 45.5 10 40 0.4 

T3-4.5_0.8nfc 4.5 45.5 10 40 0.8 

T3-4.5_1.6nfc 4.5 45.5 10 40 1.6 
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Table 2  Fitting parameters � and � determined with equation 3, E at 0% strain (�·�) and Elin  
between 20 and 25 % of strain for neat and composite hydrogels. 

 E (20-25%) 

[kPa] 
� 

[kPa] 
� 
[-] 

�·� 
[kPa] 

T3-4.5 7.42 ± 1.05 0.77 ± 0.30 3.92 ± 0.52 2.90 ± 0.72 

T3-4.5_0.2nfc 22.77 ± 2.78 2.99 ± 1.05 3.43 ± 0.72 9.96 ± 2.11 

T3-4.5_0.4nfc 29.29 ± 0.11 2.18 ± 1.57 4.78 ± 1.50 11.78 ± 1.27 

T3-4.5_0.8nfc 37.80 ± 1.06 2.70 ± 1.54 4.80 ± 1.47 13.87 ± 1.77 

T3-4.5_1.6nfc 62.17 ± 8.30 3.49 ± 1.49 5.47 ± 1.18 17.92 ± 4.47 
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Abstract 

Biocomposite hydrogels with carboxymethylated, nanofibrillated cellulose (c-NFC) powder were 

prepared by UV polymerization of N-vinyl-2-pyrrolidone with Tween 20 trimethacrylate as a 

crosslinking agent for replacement of the native, human nucleus pulposus (NP) in intervertebral 

discs. The swelling ratios and the moduli of elasticity in compression of neat and biocomposite 

hydrogels were evaluated in dependence of c-NFC concentration (ranging from 0 to 1.6% w/w) 

and degree of substitution (DS, ranging from 0 to 0.23). The viscoelastic properties in shear and 

the material relaxation behavior in compression were measured for neat and biocomposite 

hydrogels containing 0.4% w/w of fibrils. Their morphologies were characterized by cryo-

scanning electron microscopy (cryo-SEM). The obtained results show that the biocomposite 

hydrogels can successfully mimic the mechanical and swelling behavior of the NP. Among the 

tested samples, the biocomposite hydrogel containing 0.4% w/w of c-NFC with a DS of 0.17 

showed the most favorable behavior. Further investigation should focus on evaluation and 

improvement of the long-term relaxation behavior. 
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Introduction 

Approximately 80% of the population experiences back pain at some point during their lives 

with symptomatic intervertebral disc degeneration appearing to be one of the most prevalent 

causes of chronic low back pain symptoms.[1] Degeneration of intervertebral discs is reckoned to 

be an inevitable consequence of ageing having its outset as early as in the second decade of 

live.[2] 

The intervertebral discs are located between two vertebral bodies, linking them together and 

providing flexibility while at the same time dissipating the stresses acting on the spine.[1,3] They 

consist of a gelatinous core, termed nucleus pulposus (NP) that is surrounded by the annulus 

fibrosus (AF), a thick outer ring containing fibrous cartilage, lamellae of fibrous tissue and 

collagen fibers. Inferiorly and superiorly, the NP and AF are sandwiched by cartilaginous end-

plates (Figure 1).[3]  

The incompressible gel of the NP transmits the stresses hydrostatically to the AF, which converts 

the compressive loads into tensile stresses.[1] Simultaneously, the perforated end-plates allow the 

diffusion of water from the NP under external load. With recumbency, the nucleus pressure 

decreases and the water returns into the nucleus. This creates a pumping effect allowing the 

exchange of nutrients and metabolites, as intervertebral discs have no direct blood supply.[4] 

During growth, catabolic factors within the NP begin to predominate, leading to a continuous 

degeneration of the disc matrix.[1,3] The most significant biochemical change during 

intervertebral disc degeneration is the loss of proteoglycans, in particular aggrecan. The 

macromolecules are degraded and the smaller fragments are leached out from the tissue. Their 

loss creates a decrease in the osmotic pressure of the NP and the matrix becomes less  

hydrated.[1-3] Due to the loss of hydration, degenerated discs behave no longer hydrostatic. The 

uniform distribution of the load is not guaranteed anymore and inappropriate stress 

concentrations along the end-plates or in the AF can occur.[3] 
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The effect on the mechanical behavior of the disc is a faster decrease of the disc height under 

load and the disc tends to bulge. In combination with an inflammatory cascade, severe 

degeneration of the intervertebral disc can lead to disc herniation, caused by bulged or ruptured 

discs pressing on the nerve roots in the spinal canal.[1,3] 

Treatments of degenerated intervertebral discs often aim in symptom control and restoration of 

biomechanics, as non-fusion techniques like total disc arthroplasty or tissue engineering of 

composite intervertebral discs.[5-7] Rather than replacement of the entire disc, replacement of 

only the NP offers the advantage of a less invasive surgical approach and the restoration of the 

annulus to its original conformation and tension. It requires however an intact AF that is 

prevented from further degeneration.[4-6] The design of NP needs to meet several prerequisites: it 

should be biologically compatible and fatigue resistant, resistant to wear and formation of 

particulate debris. The modulus of the component material should be compatible to the vertebral 

end-plates to avoid abnormal load distribution. Finally, it should be injectable for minimally 

invasive surgery.[8] 

Due to their hydrophilic character and potential to be biocompatible, hydrogels are suitable for 

biomedical applications in general[9] and for the replacement of the NP in particular. Apart from 

traditional applications for hydrogels in contact lenses or drug delivery, there is an increasing 

interest in compounding hydrogels with nanomaterials for enhanced mechanical properties.[10] 

To increase the mechanical properties of hydrogels, the use of nanofibrillated cellulose (NFC) 

seems promising due to its high stiffness and strength,[11-13] water retention value,[14] 

transparency[15] and biocompatibility.[16] NFC is usually prepared by mechanical disintegration 

of cellulose pulp and shows fibril diameters below 100 nm[11-17]. Due to its large surface area and 

good mechanical properties, NFC has been used to reinforce various polymer matrices, like 

plasticized starch,[18] poly(styrene-co-butyl acrylate) and poly(vinyl acetate) latexes,[19-21] 

poly(vinyl alcohol),[22] polyurethane,[23] phenol-formaldehyde resin,[24] hydroxypropyl 

cellulose[25,26] and poly(lactic acid).[27] However, to the best of the author’s knowledge, NFC has 

not been used as a reinforcing component in non cellulose based hydrogels. 

Recently, we have developed composite hydrogels based on Tween 20 trimethacrylate cross-

linked N-vinyl-2-pyrrolidone containing unmodified NFC showing increased values for the 

storage modulus G’ in shear and the elastic modulus E in compression compared with the neat 
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hydrogel.[28,29] However, despite of its high water retention value, the swelling ratios of the 

composite hydrogels were inferior compared to those of the neat hydrogels. 

Therefore, the aim of this study was to develop biocomposite hydrogels using NFC with 

increased hydrophilicity mimicking the mechanical and hydrostatic behavior of healthy, human 

native NP. The swelling properties and the modulus of elasticity in compression of the 

biocomposite hydrogels were evaluated, as well as their viscoelastic properties in shear. The 

relaxation behavior of the hydrogels in compression over three days was investigated and the 

morphology of the samples was characterized using cryo-scanning electron microscopy (SEM). 

Materials and methods 

2.1. Materials 

Refined, bleached beech pulp (RBP) was provided by J. Rettenmaier & Söhne GmbH 

(Rosenberg, Germany) as a 12.7% w/w aqueous suspension (Arbocel B1011). Mono-

chloroacetic acid (sodium salt, purity � 98%, M = 116.48 g/mol) and sodium hydroxide NaOH, 

purity � 98%, M = 40.0 g/mol) were purchased from Merck and Fluka, respectively. Cell culture 

tested Tween 20 (MM = 1226 g/mol) was purchased from Sigma-Aldrich, Buchs, Switzerland, 

dried by azeotropic distillation with benzene and stored in a desiccator. Methacryloyl chloride 

(97%), 4-(N,N-dimethylamino)pyridine (DMAP, 99%) and N-vinyl-2-pyrrolidone (NVP, MM = 

111.14 g/mol) were obtained from Sigma-Aldrich (Buchs, Switzerland) and used as received. 

Tetrahydrofuran (THF, extra dry, < 50 ppm water) was purchased from Acros Organic (Geel, 

Belgium). Other solvents were obtained from Sigma-Aldrich (Buchs, Switzerland). The 

photoinitiator Irgacure 2959, 4-(2-hydroxyethoxy) phenyl-(2-hydroxy-2-propyl) ketone (I2959), 

was obtained from Ciba Specialty Chemicals (Basel, Switzerland) and used as received. 

2.2. Sample preparation 

2.2.1. Synthesis of carboxymethylated RBP (RBP-c) 

RBP was carboxymethylated after activation with NaOH, using mono-chloroacetic. The reaction 

was performed following an earlier protocol[17] with slight modifications. Three RBP-c powders 

with different degrees of substitution (DS) were obtained: 0.07, 0.17 and 0.23, determined by 

conductometric titration and FT-IR spectroscopy (not shown). 
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2.2.2. Mechanical disintegration of RBP and RBP-c 

0.75% w/w aqueous suspensions containing RBP or RBP-c with different DS were pumped 

through a high-shear homogenizer (Microfluidizer type M-110Y, Microfluidics Corporation, 

USA), following an earlier protocol.[17] Two chamber setups were used: First, the suspensions 

were pumped 3 times through H230Z400�m and H30Z200�m chambers, followed by another 3 

passes through H30Z200�m and F20Y75�m chambers. The resulting c-NFC suspensions were dried 

to a powder and the NFC suspension (prepared from raw RBP) was concentrated to 2.0% w/w by 

centrifugation (5’000 rpm at 20°C for 30 min) to avoid hornification (irreversible agglomeration) 

during drying.[17] 

2.2.3. Synthesis of Tween 20 trimethacrylate (T3) 

The cross-linker was prepared with Tween 20 as a starting material, following an earlier 

protocol.[30] 

2.2.4. Neat and composite hydrogel preparation 

Neat and composite hydrogels were prepared by photopolymerization of precursor solutions in a 

cylindrical silicone mould (10 mm in diameter and 5 mm in depth). All precursor solutions 

contained 4.5% v/v of T3, 10.0% v/v of I2959 photoinitiator and 45.5% v/v of NVP. In addition, 

the hydrogels contained 40% v/v of deionized water (neat hydrogel) or 40% v/v of an aqueous 

suspension of neat or carboxymethylated NFC (composite hydrogels). The NFC suspension was 

prepared from never dried material, whereas the c-NFC suspensions were prepared by re-

dispersion of c-NFC powder in water using a blender. The total content of fibrils in the precursor 

solutions for the composite hydrogels was 0.2%, 0.4%, 0.8% or 1.6% w/w (for simplification, 

the density of the hydrogels was considered to be 1.0 g/cm3). 

The precursor solutions were homogenized with a high-shear mixer to ensure good dispersion of 

the components and degassed under vacuum. Then, the solutions were injected into the moulds 

and exposed to UV light (270 nm to 370 nm) using an EXFO Omnicure S2000 UV light source. 

The UV intensity was set to 145 mW/cm2 and measured with a radiometer (Solatell, UK). The 

variation of the UV intensity between two illuminations was below 10%. 
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2.3. Characterization 

2.3.1. Viscosity measurements 

The viscosities of 0.75% w/w aqueous suspensions containing NFC or redispersed c-NFC with 

DS of 0.07, 0.17 and 0.23, respectively, were measured using a MCR rheometer (Physica, Graz, 

Austria). The viscosity was recorded as a function of the shear rate from 100 to 0.1 rad/s. Two 

suspensions per sample were measured and the values were averaged. 

2.3.2. Cryo scanning electron microscopy (Cryo-SEM) 

Specimens with a diameter and height of about 100 �m were cut from swollen hydrogels with a 

cylindrical blade and placed in an aluminum sample carrier (HPM, Bal-Tec/Leica, Vienna, 

Austria) with a cavity of 200 �m in depth and 2 mm in diameter. 

High pressure freezing (HPM, BalTec, Liechtenstein) was used to preserve the hydrated native 

porous structure of the hydrogels and to avoid ice crystal formation during freezing. Therefore, a 

pressure of 2200 bar was rapidly applied prior to freezing with supercritical liquid nitrogen. All 

frozen specimens were subsequently stored in liquid nitrogen until further processing. 

Cryo-fracturing was performed in liquid nitrogen by scratching the surface of the samples with a 

sharp blade in a transportable vacuum lock (VCT 100, BalTec/Leica, Vienna, Austria). The 

vacuum lock with the fractured samples was transferred into a freeze etching device (BAF060, 

BalTec/Leica, Vienna, Austria), pre-cooled to -140°C under high vacuum. The hydrogels were 

kept for 30 min at -100°C and 1 x 10-6 – 2 x 10-7 mbar for sublimation of the water. 

Finally, the samples were cooled down to -120°C and rotary shadowed from an elevation angle 

of 45° with tungsten to an averaged layer thickness of 3 nm. Frozen and coated samples were 

then transferred under high-vacuum (2 x 10-7 mbar) at -120°C from the transportable vacuum 

lock to the pre-cooled cryo-stage set at -120°C in a field emission SEM (LEO Gemini 1530, Carl 

Zeiss, Oberkochen, Germany). Images were recorded at -120°C and at an acceleration voltage of 

2 kV. 
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2.3.3. Swelling ratio (SR) 

The swelling behavior of the hydrogels was monitored gravimetrically by measuring their weight 

gain with time after immersion in phosphate buffered saline (PBS) at room temperature for 28 h. 

The swelling ratio SR was calculated from 

SR = M� / Md = (Mt – Md) / Md (1) 

where M� is the mass of PBS in the swollen hydrogel after 28h, Mt is the mass of the wet sample 

and Md is the mass of the hydrogel before immersion in PBS. 

2.3.4. Static compression tests 

The mechanical properties of swollen hydrogels were characterized by compressive stress-strain 

measurements using a UTS Z010, Zwick (Ulm, Germany) with a load cell of 20N, at a strain rate 

of 1 mm/min. A preload of 10mN was applied to the samples. The E-modulus was determined 

from the slope of the stress-strain curves between 20 - 25% of strain. All tests were done in an 

oven at 37°C to mimic the human body temperature. To prevent drying out of the samples, the 

specimens were immersed in PBS during measurement. The presented values are the average of 

the measurements of three samples. 

2.3.5. Shear tests 

The viscoelastic properties of the hydrogels in shear (storage modulus G’, tan � and complex 

modulus G*) were measured using an ARES, Rheometric Scientific Inc. (New Jersey, USA) in 

parallel plate geometry. The plates were fabricated with a surrounding oil chamber to minimize 

water evaporation of the hydrogels during the experiments. A piece of sanded paper was added 

on the plates to avoid slipping of the wet hydrogel on the alumina surface. Dynamic frequency 

sweep tests were performed at room temperature with a preload in compression of 20% of strain. 

A delay of 300 seconds after the preload ensured complete relaxation of the samples before the 

tests. A shear strain of 25% with frequencies from 1 to 100 rad/s was applied and 9 points per 

decade were recorded. Three specimens per sample were measured and the values were 

averaged. 
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2.3.6. Cyclic compression tests and material relaxation 

The material relaxation behaviors of neat and composite hydrogels were examined by force 

controlled, cyclic compression tests using a UTS Z010, Zwick (Ulm, Germany) with a load cell 

of 20 N. The testing method was designed using the graphic testing editor of the testXpert II 

software. The method simulates a working day of 16 h at which the hydrogels are compressed 

alternately with a stress of 0.5 and 1.0 kPa, respectively. These stresses correspond to 50% and 

100%, respectively, of the maximum strain (20%) that occurs in native NP.[31] 

After applying a pre-force of 0.02 N, the hydrogels were compressed with a stress of 0.5 kPa. 

The stress was adjusted 20 times at an interval of 1.2 s (resulting in a total time of approximately 

30 s). The same procedure was repeated for a stress of 1.0 kPa. This treatment was defined as 

one single load cycle. A total of 960 load cycles (corresponding to a time of approximately 16 h) 

was applied before 8 h of material relaxation (R) at 0.1 kPa (stress was adjusted every 1.2 s). 

The cyclic compression and material relaxation tests were performed at room temperature under 

immersion in PBS, over a period of 72 h in total for each sample. 

Results and Discussion 

3.1. Viscosity measurements 

Figure 2 shows the influence of the DS on the viscosity of 0.75% w/w NFC and c-NFC aqueous 

suspensions. The highest viscosity was measured for the sample with a DS of 0.17 while lower 

values were measured for the other carboxymethylated samples (DS 0.07 and DS 0.23). The 

suspension containing unmodified NFC clearly showed the lowest viscosity. This might be due 

to the more hydrophilic nature of the carboxymethylated samples but also due to enhanced 

mechanical disintegration of the carboxymethylated starting materials, leading to isolated fibrils 

with shorter and more homogeneously distributed diameters. Interestingly, the sample with the 

highest DS (c-NFC 0.23) did not show the highest viscosity. 

The viscosity of all suspensions decreased with higher shear stress, displaying a shear-thinning 

behavior. This inherent property of the c-NFC samples is advantageous, as the final mixture of 

monomers and fibers shall be injected into the annulus fibrosus using a syringe, prior to cross-

linking. The results obtained from the viscosity measurements of the fibrils suspensions are 

valuable for the interpretation of the viscoelastic behavior of the composite hydrogels. 
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3.2. Synthesis of neat and composite hydrogels 

Precursor solutions were prepared, containing 4.5% v/v of T3, 10% v/v of I2959, 45% v/v of 

NVP and 40% v/v of water (neat hydrogel) or an aqueous suspension of NFC or c-NFC 

(composite hydrogels) with a total concentration of nanofibrils of 0.2, 0.4, 0.8 or 1.6% w/w. The 

high viscosity of the c-NFC suspensions, even for concentrations of 0.75% w/w (Figure 2), made 

it difficult to homogenize the precursor solutions for hydrogels containing more than 0.8% w/w 

of c-NFC. Consequently, those biocomposite hydrogels showed poor dispersion of nanofibrils. 

After the synthesis of neat and composite hydrogels, the samples were swollen in PBS solution 

for 28 h. Figure 3 shows the change in diameter of hydrogels due to swelling. Before swelling, 

all hydrogels had the same diameter (approximately 8 mm). After swelling, the hydrogels kept 

their initial cylindrical geometry, however a slight tendency to conical shape was observed. This 

geometry might arise from a gradient in the cross-linking density in the hydrogel, as the UV 

intensity might decrease with the penetration depth in the precursor solution. 

3.3. Morphology of neat and biocomposite hydrogels 

Figure 4 shows cryo-SEM images of biocomposite hydrogels containing 0.4% w/w of NFC or c-

NFC. The swollen hydrogels were instantly frozen in liquid nitrogen by applying a high pressure 

in order to avoid the growth of ice crystals which artificially increase the pore size of 

conventionally frozen hydrogels. All biocomposite hydrogels showed a porous structure with 

pore sizes between a few up to around 100 nm. With exception of the sample containing c-NFC 

0.23, all hydrogels showed the formation of isolated clusters. These clusters might originate due 

to the presence of fibrils, acting as nucleation points for the polymerization of the hydrogel. 

Conversely, the clusters might also form due to agglomerations of fibrils within the hydrogel. 

The comparatively better dispersion of the c-NFC 0.23 might be due to its high hydrophilicity 

resulting in a smoother and more homogeneous morphology of the hydrogels (Figure 4e). 

3.4. Swelling Ratio (SR) 

Figure 5 shows the swelling ratio (SR) of neat hydrogels and composite hydrogels containing 

0.2, 0.4, 0.8 and 1.6% w/w of c-NFC with three different DS (0.07, 0.17 and 0.23). Different 

behavior was observed for neat and composite hydrogels. For all samples, the SR decreased with 

increasing concentration of NFC. However, for a given concentration of fibrils, the SR generally 



10 

increases with increasing DS. The SR values for hydrogels containing 0.2 and 0.4% w/w of c-

NFC were comparable to those values obtained from neat hydrogels, provided that the DS of c-

NFC was sufficiently high (DS 0.17 and 0.23). The SR values of these samples are within the 

range of values reported for native human NP, between 1.8 and 9.0.[2] However, at higher 

concentrations of NFC (above 0.8% w/w), a further decrease of the SR was observed. This 

decrease could not be fully compensated by increasing the DS value. 

These results indicate that NFC and c-NFC might have two main effects on the swelling 

behavior of the composite hydrogels. First, with increasing concentration of fibrils, the SR 

decreases. This might originate from a physical entanglement of the N-vinyl-2-pyrrlidone and 

the NFC or c-NFC polymer network, leading to an increase in stiffness of the composite 

hydrogels. Therefore, more work is needed to expand the network and consequently the 

hydrogels swell less with increasing contents of fibrils. Second, the SR increases with increasing 

DS of c-NFC for a given concentration of fibrils. This originates from the increased 

hydrophilicity, allowing the hydrogel to absorb more water.  

3.5. Static compression tests 

These interpretations were confirmed by the results of static compression tests. Figure 6 shows 

the MOE (modulus of elasticity) of neat and biocomposite hydrogels. For all biocomposite 

hydrogels, the MOE increased with increasing concentrations of NFC and c-NFC, respectively. 

In contrast, for a given concentration of NFC, an increase in DS led to a decrease in MOE 

values. This might be explained by the increased SR values of these hydrogels and hence the 

looser polymer network they form. 

Above a concentration of 0.8% w/w of NFC or c-NFC, the hydrogels showed large standard 

deviations. This might depend on inhomogeneities within the hydrogels, originating from poor 

dispersion of the nanofibrils due to the high viscosities of the prepared precursor solutions before 

cross-linking. 

Some values of native human NP (5.39 ± 2.56 N/mm2 at 20% strain) were reported earlier.[31] As 

can be seen, all tested hydrogels showed higher MOE values than those of native human NP. 

Therefore, concentrations of NFC and c-NFC below 0.8% w/w should be sufficient to reach the 

targeted values for the SR and MOE in the biocomposite hydrogels. 
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3.6. Shear tests 

Based on the results obtained from swelling and static compression tests, the number of materials 

was reduced for the final characterization of the hydrogels (shear and relaxation tests, as well as 

morphological characterization using cryo-SEM). Biocomposite hydrogels with higher 

concentrations of NFC or c-NFC (0.8% w/w and more) showed high MOE values with large 

standard deviations and low SR values and therefore were not considered for further testing. 

Samples containing 0.2% w/w of NFC or c-NFC showed similar SR values but slightly lower 

mechanical properties compared to the biocomposite hydrogels containing 0.4% w/w of 

nanofibrils and were also rejected. Therefore, only the samples containing 0.4% w/w of NFC or 

c-NFC were selected for further characterization. 

The viscoelastic properties in shear for neat and biocomposite hydrogels containing 0.4% w/w of 

NFC or c-NFC were measured as a function of angular frequency �. Figure 7a shows the 

average data of the storage modulus G’ of neat and composite hydrogels. For better 

visualization, the standard deviations of the curves are not shown but they were large and partly 

overlapping. Therefore, these results need to be taken with care. For low angular frequencies 

(below 50 rad/s) the G’ values of all curves were almost constant. Above an angular frequency of 

50 rad/s, all curves showed a small increase in G’. From the average data it might be suggested 

that the hydrogels containing NFC or c-NFC generally showed a more elastic behavior in shear 

as compared to neat hydrogels. However, for the hydrogels containing c-NFC, no clear tendency 

was observed for the dependence of the DS on G’. 

Figure 7b shows the tan � values of the neat and biocomposite hydrogels. As it can be seen, all 

hydrogels show values below 1, indicating a dominating elastic solid behavior. However, with 

higher angular frequency, the tan � values clearly increased. This effect was most pronounced for 

the sample containing 0.4% c-NFC 0.17. 

Figure 7c shows the complex moduli G* in dependence of the angular frequency at 1, 10 and 

100 rad/s for neat and biocomposite hydrogels. As it can be seen, between 1 and 10 rad/s there is 

no clear difference in the average values of all samples. However, at an angular frequency of 100 

rad/s, an increase in G* was measured for all samples. Clearly, the neat hydrogels showed the 

smallest values. The highest complex moduli were observed for slightly carboxymethylated 

samples (0.4% c-NFC 0.07 and 0.4% c-NFC 0.17) in analogy to the viscosity measurements of 

the NFC and c-NFC suspensions before compounding (Figure 2). The viscoelastic properties of 
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human native NP were analyzed earlier and G* values of 7.40 ± 11.6 for � = 1 rad·s-1; 11.3 ± 

17.9 for � = 10 rad·s-1 and 19.8 ± 31.4 for � = 100 rad·s-1 were reported.[32] Even though these 

values show large standard deviations, the average values are considerably larger than the G* 

data we measured for our biocomposite hydrogels. Therefore, it might be necessary to further 

increase the viscoelastic properties in shear. However, it would also be interesting to have a more 

appropriate characterization of the viscoelastic properties in shear of healthy, native human NP. 

3.7. Cyclic compression and material relaxation test 

Figure 8a shows a representative cyclic load experiment with three material relaxation periods, 

applied to a neat hydrogel sample. All samples (neat hydrogel and biocomposite hydrogels 

containing 0.4% w/w of NFC or c-NFC) were subjected to 960 load cycles (corresponding to a 

time of 16 h), followed by 8 h of material relaxation at 0.1 kPa. This procedure was repeated 

three times to a total testing time of 72 h. A single load cycle consisted of applying a load of 0.5 

kPa for 30 s, followed by a load of 1.0 kPa for another 30 s. Strain values of the neat and 

composite hydrogels were measured after the first load cycle and after every 60 load cycles (1 h). 

As it can be seen from Figure 8a, the strain values increase with the number of load cycles. For 

the number of load cycles tested, the hydrogels did not reach equilibrium. 

During the material relaxation periods (at 0.1 kPa), the strain values decreased but initial sample 

height was not reached for any hydrogel tested. For better comparison between the samples, the 

strain values after the first loading cycle and after 24, 48 and 72 h (corresponding to 960, 1920 

and 2880 load cycles, respectively) at 1.0 kPa (diagonal arrows) and 0.5 kPa (horizontal arrows), 

as well as the strain values after the material relaxation periods after 24, 48 and 72h (vertical 

arrows) were extracted into Figure 8b (top, center and bottom, respectively). 

As it can be seen from Figure 8b, all hydrogels tested were subject of creep with increasing 

number of load cycles at 0.5 and 1.0 kPa (top and center diagram), indicated by the increase in 

their strain values over time. The highest strain values were measured for the neat hydrogel. 

Biocomposite hydrogels showed lower strain values and this behavior was more pronounced for 

samples that were carboxymethylated. However, the biocomposite hydrogels containing c-NFC 

with the highest DS (0.23) showed higher strain values, compared to those with a lower DS. The 

same trends were observed for the strain values at the end of the relaxation periods at 0.1 kPa 
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(Figure 8b, bottom diagram). Again, the composite hydrogels containing c-NFC showed clearly 

lower strain values, indicating a more pronounced relaxation of the material. 

Summarizing, the material relaxation phenomena of neat and biocomposite hydrogels seem to be 

governed by the relative influence of the stiffness of the materials and their swelling properties. 

The composite hydrogels generally have a higher stiffness (Figures 6 and 8b) and therefore 

better recover their initial dimensions compared to the neat hydrogel. Furthermore, hydrophilic 

c-NFC certainly increases the resistance of water (or PBS) within the biocomposite hydrogels to 

be squeezed out during loading. The kinetics of the water exchange during the different loading 

conditions might influence as well the measured strains. It can therefore be expected that the 

final compression strains would be even larger if not enough time would be allowed for re-

impregnation of the biocomposite hydrogels. 

The results from the cyclic load experiments suggest that the biocomposite hydrogels containing 

0.4% w/w of c-NFC with low DS (0.07 or 0.17) are less affected by creep at equal loads 

compared to the other hydrogels tested. Due to the severe conditions of the test, the measured 

strain values were generally high. Only the biocomposite hydrogel containing 0.4% w/w of c-

NFC 0.17 showed strain values below 20% over the whole experiment. In combination with the 

high SR values and good mechanical properties in compression and shear, this biocomposite 

hydrogel seems favorable over the other neat and biocomposite hydrogels tested. 

Conclusions 

The aim of this paper was to create hydrogels reinforced with nanofibrils that can mimic the 

chemical and mechanical behavior of the native human nucleus pulposus (NP) in the 

intervertebral discs. Neat and biocomposite hydrogels were prepared by UV cross-linking of a 

mixture containing N-vinyl-2-pyrrolidone monomers (NVP), a trimethacrylate crosslinker (T3), 

a photoinitiator and unmodified (NFC) as well as carboxymethylated, nanofibrillated cellulose 

powder (c-NFC) with three different degrees of substitution (DS) of 0.07, 0.17 and 0.23 and 

water. The translucent hydrogels were swollen in a phosphate buffered saline (PBS) solution and 

their swelling ratios (SR) were measured. Mechanical characterization included the 

determination of the modulus of elasticity (MOE) in compression, viscoelastic properties in 

shear and mid-term relaxation tests over 3 days in compression. The morphology of the gels was 
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studied using cryo-scanning electron microscopy (cryo-SEM) after high pressure freezing and 

freeze-drying of the samples. 

The addition of NFC led to a decrease of the SR of the biocomposite hydrogels with increasing 

concentration. In contrast, hydrogels containing equal concentrations of c-NFC displayed an 

increase in the SR for increasing DS compared to hydrogels containing unmodified NFC. 

Furthermore, the biocomposite hydrogels showed higher MOE values compared to the neat 

hydrogel. Relaxation tests, performed over three days of neat and biocomposite hydrogel 

samples immersed in a PBS solution revealed that more hydrophilic hydrogels showed lower 

strain values during the tests and also showed more pronounced relaxation. The obtained results 

showed that the optimum concentration of c-NFC in the tested composite hydrogels was at 0.4% 

w/w and the preferred DS was 0.17.  

Even though more appropriate values of the mechanical properties of healthy, native human NP 

are needed, the comparison of the existing data with those values obtained from the tested 

biocomposite hydrogels reveals similar mechanical and swelling behavior of the two hydrogels. 

Further work should focus on evaluation and development of the composite hydrogels’ long-

term behavior under compression and shear. 
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Fig. 1 A schematic view of a spinal segment and the intervertebral disc. The figure shows the 
organization of the disc with the nucleus pulposus (NP) surrounded by the lamellae of the annu-
lus fibrosus (AF) and separated from the vertebral bodies (VB) by the cartilaginous end-plate 
(CEP). The figure also shows the relationship between the intervertebral disc and the spinal cord 
(SC), the nerve root (NR), and the apophyseal joints (AJ). With kind permission of S.Roberts 
and Arthritis Research & Therapy.[3] 
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Fig. 2 Viscosity of 0.75% w/w NFC and c-NFC aqueous suspensions with various DS after me-
chanical treatment (3 passes through H230Z400�m and H30Z200�m chambers and 3 passes through 
H30Z200�m and F20Y75�m chambers). 
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Fig. 3 Effect of swelling on volume of hydrogels: a) neat hydrogel before immersion and b)  
after immersion in PBS for 28 h. Composite hydrogels containing c) 0.4% of NFC, d) 0.4% of  
c-NFC 0.07, e) 0.4% of c-NFC 0.17 and f) 0.4% of c-NFC 0.23 after immersion in PBS for 28 h. 

a) b) c) d) e)
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Fig. 4 Cryo-SEM images of a) neat hydrogels, and composite hydrogels containing 0.4% of b) 
NFC, c) c-NFC 0.07, d) c-NFC 0.17 and e) c-NFC 0.23. All images were recorded at a magnifi-
cation of 50’000 x. 
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Fig. 5 Swelling Ratio (SR) of neat (reference) and composite hydrogels after immersion in PBS 
for 28 h. 
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Fig. 6 Elastic modulus E of neat (reference) and composite hydrogels determined from the slope 
of the secant between 20 and 25% strain of the stress-strain curves. The solid line represents the 
value of the elastic modulus of human native NP at 20% strain (5.39 ± 2.56 kPa). 
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Fig. 7 a) Storage modulus G’ and b) tan � of neat (reference) and composite hydrogels in shear 
as a function of angular frequency �. The standard deviations were omitted for clarity. c) Com-
plex modulus G* of neat (reference) and composite hydrogels in shear at angular frequencies of 
1, 10 and 100 rad/s, respectively. 
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Fig. 8 a) Representative cyclic compres-
sion and material relaxation test of the neat 
hydrogel sample. All samples were sub-
jected to load cycles of 30 s at 0.5 kPa, fol-
lowed by 30 s at 1.0 kPa. Data points show 
strain values after the first and after every 
60 load cycles. After 16 h, the samples 
were let to relax for 8 h at 0.1 kPa with one 
data point every 30 min. The whole proce-
dure was repeated three times (72 h). For 
better comparison, the strain values after 
the first cycle and before the material relax-
ation periods at 0.5 kPa (horizontal arrows) and 1.0 kPa (diagonal arrows), as well as the strain 
values at the end of the relaxation periods at 0.1 kPa (vertical arrows) were extracted into Figure 
8b. b) Strain values for neat and composite hydrogels after 1, 960, 1920 and 2880 load cycles at 
1.0 kPa (top) and 0.5 kPa (center), corresponding to 0, 16, 40 and 64 h, respectively, in the expe-
riments. Strain values at the end of the material relaxation periods at 24, 48 and 72 h of the expe-
riment at a load of 0.1 kPa (bottom). 
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Abstract 

Bionanocomposites of polylactic acid (PLA) and chemically modified, nanofibrillated cellulose 

(NFC) powders were prepared by extrusion, followed by injection molding. The chemically 

modified NFC powders were prepared by carboxymethylation and mechanical disintegration of 

refined, bleached beech pulp (c-NFC), subsequent esterification with 1-hexanol (c-NFC-hex) and 

preparation of a masterbatch by precipitating a suspension of c-NFC-hex and acetone-dissolved 

PLA in ice-cold isopropanol (c-NFC-hex mb). Dynamic mechanical analysis (DMA) and tensile 

tests were performed to compare the reinforcing potentials of the dried and chemically modified 

NFC powders in PLA. The results showed a faint increase in modulus of elasticity of 10% for 

composites with a loading of 7.5% w/w of fibrils, irrespective of the type of chemically modified 

NFC powder. The increase in stiffness was accompanied by a slight decrease in tensile strength 

for all samples, compared to neat PLA. The viscoelastic properties of the composites were 

essentially identical to neat PLA. The absence of a clear reinforcement of the polymer matrix 

was attributed mainly to insufficient dispersion of the chemically modified NFC powders in the 

composite, as observed from scanning electron microscope images. 
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Introduction 

Polylactic acid (PLA) is an aliphatic polyester with high strength and stiffness that can be made 

from annually renewable resources, like starch from corn or potato, and sugar from cane or beet. 

Being a thermoplastic, it is easily processed on standard plastic equipment to yield molded parts, 

films or fibers. Due to its biocompatibility and biodegradability, PLA is suitable for medical 

devices or for use in the industrial packaging field.[1-2]   

The isolation and use of cellulose nanostructures and their application in composite materials has 

gained increasing attention due to their inherent properties like high strength and stiffness 

combined with low weight, biodegradability and renewability.[3] Their beneficial mechanical 

properties arise from �-1,4 linked glucopyranose chains, aligned into highly ordered (crystalline) 

domains by intra- and intermolecular hydrogen bonds. These crystallites are linked by 

amorphous domains to form bundles of fibrils.[4] 

By acid hydrolysis of pulp (or other sources of cellulose, e.g. algae, bacteria, tunicates or wheat), 

the amorphous fraction of cellulose is dissolved and needle shaped crystallites called cellulose 

nanowhiskers (CNW) or nanocrystalline cellulose (NCC) can be isolated.[5-7] Mechanical 

isolation of pulp (usually applied in combination with a chemical, mechanical or enzymatic 

pretreatment) results in breakup of the cellulose fibers and yields semicrystalline fibrils and fibril 

bundles with diameters in the range between 3.5 and 100 nm, called micro- or nanofibrillated 

cellulose (MFC and NFC, respectively).[8-9] Due to their beneficial mechanical properties and 

their inherent biodegradability and biocompatibility, CNW and NFC are qualified for the 

development of nanocomposites with PLA. However, due to their large, hydrophilic surface 

area,[7-9] these nanomaterials tend to undergo agglomeration when compounding with 

hydrophobic polymers. In response, several strategies have been examined to overcome this 

issue in composites with PLA: 

In first experiments, slurries containing CNW in N,N-dimethyl acetamide/lithium-chloride 

(DMAc/LiCl) and a maleic anhydride coupling agent were directly fed into a PLA melt during 
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extrusion. The results indicated that the CNW had a positive effect on stiffness and strength of 

the composites, even though the additives had a negative impact. In spite of using a coupling 

agent, the CNW were only partly dispersed and showed strong tendency for agglomeration.[10] In 

a subsequent study, aqueous suspensions of CNW or NFC in combination with polyethylene 

glycol (PEG) were fed into the PLA melt. Again, the formation of agglomerates could not be 

avoided.[11] Nanocomposites were also prepared by solution casting. CNW were freeze-dried 

from an aqueous suspension, after solvent exchange to tert-butanol and after modification with a 

surfactant. The powders were then redispersed in chloroform and the suspensions were mixed 

with dissolved PLA, followed by evaporation of the solvent. The surfactant considerably 

improved dispersion of the CNW in the PLA matrix compared to the unmodified CNW, as was 

observed by transmission electron microscopy (TEM). However, agglomeration of CNW was 

not completely prevented. In addition, the surfactant clearly decreased the storage modulus of the 

PLA matrix.[12] Similar results were obtained when surfactant modified, freeze-dried CNW were 

extruded with PLA. Even though the surfactant greatly improved the dispersion of NNW in the 

PLA matrix (compared to unmodified CNW), the composites did suffer from a slight decrease in 

stiffness and strength, caused by the plasticizing effect of the surfactant.[13] Extrusion of PLA 

with CNW in presence of polyvinyl alcohol (PVOH) (directly fed to the melt as solution or as a 

solid mixture after freeze-drying) resulted in phase separation of the immiscible polymers. The 

CNW were located predominantly in the discontinuous PVOH phase and therefore only a limited 

increase in tensile modulus and strength was observed.[14] Later, nanocomposites were prepared 

by gradually adding PLA to a thoroughly dispersed suspension of unmodified NFC in acetone, 

followed by solution casting. The films were then melt-kneaded in a rotary roller mixer and hot-

pressed. This procedure seems somewhat irritating, as unmodified NFC is expected to show 

instantaneous sedimentation in the described 9:1 w/w acetone/water mixture. Nevertheless, 

microscopic images showed a homogeneous distribution of NFC in the fully amorphous PLA 

matrix and tensile tests showed an increase of 25% and 16% for modulus and tensile strength, 

respectively.[15] A very similar procedure was then applied to reinforce a semi-crystalline PLA 

with unmodified NFC. The thin film composites were either quenched in liquid nitrogen or 

annealed in a hot press at 100°C to obtain fully amorphous or crystallized composites, 

respectively. The tensile moduli and strengths of the amorphous composites were approximately 

in the same range as those of the precedent experiment, while the crystallized samples showed 

slightly higher values. Dynamic mechanical analysis (DMA) showed a clear increase in storage 
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modulus above the glass transition for composites containing unmodified NFC compared to neat 

PLA, especially for crystallized samples.[16] An increase in storage modulus above the glass 

transition was also found for composites obtained by solution casting of a mixture of acetylated 

NFC and PLA from chloroform. Interestingly, for same fibril loadings, the acetylated NFC 

showed a lower reinforcement in the rubbery plateau than unmodified NFC, which was 

attributed to a reduced number of hydrogen bonds that could be formed due to the acetyl 

groups.[17] In a most recent study, unmodified NFC was solvent exchanged from water to acetone 

before mixing with dissolved PLA. Again, the mixture was evaporated and dried before 

extrusion. An increase in modulus of 25% and strength of 20% was observed. However, 

scanning electron images still proved the formation of agglomerates within the composites.[18] 

Over all, the reinforcement of PLA with NFC or CNW did not lead to an increase of more than 

25% for stiffness or strength. Interestingly, the highest increase in these properties was measured 

for unmodified NFC without surfactants. It is therefore not surprising that in all composites 

containing PLA presented so far, at least to a certain extent, NFC agglomeration was observed. 

However, as generally emphasized, perfect dispersion in the matrix to yield a large interfacial 

area and strong interaction between the components is crucial for exploiting the full reinforcing 

potential. In addition, the proposed preparation procedures have almost completely involved a 

solution casting step, hampering the scale up of the processes. Therefore, a simple procedure for 

the development of nanocomposites containing perfectly dispersed NFC or CNW in PLA, 

allowing the scale up to industrially competitive processes has not been presented so far and is 

subject of current research. 

In this study, nanocomposites containing modified NFC and PLA were prepared by extrusion, 

followed by injection molding. As a starting material, carboxymethylated NFC (c-NFC) in 

powder form, with a degree of substitution (DS) of 0.23 was used (Figure 1). To increase the 

compatibility between fibrils and polymer matrix, the carboxymethyl groups of c-NFC were 

esterified with 1-hexanol. The mechanical properties of the nanocomposites were analyzed by 

tensile tests, dynamic mechanical analysis (DMA) and melt shear tests and compared to neat 

PLA samples. The morphology of the fractured surfaces of the tensile tested samples was 

analyzed by scanning electron microscopy (SEM). 
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Materials and methods 

2.1. Materials 

Refined, bleached beech pulp (RBP) was provided by J. Rettenmaier & Söhne GmbH 

(Rosenberg, Germany) as an aqueous suspension (Arbocel B1011). The dry material content of 

the suspension was measured by gravimetry to 12.4% w/w. Mono-chloroacetic acid (sodium salt, 

purity � 98%, M = 116.48 g/mol), 1-hexanol (purity � 98%, M = 102.17 g/mol) and sulfuric acid 

(H2SO4, p.a. 95 – 97%, M = 98.08 g/mol) were purchased from Merck. Sodium hydroxide 

(NaOH, purity � 98%, M = 40.0 g/mol) and dichloromethane (CH2Cl2, purity � 98%, M = 84.93 

g/mol) were purchased from Fluka and Carl Roth GmbH. Polylactic acid (PLA, 2002 D grade, 

Nature WorksTM) was provided by Cargill Dow LCC (Minnetonka, MN, USA) 

2.2. Sample preparation 

2.2.1. Synthesis of carboxymethylated NFC (c-NFC) 

Carboxymethylation of RBP was performed following an earlier protocol[19] with slight 

modifications: 806 g of RBP (corresponding to 100 g of dry cellulose) was dispersed in 4.5 L of 

a 3:5 ethanol / isopropanol mixture in a 10 L glass reactor. After a swelling time of 4 days, the 

RBP was activated by dropping 493 g of a 5% w/w aqueous NaOH into the mixture. 53.9 g of 

mono-chloroacetic acid was added and the temperature was set to 60°C. After 2h the reaction 

was stopped under cooling to room temperature (Fig. 1). The resulting suspension was washed[19] 

and dispersed in 9.5 L of a 0.01 M NaOH. Mechanical disintegration was done using a high-

shear homogenizer (Microfluidizer type M-110Y, Microfluidics Corporation, USA). Two 

chamber setups were used: First, the suspensions were pumped 3 times through H230Z400�m and 

H30Z200�m chambers, followed by another 3 passes through H30Z200�m and F20Y75�m chambers. 

The c-NFC suspension was solvent-exchanged to isopropanol and dried at 60°C under stirring to 

avoid hornification (irreversible agglomeration).[19] A degree of substitution (DS) of 0.23 was 

determined by conductometric titration (average of three measurements). 

2.2.2. Synthesis of c-NFC hexanoate (c-NFC-hex) 

40 g of dried c-NFC was dispersed in 1.0 L of 1-hexanol using a high-shear mixer (T 25 basic, 

IKA-Werke, Stauffen, Germany) in a 2 L glass reactor, equipped with a mechanical stirrer and 
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reflux cooler. 2 ml of H2SO4 was added with a pipette. The mixture was heated to 105°C and the 

reaction was stopped after 72 h under cooling to room temperature (Fig. 1). The suspension was 

centrifuged at 5’000 rpm for 30 min. The sediment was washed 2 times with 700 ml of acetone / 

0.001 M NaOH and 3 times with pure acetone. Then, the c-NFC-hex was dried at 60°C in an 

oven under stirring.  

2.2.3. Synthesis of masterbatch (c-NFC-hex mb) 

16.0 g of c-NFC-hex was dispersed in 400 ml of CH2Cl2 using a high-shear mixer. In a separate 

flask, 16.0 g of PLA was dissolved in 400 ml of acetone over night. The mixtures were 

combined in a 1 L flask and homogenized using a high-shear mixer. CH2Cl2 was distilled off the 

suspension using a Rotavap and the remaining suspension was dropped into 2 L of ice-cold 

isopropanol. The precipitate was dried in an oven at 60°C. 

The DS of the unreacted carboxymethyl groups was determined again, using equation 1: 
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with nCOOH and nAGU being the amount of free COOH groups (measured by conductometric 

titration), and the amount of anhydroglucose units, respectively. m0 is the mass of the weighted 

sample of dry c-NFC hexanoate. Mhex, MAGU and Mcm denote the molecular masses of the 

hexanoate group ((CH2)5CH3, 85 g/mol), the anhydroglucose unit (162.14 g/mol) and the 

carboxymethyl group (57 g/mol). DSc-NFC denotes the DS of the c-NFC intermediate product 

(0.23). 

The final DS of free carboxymethyl groups and hexanoate groups were calculated using equation 

2 to DSCOOH = 0.09 and DShex = 0.14, respectively: 

COOHNFCchex DSDSDS �� �  (2) 

2.2.4. Extrusion 

All samples were dried prior to extrusion at 50°C over night. A MEGALab 18 co-rotating twin-

screw extruder (Coperion W&P, Stuttgart, Germany) containing 7 heating zones (set to 165; 170; 

170; 180; 180; 190 and 200°C, respectively) was used. The screw speed was set to 150 rpm. 
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In a first series, 4 mixtures of solids were prepared for extrusion: Neat PLA; 10/90 w/w c-

NFC/PLA; 10/90 w/w c-NFC-hex/PLA and 10/90 w/w c-NFC-hex mb/PLA. The extrudates 

were pelletized. 

In a second series, the extruded pellets were mixed with fresh PLA in order to obtain mixtures 

containing a total of 2.5, 5.0 and 7.5 % w/w of dry material (c-NFC / c-NFC-hex and c-NFC-hex 

mb, respectively). The mixtures were extruded using the same parameters and they were 

pelletized subsequently. 

2.2.5. Injection molding 

The pellets were injection molded using a Haake MiniJet laboratory injection molding machine 

(Thermo Scientific, Karlsruhe, Germany). Dog-bone specimens according to ASTM 0638 

standard (thickness 3.3 mm, width 3.2 mm, length 60 mm, parallel length l0 20 mm) and flat 

discs (diameter 32 mm, thickness 1.6 mm) were injection molded. The following parameters for 

dog-bone specimens and flat discs (in brackets) were used: cylinder temperature 200°C (200°C), 

mold temperature 60°C (80°C), injection pressure 500 bar (600 bar), injection time 30 s (30 s), 

hold pressure 100 bar (100 bar), hold time 60 s (60 s). 

2.3. Measurements 

2.3.1. Tensile tests 

Modulus of elasticity (MOE) and nominal tensile strength were determined according to EN ISO 

527-1:1996 with slight modifications. A Universal Testing System (Zwick 1474, Ulm, 

Germany), equipped with a 20 kN load cell was used. Injection molded, dog-bone-shaped 

specimens had an overall length of 60.0 mm, a width of 3.2 mm and a thickness of 3.3 mm. The 

parallel length l0 of the samples was 20 mm. The samples were conditioned for 1 week at 35% 

relative humidity and 20°C. Elongation of the samples was measured by mechanical strain 

detection. MOE values were determined by the slope of the linear interpolation line of the curves 

between 0.1 and 0.3% strain. The initial cross head speed was set to 1 mm/min and increased to 

2 mm/min after the determination of the MOE to reduce creeping of the samples. For each 

sample, 10 replicates were measured. 
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2.3.2. Dynamic mechanical analysis (DMA) 

Viscoelastic properties of injection molded samples were studied by using a RS IIIa Rheometrics 

System Analyzer (TA Instruments, Delaware, USA) in three point bending mode. The composite 

flat discs were cut into rectangular specimens with 10.0 mm width and 40.0 mm length and were 

conditioned for 1 week at 20 °C and 35% relative humidity. 

Dynamic heating scans were performed from 30°C to 140°C at a heating rate of 2 °C/min with 

an initial static force of 75 g. The heating scans were followed by 2 min of isothermal 

equilibration at 140°C and dynamic cooling scans at a cooling rate of 2°C/min with an initial 

static force of 2 g. The static force in all scans was set 15% higher than the dynamic force. Initial 

load strain and upper limit for the applied load strain were set to 0.05% and 0.1%, respectively. 

All measurements were done at a frequency of 1 Hz. Purge gas was dry air over the whole 

temperature range. 

2.3.3. Melt flow index (MFI) 

Melt flow indexes (MFI) of neat PLA and composites were measured using a MI-1 apparatus 

(Goettfert, Buchen, Germany). The specimens were melted at 190°C for 2 minutes. The mass of 

the piston was 2.16 kg. The mass of the polymer composites that flowed through the capillary 

was measured after 30 s. An average of 5 measurements was calculated for each sample. 

2.3.4. Shear tests 

The viscoelastic properties of the injection molded flat disc samples in shear (storage modulus 

G’, loss modulus G’’ and viscosity �) were measured using an ARES, Rheometric Scientific Inc. 

(New Jersey, USA) in parallel plate geometry (diameter 50 mm). Dynamic frequency sweep tests 

were performed at 180°C and at 200°C. The flat discs were melted and compressed until fully 

occupying the area of the plates (disc gap between 0.8 and 1.2 mm). A delay of 180 seconds after 

the preload ensured complete relaxation of the samples before the tests. A shear strain of 1.0% 

with frequencies from 0.08 to 80 Hz (0.50265 to 502.65 rad/s) was applied and 9 points per 

decade were recorded. Two specimens per sample were measured and the values were averaged. 
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2.3.5. Scanning electron microscopy (SEM) 

Fractured dog-bone tensile specimens were cut with a razor blade to obtain cubes of 3 mm edge 

length. The cubes were mounted on a sample holder and the fractured surfaces were sputtered 

with a 7.0 nm platinum coating. Images were recorded in a FEI NovaNanoSEM (FEI Company, 

Hillsboro, Oregon, USA), equipped with a Schottky field emission gun. The following 

parameters were used: acceleration voltage of 5.0 kV and working distance of 5.0 mm. Of each 

sample, two specimens were examined. 

Results and Discussion 

3.1. Synthesis of materials 

Figure 1 shows a scheme of the synthesis of c-NFC hexanoate. The esterification reaction of 

carboxymethyl cellulose was done after redispersion of the powder in 1-hexanol. After the 

reaction, when left without stirring, the c-NFC-hex in the mixture formed a sediment within a 

couple of minutes. During washing of c-NFC-hex with 1/1 acetone/0.001 M NaOH, foam 

generation was observed, indicative for the formation of micellar structures of the alkyl side 

chains in aqueous medium. In pure acetone, c-NFC-hex did not form a stable suspension but 

sedimented after some minutes. The tendency towards sedimentation indicates the presence of 

agglomerates of nanofibrillated cellulose and must be kept in mind when discussing the results 

of the following measurements. 

The various products (c-NFC, c-NFC-hex powder and c-NFC-hex mb) were extruded to yield 

three different composites, each with 3 loadings of fibrils, i.e. 2.5, 5.0 and 7.5% w/w of fibrils. 

The extrudates were cut to pellets and injection molded to yield dog-bone shaped tensile testing 

samples and flat disc samples for DMA and melt shear measurements. While neat PLA samples 

were almost colorless and transparent, the composite samples showed the formation of a 

yellowish color (Fig. 2). This coloration was faint for composites containing c-NFC-hex mb and 

c-NFC-hex but clearly more pronounced for composites containing c-NFC (almost dark brown 

color). In addition, the transparency of the samples was also reduced in the same order.  
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3.2. Characterization of materials 

Figure 3a shows the modulus of elasticity (MOE) of neat PLA (white column) and composites 

containing c-NFC, c-NFC-hex and c-NFC-hex mb (light, medium and dark gray, respectively), 

obtained from tensile tests. As it can be seen, only small differences between the MOE values of 

the different samples were measured. At the highest loading of 7.5% w/w, MOE values increased 

only 10% compared to neat PLA showing a modulus of 3.61 GPa, while for lower loadings the 

effect was even less pronounced. No differences in modulus were observed for composites 

containing different types of fibrils. Similar behavior was observed when analyzing the tensile 

strength of the samples (Fig. 3b). Neat PLA showed a tensile strength of 66.2 MPa and again, the 

values of the composites showed little differences. The data suggests that with increasing loading 

of the fibrils the tensile strength even decreased, which was most pronounced for the composite 

containing c-NFC. From these results we must deduce that the reinforcing potential of the fibrils 

was not exploited and the fibrils acted as filler rather than as a reinforcing network. Nevertheless, 

moduli and tensile strengths measured for the developed composites are more or less in the same 

range as the mechanical properties for composites containing 5% w/w of NFC or CNW in earlier 

reports (Table 1). Interestingly, all composites containing 5% of CNW or NFC showed tensile 

strengths between approximately 50 and 80 MPa at room temperature, while the neat PLA 

samples showed values between 40 and 70 MPa, depending on the grade that was used. Similar 

behavior was observed for the MOE: neat PLA samples showed values between 2.0 and 4.0 GPa, 

compared to 2.0 to 4.6 GPa for the composite materials. Summarizing, a clear increase in 

mechanical properties of PLA by using cellulose nanomaterials has therefore not been achieved 

so far. 

The results from tensile tests were confirmed by DMA experiments. Figure 4a shows heating 

scans of neat PLA and the composites. Neat PLA (white dots) is in a glassy state at room 

temperature, with a storage modulus (top) of approximately 3 GPa. Upon heating, the tan � curve 

(bottom) peaked at approximately 60°C, indicating the transition from a glassy to a rubbery state 

(glass transition). The transition was followed by a short rubbery plateau of storage modulus up 

to 85°C. Above this temperature, a faint drop in storage modulus was observed for neat PLA. 

This drop was attributed to the relaxation of molded-in stresses from injection molding. Above 

90°C, the storage modulus showed an increase of more than one decade, indicative for a 

crystallization process of the semicrystalline polymer matrix. At 100°C a second, broad plateau 
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was reached, which slowly declined at higher temperatures, approaching the melting 

temperature. The storage moduli of the composites containing 7.5% w/w of c-NFC, c-NFC-hex 

or c-NFC-hex mb (light, medium and dark gray dots, respectively) showed basically the same 

temperature dependence as neat PLA. Minor differences were observed in the relaxation of the 

molded-in stresses, indicating slightly different cooling profiles (as samples were ejected 

manually from the mold, this could not be avoided completely). Figure 4b shows the subsequent 

cooling scan of neat PLA (white dots) and composites containing 7.5% w/w of c-NFC, c-NFC-

hex or c-NFC-hex mb (light, medium and dark gray dots, respectively). A continuous rubbery 

plateau was found for all curves with a slight increase in storage moduli towards lower 

temperatures. Upon further cooling, the samples changed into a glassy state, indicated by the tan 

� peak around 60°C. Clearly, all the samples showed almost the same values in both scans, 

suggesting very similar viscoelastic properties in the examined temperature range. As for the 

tensile tests, also in DMA the fibrils did not lead to a significant increase in storage moduli of the 

composites, which means that the reinforcing potential of the different types of fibrils was not 

exploited. 

In addition to the measurements done at the glassy and rubbery states of PLA, the polymer 

composites were also analyzed in their melted form. Figure 5 shows the melt flow index (MFI) 

of neat PLA and the composites in dependence of the type and loading of fibrils. For neat PLA, 

an MFI of 0.33 was measured. For composites containing c-NFC, the MFI increased with the 

fibril loading. This is an indication for degradation of the PLA matrix, leading to a reduction of 

the PLA chain length and therefore to a lower viscosity. In contrast, the MFI values of 

composites containing c-NFC-hex and c-NFC-hex mb showed a faint decrease with higher fibril 

loadings. This suggested a slightly positive interaction between these fibrils and the matrix and 

(at least partial) prevention of matrix degradation compared to composites containing c-NFC. 

These results were confirmed by shear tests in parallel plate geometry. Figure 6 shows frequency 

scans of neat PLA and composite samples containing 7.5% of fibrils at 180°C (left) and 200°C 

(right), displaying the shear storage modulus G’ (top), shear loss modulus G’’ (center) and the 

viscosity � (bottom) in dependence of the angular frequency �. At 180°C, G’ and G’’ of the neat 

PLA melt (white dots) increased over several decades with increasing the frequency from 0.08 to 

80 Hz. The gel point (G’ = G’’) was not reached in the whole frequency range measured. The 

viscosity of the neat PLA melt was almost constant at 2 kPa·s for low frequencies and decreased 

with higher frequencies (shear thinning effect). Almost identical responses for G’, G’’ and � 
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were obtained for composites containing c-NFC-hex (gray dots) and c-NFC-hex mb (dark gray 

dots). Composites containing c-NFC (light gray dots) showed the same behavior with clearly 

lower values. The same trends were observed at 200°C, with lower values for all samples 

measured. The differences between the composite containing c-NFC and the other samples were 

slightly more pronounced.  

These results provide further evidence that the carboxylate groups present in c-NFC reduce the 

thermal stability and accelerate degradation of the polymer matrix at elevated temperatures 

(temperatures up to 200°C were used in the extruder). It has been reported earlier that the 

presence of carboxylate groups leads to a decrease in the thermal stability of cellulose.[19-21] In 

addition, a degrading effect of DMAc/LiCl at elevated temperatures of 80 – 125°C on cellulose 

was reported. The mechanism included the formation of keteniminium ions, inducing hydrolytic 

cleavage of the glycosidic bonds in cellulose.[22] This process was accompanied by a yellow 

coloration. A similar mechanism, involving charged compounds might also be responsible for 

the cleavage of polyester chains, induced by carboxylate groups. A yellow coloration of the final 

composites was also observed when CNW in DMAc/LiCl were directly fed into the PLA 

melt.[10] Consistently, composites containing c-NFC-hex or c-NFC-hex mb were less susceptible 

to thermal degradation. The esterification of the carboxylate groups might therefore eliminate 

their potential to reduce the thermal stability of the glycosidic bonds in cellulose and the ester 

bonds in PLA. 

On the other hand, a reinforcing effect in terms of an increase in G’ or viscosity was not found 

for any of the composites. One reason for the absence of a reinforcing effect was found in the 

morphology of the composites. The fractured surfaces of tensile test specimens of neat PLA (Fig. 

7a) and composites containing c-NFC (Fig. 7b), c-NFC-hex (Fig. 7c) and c-NFC-hex mb (Fig. 

7d) were analyzed using scanning electron microscopy. The fractured surface of neat PLA shows 

mainly brittle fracture, indicated by smooth surfaces. In addition, some very thin and long 

polymer fibrils span over the surface (indicated with arrows). These might origin from a plastic 

fracture mechanism, allowing the material to yield and form long PLA fibrils. When the fibrils 

finally break they seem to buckle and fall onto the fractured surface. The same kind of PLA 

polymer fibrils was also observed on the fractured surface images of the composites and they 

should not be confused with the cellulose fibrils synthesized with the aim to reinforce the 

polymer matrix. Clearly, the cellulose fibrils (c-NFC, c-NFC-hex and c-NFC-hex mb) all showed 

excessive formation of low aspect ratio agglomerates. There is no evidence of a fibrillar network 
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in either of the composites, even though the size of agglomerates clearly decreases in the order c-

NFC (agglomerates with diameters in the range of approximately 300 �m and more were found) 

> c-NFC-hex (approximately 100 �m and lower) > c-NFC-hex mb (approximately 50 �m and 

lower). 

Summarizing, the results obtained from tensile tests and DMA in tensile geometry showed no 

reinforcement of the PLA polymer matrix by any type of the synthesized fibrils. One reason 

might be the rather high mechanical properties of the matrix itself. The more important cause 

however might be the absence of a penetrating network of fibrils and the formation of fibril 

agglomerates, evidenced by SEM. MFI measurements and measurements of viscoelastic 

properties in shear of the polymer melts showed that the thermal stability of PLA was reduced 

when compounded with c-NFC. On the other hand, this was not the case for composites 

containing c-NFC-hex and c-NFC-hex mb. This implies that esterification of c-NFC with 1-

hexanol was successful and also successfully increased the thermal stability of the final product. 

Conclusions 

The aim of this paper was to create PLA composites, reinforced with functionalized, 

nanofibrillated cellulose (NFC), using an extrusion process. Carboxymethylated NFC (c-NFC) 

was esterified with 1-hexanol in presence of a sulfuric acid catalyzer to yield c-NFC hexanoate 

(c-NFC-hex). In addition, a masterbatch (c-NFC-hex mb) was prepared by mixing equal amounts 

of dissolved PLA and dispersed c-NFC-hex and precipitating the mixture in ice-cold 

isopropanol. Composites were prepared by extrusion of PLA with c-NFC, c-NFC-hex or c-NFC-

hex mb. The products were pelletized and injection molded to dog-bone shaped tensile test 

samples and flat discs for dynamic mechanical analysis and melt shear measurements. The 

fractured surfaces of the tensile test samples were analyzed by scanning electron microscopy. 

The results showed that under the investigated conditions, the types of fibrils examined in this 

work (c-NFC, c-NFC-hex or c-NFC-hex mb) did not form a network within the PLA matrix but 

exhibited extensive agglomeration. A tendency to smaller aggregates was found for esterified 

fibrils. The formation of fibril agglomerates might originate from several effects: A first 

explanation might be insufficient dispersion of the c-NFC powder in 1-hexanol prior to the 

esterification reaction, due to a limited swelling capability of the hydrophilic fibrils by the 

hydrophobic solvent. It was expected that with longer reaction times the swelling capability will 
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increase as the hexanoate groups reduce the hydrophilicity of the fibrils. However, the reduction 

in hydrophilicity alone was obviously not sufficient to permit complete dispersion of the fibrils 

in 1-hexanol. In addition, the poor dispersion of c-NFC in 1-hexanol might also have provoked 

inhomogeneous substitution of the fibrils. These issues might be solved using a slight adaption in 

methodology. One option might be to use a c-NFC starting material with a higher DS in order to 

offer more sites that are available for esterification. This might further reduce the hydrophilicity 

of the final c-NFC-hex, given that a high conversion to hexanoate groups can be achieved. 

Another option might be the dispersion of c-NFC in water first, followed by a solvent exchange 

to 1-hexanol prior to the esterification reaction. The latter concept might prove crucial for good 

dispersion c-NFC in 1-hexanol. 

A second explanation for the formation of agglomerates might be insufficient compatibility 

between the different types of fibrils and the PLA matrix, leading to phase-separation during 

extrusion. Indeed, SEM images clearly showed the presence of voids between the agglomerates 

and the PLA matrix, indicating debonding of the two phases. This is a strong evidence for low 

compatibility between the rather hydrophobic PLA and the hydrophilic c-NFC. The esterification 

with 1-hexanol is expected to increase the compatibility between the components; however a DS 

of 0.14 might not be sufficient to prevent debonding. 

Consequently, low compatibility between c-NFC-hex and PLA is suggested to be the major 

reason for the reduction in strength of the composites, as was observed under tensile tests. In 

addition, thermal degradation of the PLA matrix might also be an explanation for the lowered 

mechanical properties of the composites. 

Even though this study on esterification of c-NFC with 1-hexanol for extrusion with PLA did not 

result in composite materials with increased mechanical properties, it should remain subject of 

further research to find suitable and simple strategies for the development of composite materials 

with three-dimensional networks of nanofibrillated cellulose. 
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Fig. 1 Synthesis of c-NFC (center) and c-NFC hexanoate (right). The DS of functional groups 
was determined by conductometric titration: = 0.09 and = 0.14. COOHDS
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Fig. 2 Photographs of flat discs (thickness 1.6 mm) of neat PLA and composite samples 
containing 5.0% w/w of fibrils. Dark coloration was attributed to thermal degradation of the 
matrix and fibrils. 
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Fig. 3 Modulus of elasticity (MOE) (left) and tensile strength (right) for neat PLA and 
composites containing c-NFC, c-NFC-hex or c-NFC-hex mb in dependence of fibril loadings in 
w/w %, obtained from tensile testing experiments. A linear scale was chosen to visualize the 
small differences in MOE between samples. 
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Fig. 4 Dynamic mechanical analysis (DMA) test heating scan (left) and cooling scan (right) of 
neat PLA and composites containing 7.5% w/w of c-NFC, c-NFC-HEX or c-NFC-HEX MB in 
three-point bending geometry. The curves show the storage modulus E’ (top) and tan � (bottom) 
in dependence of temperature, recorded at a frequency � of 1 Hz. For better visualization, the tan 
� scale in Fig b) was enlarged. 



   

20 

0 % 2.5 % 5.0 % 7.5 %
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M
FI

 [g
/3

0s
]

fibril loading

 neat PLA
 PLA + c-NFC
 PLA + c-NFC-hex
 PLA + c-NFC-hex mb

 

Fig. 5 Melt flow index (MFI) for neat PLA and composites containing c-NFC, c-NFC-hex or  
c-NFC-hex mb in dependence of fibril loadings in % w/w. 



   

21 

0.1 1 10 100
101

102

103

104

0.1 1 10 100
101

102

103

104

105 180°C
st

or
ag

e 
m

od
ul

us
 G

' [
Pa

]

frequency � [Hz]

0.1 1 10 100

102

103

104

105

 neat PLA
 c-NFC + PLA
 c-NFC-hex + PLA
 c-NFC-hex mb + PLA

frequency � [Hz]

lo
ss

 m
od

ul
us

 G
'' [

Pa
]

frequency � [Hz]

vi
sc

os
ity

 � 
[P

a 
s]

   
0.1 1 10 100

101

102

103

104

0.1 1 10 100
101

102

103

104

105 200°C

st
or

ag
e 

m
od

ul
us

 G
' [

Pa
]

frequency � [Hz]

0.1 1 10 100

102

103

104

105

frequency � [Hz]

lo
ss

 m
od

ul
us

 G
'' [

Pa
]

frequency � [Hz]

vi
sc

os
ity

 � 
[P

a 
s]

 

Fig. 6 Dynamic mechanical analysis (DMA) melt shear test in parallel plate geometry of neat 
PLA and composites containing 7.5% w/w of c-NFC, c-NFC-hex or c-NFC-hex mb. The figures 
show the storage modulus G’ (top), loss modulus G’’ (center) and viscosity � (bottom) in 
dependence of the frequency � of the samples at 180°C (left) and 200°C (right). 



   

22 

  

  
Fig. 7 Scaning electron microscopy (SEM) images of a) neat PLA and composites containing 
PLA and 7.5% w/w of b) c-NFC, c) c-NFC-hex and d) c-NFC-hex mb. The images show fracture 
surfaces of tensile testing specimens. Arrows indicate polymer fibrils. Magnifications are 
approximately 130x.  
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Table 1 Overview on modulus, tensile strength and elongation to break of selected composites 
containing NFC or whiskers in PLA. The loading of nanoparticles in each composite was 5% 
w/w. 

Source Filler Additives 
Modulus [GPa] Strength [MPa] Elongation to break [%] 

neat PLA composite neat PLA composite neat PLA composite 

Oksman et al. 2006 whiskers DMAc / LiCl 
PLA-MA 2.9 ± 0.1a 3.9 ± 0.3 40.9 ± 3.2a 77.9 ± 6.7 1.9 ± 0.2a 2.7 ± 0.5 

Mathew et al. 2006 
NFC PEG 

2.0 ± 0.2 
2.3 

58 ± 6 
59 ± 2 

4.2 ± 0.6 
3.3 ± 0.2 

whiskers PEG 2.1 47 ± 5 5.4 ± 1.8 
Bondeson et al. 2007 whiskers Beycostat surfactant 2.7 ± 0.1 3.1 ± 0.2 62.8 ± 1.0 52.4 ± 0.4 19.5 ± 9.7 3.1 ± 0.2 
Bondeson et al. 2007 whiskers PVOH 3.3 ± 0.1 3.6 ± 0.3 71.9 ± 2.0 67.7 ± 0.8 3.4 ± 0.2 2.4 ± 0.2 
Iwatake et al. 2008 NFC - 3.4 4.3 56.2 66.0 n.a. n.a. 

Suryanegara et al. 2009 NFC 
- 3.3 ± 0.2b 3.9 ± 0.1b 57.7 ± 1.5b 63.4 ± 1.1b 6.8 ± 2.1b 2.5 ± 0.2b 
- 4.0 ± 0.1 4.6 ± 0.1 60.9 ± 1.6 64.4 ± 0.8 3.1 ± 0.4 2.0 ± 0.1 

Jonoobi et al. 2010 NFC - 2.9 ± 0.6 3.6 ± 0.7 58.9 ± 0.5 71.2 ± 0.6 3.4 ± 0.4 2.7 ± 0.1 
c-NFC-hex mb 5% w/w  - 3.6 ± 0.1 3.7 ± 0.1 66.2 ± 1.6 59.6 ± 0.8 4.1 ± 1.3 3.3 ± 0.6 

 

a Values for PLA extruded with indicated additives 
b Values for purely amorphous PLA 
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