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ABSTRACT 

  There is an emerging interest in the development of sustainable materials with 

high performance. Cellulose is promising in this regard as it is a renewable 

resource with high specific properties, which can be utilized as strong 

reinforcements in novel biocomposites. However, to fully exploit the potential of 

cellulose, its inherent hydrophilic character has to be modified in order to 

improve the compatibility and interfacial adhesion with the more hydrophobic 

polymer matrices commonly used in composites. 

  In this study, the grafting of poly(ε-caprolactone) (PCL) and poly(L-lactide) 

(PLLA) from cellulose surfaces, via ring-opening polymerization (ROP) of ε-

caprolactone and L-lactide, was investigated. Both macroscopic and nano-sized 

cellulose were explored, such as filter paper, microfibrillated cellulose (MFC), 

MFC-films, and regenerated cellulose spheres.  It was found that the 

hydrophobicity of the cellulose surfaces increased with longer graft lengths, and 

that polymer grafting rendered a smoother surface morphology. 

  To improve the grafting efficiency in the ROP from filter paper, both covalent 

(bis(methylol)propionic acid, bis-MPA) and physical pretreatment (xyloglucan-

bisMPA) were explored. The highest grafting efficiency was obtained with ROP 

from the bis-MPA modified filter papers, which significantly increased amount 

of polymer on the surface, i.e. the thickness of the grafted polymer layer. 

  MFC was grafted with PCL to different molecular weights. The dispersability in 

non-polar solvent was obviously improved for the PCL grafted MFC, in 

comparison to neat MFC, and the stability of the MFC suspensions was better 

maintained with longer grafts. 

  PCL based biocomposites were prepared from neat MFC and PCL grafted MFC 

with different graft lengths. The polymer grafting improved the mechanical 

properties of the composites, and the best reinforcing effect was obtained when 

PCL grafted MFC with the longest grafts were used as reinforcement.  

  A bilayer laminate consisting of PCL and MFC-films grafted with different PCL 

graft lengths displayed a gradual increase in the interfacial adhesion with 

increasing graft length.  

  The effect of grafting on the adhesion was also investigated via colloidal probe 

atomic force microscopy at different temperatures and time in contact. A 

significant improvement in the adhesion was observed after polymer grafting.



 

SAMMANFATTNING 

  Intresset för att utveckla nya och mer miljövänliga material med god prestanda 

ökar. Cellulosa är en intressant förnyelsebar råvara med goda mekaniska 

egenskaper som därför kan användas som förstärkningsmedel i nya 

biokompositmaterial. För att effektivt utnyttja de förstärkande egenskaperna hos 

cellulosan så måste dess hydrofila karaktär modifieras för att bli mer kompatibel 

med de mer hydrofoba polymera material som normalt används som matriser i 

kompositmaterial.   

  I denna studie har ympning av poly(ε-kaprolakton) (PCL) och poly(L-Laktid) 

(PLLA) från cellulosaytor undersökts, detta genom ringöppningspolymerisation 

(ROP) av ε-kaprolakton och L-Laktid. Både makroskopiska cellulosasubstrat och 

fast cellulosa i nanostorlek har studerats, till exempel filterpapper, microfibrillerad 

cellulosa (MFC), MFC-filmer samt cellulosasfärer som framställts genom 

regenereringsprocess.  Det visade sig att cellulosaytornas hydrofobicitet ökade 

med ymplängden, och att ympningen av ett tunt polymerlager resulterade i en 

slätare ytstruktur.  

  För att förbättra ympningseffektiviteten för ROP från filterpapper så 

analyserades både kovalent (2,2-di(metylol) propansyra (bis-MPA)) och fysisk 

förbehandling (xyloglucan-bisMPA). Den högsta ympningseffektiviteten erhölls 

med ROP från bis-MPA-modifierade filterpapper, vilket markant ökade mängden 

polymer på ytan, dvs. tjockleken av det ympade polymerlagret.  

  PCL ympades från MFC till olika molekylvikter vilket påtagligt förbättrade 

dispergeringsförmågan och suspensionernas stabilitet i icke-polära lösningsmedel.  

  PCL-baserade biokompositer framställdes av dels ren MFC och av MFC ympad 

med PCL till olika längder. Ympning av polymer förbättrade kompositernas 

mekaniska egenskaper, och den största effekten erhölls när MFC med de längst 

ymplängderna användes som förstärkning.  

  Ett laminat bestående av PCL och MFC-filmer ympade med PCL till olika 

längder uppvisade en successiv ökning av vidhäftningen mellan gränsytorna med 

växande ymplängder.     

  Ympningens effekt på vidhäftningsförmågan undersöktes även genom 

atomkraftsmikroskopi (AFM) vid olika temperaturer och tider i kontakt. En 

signifikant förbättring av vidhäftningen konstaterades efter att polymerer hade 

ympats ifrån cellulosa ytan.  
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1. PURPOSE OF THE STUDY 

There is an emerging interest in the development of novel sustainable 

biocomposite materials with high performance.  

Cellulose is one of the most abundant resources on earth and is a potential 

candidate for novel “green” materials with superior mechanical properties. This 

is due to the inherent high stiffness of the cellulose crystal in combination with 

the overall attractive specific properties such as low density, high functionality 

and large number of reactive surface groups. Furthermore, cellulose is both a 

renewable and biodegradable resource.  

 

To fully take advantage of the superior cellulose properties in new composite 

materials, the hydrophilic surface of cellulose has to be modified to be more 

compatible with often non-polar polymer matrices. The surface modification of 

cellulose fiber enables tailoring of the surface properties, which in turn offers a 

large potential for making novel cellulose bio- and nanocomposites with 

enhanced properties. Moreover, controlled modifications of cellulose opens up 

new possibilities for future applications in advanced technologies. 

 

The aim of this study was to explore the grafting of biodegradable polymers 

from cellulose surfaces via ring-opening polymerization as a tool to improve the 

performance of novel biocomposites. The effects of different graft lengths on the 

surface, thermal and mechanical properties were investigated by a range of 

methods. 
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2. INTRODUCTION 

2.1 SURFACE MODIFICATION  

Thin layer modification of solid substrates can be used to tailor the surface 

properties in various aspects such as the chemical, optical, electrical, and 

mechanical properties. The modification can be performed either by physical 

adsorption of compounds or by attaching the compounds covalently to the 

surface. In general, the latter provides a more stable modification both regarding 

mechanical and chemical resistance.1, 2 One technique for covalent surface 

modification that has obtained significant interest lately is controlled polymer 

grafting from surfaces. 

2.1.1 Polymer grafting 

There are two different grafting techniques that can be applied for covalent 

surface modification with a polymer, the “grafting-to” and the “grafting-from” 

approach,1, 3 illustrated in Figure 1. In the “grafting-to” approach, a preformed 

polymer is covalently attached to the surface via a chemical reaction. The main 

drawback with the “grafting-to” approach is the difficulty to obtain a high 

grafting density. This is caused by steric hindrance and low mobility of polymer 

chains across a concentration barrier of already grafted polymers.1 Furthermore, 

the diffusion is significantly dependent on the molecular weight of the polymer, 

resulting in even lower grafting density with increased molecular weight of the 

polymer. The main advantage with the “grafting-to” approach is the possibility 

of accurate synthesis and characterization of the polymer prior to the grafting 

reaction.  

In the “grafting-from” approach the polymerization is initiated from the surface 

and thereafter the polymer chain grows from the surface by the addition of 

monomers.2, 3 This enables the formation of polymer grafts with higher grafting 

density as well as a higher degree of polymerization in comparison to the 

“grafting-to” approach. This is due to less steric hindrance and a higher mobility 
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of low molecular weight monomers and catalyst.1 Moreover, if the 

polymerization is performed in a living/controlled manner the grafts grow 

essentially simultaneously, which results in a well defined polymer structure 

with all chain-ends located near the surface of the grafted layer.1 The main 

drawback with this approach is the characterization of the surface grafted 

polymer, and thus determine the exact structure of the grafts. 

 

 
 

Figure 1. Surface modification with a polymer via the “grafting-to” and the 

“grafting-from” approach. 

2.2 BIODEGRADABLE POLYMERS 

Biodegradable polymers can be divided into two main groups based on the 

origin of the polymer, i.e. natural or manmade.4, 5 The first group contains 

polymers that are produced in nature and comprise for example lignocellulosics 

and proteins. To the other group, belong biodegradable polyesters that are 

produced by conventional polymer synthesis, either by monomers from 

renewable resources, e.g. poly(lactic acid) (PLA), or from oil-based monomers, 

e.g. poly(ε-caprolactone) (PCL). The structures of ε-caprolactone (ε-CL), lactide 

(LA) and corresponding polymers PCL and PLA respectively are shown in 

Figure 2. PCL is a semi-crystalline polymer with a Tg of -60 °C and a Tm of ~60 

°C.5 It is a flexible and tough polymer with good compatibility with other 

polymers. PLA can be produced from different stereoisomeric forms of lactides 

(D-lactide, L-lactide, and a racemic form meso-lactide), resulting in polymers 

with very different properties.6 An atactic, amorphous polymer is formed from 

meso-lactide; whereas semi-crystalline polymers, PDLA and PLLA, are produced 

from the pure stereoisomeric forms. PLLA has a Tg between 55-60 °C and a Tm of 

~180 °C. It has good mechanical properties and non-toxic degradation products.6 

 

grafting-from

grafting-to
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Figure 2. Molecular structures of ε-CL and lactide, and the repeating unit of 

corresponding polymers, PCL and PLA, respectively.  

2.2.1 Ring-opening polymerization 

Ring-opening polymerization (ROP) was developed in the 1930s by Carothers et 

al.,7 and it is a versatile polymerization technique for several different cyclic 

monomers, including lactones, lactides, cyclic carbonates, siloxanes, and ethers. 

Aliphatic polyesters can be synthesized either by traditional polycondensations 

of acids and alcohols or via ROP. However, polymers with high molecular 

weights are most efficiently synthesized via the ROP of lactones or lactides.8 

Moreover, ROP can be performed both in a controlled and living manner, 

depending on the monomer and initiator/catalyst system.9, 10 This enables 

synthesis of polymers with well defined end-groups and complex 

macromolecular architectures.  

 

Different catalyst systems can be employed in ROP functioning by either 

cationic, anionic, or coordination-insertion mechanism. Tin octoate (Sn(Oct)2) is 

the most widely utilized catalyst for ROP of lactones and lactides. This is mainly 

due to its high efficiency and relatively low toxicity, coupled to being 

inexpensive and approved in food and drug applications.11 The coordination-

insertion mechanism for the ROP of ε-CL, using a hydroxyl functional initiator 

(R-OH), and Sn(Oct)2, is shown in Figure 3.10, 11 The initiator most commonly 

contains a hydroxyl group (R-OH), but it can also be a compound with a primary 

amino group. The initiation is divided into two steps. In step 1, an equilibrium 

between Sn(Oct)2 and R-OH generates a metal alkoxide initiating species (Oct-

Sn-O-R), which functions as the actual initiator. In step 2, the first monomer is 

added via the coordination-insertion mechanism. The propagation of the 

polymer proceeds via coordination and insertion of monomers, step 3. Hence, the 

active centre in further propagation is the tin alkoxide end group. Finally, 

protonation of the end-group results in a hydroxyl functional PCL. 

 

 



Introduction 

 

 

5 

 

 

 
 
Figure 3. Coordination-insertion mechanism for ROP of ε-CL and an initiator (R-

OH) with Sn(Oct)2 as catalyst. Steps 1 and 2 describe the initiation, and in step 3 

the propagation is shown. 

 
Disadvantages associated with Sn(Oct)2 as catalytic system are that it is difficult 

to fully remove the catalyst in the purification step,12, 13 as well as its tendency of 

chain transfer via intra- and intermolecular transesterification reactions, Figure 

4.9, 11 The intramolecular transesterification, or back-biting, forms cyclic oligomers 

and the obtained polymer has a lower molecular weight than expected. In the 

intermolecular transesterification the chain transfer takes place in between 

different chains. The transesterification reactions also result in a broader 

molecular weight distribution. The extent of these reactions is greatly dependent 

on the reaction system used, as well as reaction conditions such as temperature 

and conversion.9 

 

 

 
Figure 4. Intra- and intermolecular transesterification reaction 
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In literature, ROP has efficiently been employed to graft polymers from various 

solid surfaces such as starch,14-17 hydroxyapatite crystals,18 silica,19-21 gold,22 clay,4, 

16, 17  and cellulose.23-29 

2.3 CELLULOSE 

Cellulose is one of the main components in plants and is thereby one of the most 

abundant resources on earth. It is produced in plants, but also from certain 

bacteria, and in living higher organism such as the sea animal tunicate.30 

Cellulose is a linear polysaccharide, poly(β-D-glucopyranose), which consists of 

glucose molecules linked together with 1-4 glycoside bonds. The repeating unit is 

called cellobiose and consists of two glucose residues connected to each other 

with 180° rotation. The degree of polymerization (DP) of the cellobiose unit 

depends on the origin of the cellulose; the DP for cellulose from wood is about 

10000.31 The supramolecular assembly of cellulose from molecular to micro scale 

is called the hierarchical structure of cellulose and is illustrated in Figure 5.30-32 In 

plants, extended cellulose chains are aligned in sheets that are stabilized by intra- 

and intermolecular hydrogen bonding. The sheets are stabilized on top of each 

other and forms a 3D-structure of cellulose called microfibrils. Subsequently, the 

microfibrils form larger microfibril aggregates, which are incorporated into the 

plant fiber cell wall with the other main components in wood, i.e. lignin and 

hemicelluloses. The microfibrils contain both less-ordered cellulose, and ordered 

regions with crystalline cellulose. The wood cells, i.e. wood fibers, consist of 

several cell wall layers with various cellulosic compositions and with different 

orientations of the microfibril aggregates. This arrangement within the cell walls 

is crucial for the high strength performances of the cellulose fiber. The size of 

microfibrils, microfibril aggregates, and the fiber are source dependent.30, 31 For 

wood the microfibrils and microfibril aggregates have a lateral dimension of 2-4 

nm and 10-30 nm, respectively, and the length of microfibrils can be up to a few 

micrometers. The wood fiber is normally some tens of a micrometer in diameter, 

and 1-4 mm long.30, 31 



Introduction 

 

 

7 

 

 
 

Figure 5. The hierarchical structure of cellulose. 

 

Cellulose as a resource can be extracted from the different levels of the 

hierarchical structure resulting in a large variety of products.30, 31, 33, 34 Dissolved 

cellulose polymer is isolated via treatment in polar solvents and the obtained 

individual cellulose macromolecules can be used for further derivatised 

products, e.g. carboxymethyl cellulose, cellulose acetate, and hydroxylmethyl 

cellulose.31 It can also be utilized as regenerated cellulose, or as cellulose fibers 

that can be extracted from wood in micro- or in nano-size.  

2.3.2 Cellulose nano-fibers 

Different types of nano-sized cellulose fibers can be isolated from the wood plant 

cell walls. The flexible microfibrillated cellulose (MFC) was first developed in the 

1980’s.35 It is produced by a combination of chemical and mechanical treatment 

of the cellulose fibers, which causes disintegration of microfibrils and microfibril 

aggregates from the cell wall. To improve this disintegration of wood pulp fibers 

into MFC, different pretreatments can be used.36-38 The MFC has a high aspect 

ratio; the diameter is usually 10-100 nm and the length can be several 
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micrometers. MFC contains both crystalline and amorphous cellulose. When 

dried, MFC irreversibly forms strong networks stabilized by interfibril hydrogen 

bonds. The ability to form these strong networks, together with the high specific 

strength of MFC, can be utilized in the preparation of strong nanocomposite 

materials.39, 40 Nano-sized cellulose can also be isolated from wood cells as stiff, 

rod-like microcrystalline cellulose (MCC).41, 42 MCC is produced by transverse 

cleavage of the microfibrills, via acid hydrolysis of the less-ordered cellulose, 

which results in cellulose monocrystals. MCC has a lower aspect ratio compared 

to MFC. The size of MCC extracted from wood is normally around 200-400 nm in 

length and 20-40 nm in diameter, depending on the cellulose source as well as on 

the hydrolysis conditions.43  

2.4 CELLULOSE-BASED COMPOSITES 

Composite materials consist of at least two constituents with different properties, 

which remain separated within the final material. Cellulose-based composites 

have been produced for a long time using cellulose as filler or reinforcement, and 

in the last decades there has been a rapidly growing interest in composites 

reinforced with cellulose-based fibers.44-62 In comparison to traditionally used 

reinforcement, e.g. glass or carbon fiber, the benefits associated with cellulose 

fibers as reinforcements are lower density and cost, high specific strength, low 

abrasivity, non-toxicity, renewability and degradability.62-64  The limitations 

associated with the use of cellulose fibers as reinforcements are moisture 

sensitivity, high variability in diameter and length, and sensitivity for bacteria 

and rotting.65, 66 However, the utmost important restriction for obtaining high 

strength composites based on cellulose fibers is the poor compatibility between 

the hydrophilic cellulose and the more hydrophobic thermoplastic or thermoset 

polymeric matrices. This results in inhomogeneous composites with poor 

interfacial adhesion between the components in the composite, which reduces 

the material performance in composite applications. To increase the interfacial 

adhesion, surface modification of cellulose fibers can be used in order to 

optimize the fiber/polymer interface.34, 62, 67, 68 Thus, a mechanical load applied to 

the composite will be transferred from the matrix to the reinforcing fibers 

enhancing the mechanical performances of the composite. In addition, surface 

modification of the cellulose fiber can also be used to improve the hygroscopic 

properties that cause loss of strength due to moisture adsorption.  Additionally, 

more specific properties can be obtained by the modification of cellulose, for 
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instance antibacterial or bio/temperature-responsive properties, or 

superhydrophobic cellulose surfaces.69, 70  

Moreover, to further extend the concept of “green” technology, and to make 

even more environmentally friendly materials, cellulose can be used in 

conjunction with a biopolymer matrix; resulting in a biocomposite that is fully 

degradable in nature.66, 71, 72  

2.4.1 Surface modification of cellulose fibers 

The many hydroxyl groups on cellulose are potential candidates for chemical 

modification of both soluble cellulose-based polymers and for modification of 

the cellulose fiber surface. Over the past century a large number of methods have 

been employed to modify cellulose fibers.64, 68, 73-77 Most common are the chemical 

modification via coupling of low molecular weight compounds such as 

anhydrides, isocyanates or acid chlorides, which introduce functional acetyl-, 

silanyl- or carboxyl- groups on the fiber surface.34, 52, 62, 68, 78, 79 One of the biggest 

challenges for chemical modification of cellulose fibers is to modify the surface 

without affecting the internal structure of the fiber, i.e. retaining the intrinsic 

reinforcing properties of the fibers. Another type of chemical modification of the 

cellulose surface is grafting with high molecular weight polymers, which will be 

discussed in detail in the following paragraph. Moreover, the literature also 

reports several methods for physical modification of cellulose, e.g. via 

electrostatic interactions of polymer or low molecular compounds, or via other 

secondary interactions.37 80 

2.4.2 Cellulose fiber grafting 

Grafting of polymers covalently attached to the cellulose surface opens up new 

possibilities in the improvement of compatibility and adhesion in composites. 

The grafting of a polymer chain from cellulose fibers can be performed according 

to both the “grafting-to” and the “grafting-from” approach described earlier.68, 77 

The modification of cellulose fiber surface via a “grafting-to” method can be 

accomplished with similar chemistry as for the modification with low molecular 

weight moieties, i.e. utilizing polymers that are end-functionalized with 

isocyanates, acid chlorides, and maleic or succinic anhydrides.34, 78, 81, 82 

  

The most commonly applied method to graft polymers from the cellulose fibers 

is via a copolymerization of grafts and matrix. This can be obtained via 

conventional free radical polymerization (FRP) using vinyl monomers such as 
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styrene, propylene or methyl acrylate.76, 77, 83, 84 Free radicals are then created 

along the cellulose chain by hydrogen abstraction. Subsequently, the 

polymerization takes place in situ forming covalent bonds between the polymer 

grafts and the polymer matrix. Copolymerization can also be performed after 

modification of the cellulose surface with an end-functional compound, e.g silane 

or isocyantes bearing a polymerizable function such as epoxide, acrylate or 

styrenic groups.68, 85, 86 In contrast to a “grafting-to” modification the use of 

copolymerization facilitate a high grafting density of the cellulose surface; 

however, the copolymerization does not result in a control of the molecular 

weight and molecular weight distributions. Furthermore, the copolymerization 

results in a crosslinked structure with covalent bonds between the grafts and 

matrix. 

 

Polymer grafting with high grafting density and in a controlled manner, i.e. 

controlled chain structure, can be accomplished either via controlled radical 

polymerization techniques (CRP) such as atom transfer radical polymerization 

(ATRP),87-89 and reversible addition fragmentation chain transfer (RAFT),90 or via 

ROP of cyclic monomers.25, 26, 91 In CRP, the cellulose surface is first modified with 

a suitable initiator and thereafter the polymerization is performed in a controlled 

manner with different types of vinyl polymers. The ROP does not require any 

modification since the hydroxyl groups permit a direct polymerization from 

these groups. ROP has been utilized to modify filter paper, wood pulp and 

cellulose whiskers with different biodegradable polymers,23, 24, 26, 27, 29, 91, 92 and a 

number of soluble cellulose derivatives.93-97  

2.4.3 Cellulose nanocomposites 

A nanocomposite is defined as a composite material that contains nano-sized 

fillers, i.e. having at least one dimension between 1-100 nm. Unique 

characteristics associated with such fillers are enhanced thermal and mechanical 

properties at low filler contents.41, 98 The cellulose monocrystal has a high 

modulus, 134 GPa, and is therefore very attractive as nano-reinforcements in 

composites.99 As for conventional composites, the main challenge in producing 

cellulose nanocomposites is to obtain good compatibility and adhesion between 

fiber and matrix, and to efficiently distribute the cellulose homogeneously in the 

polymer matrix. Cellulose nanocomposites have been produced from a number 

of different cellulose types using various polymer matrices.100-102 Several of the 

above mentioned methods for surface modification of cellulose has also been 

applied to nano-sized cellulose, e.g. partial silylation of alkyl moieties,103 
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adsorption of surfactant,104 grafting of water soluble polymer,39, 102, 105, 106 and 

grafting of hydrophobic polymer via “grafting-to”107 and “grafting-from”29, 85, 92 

approaches. 

2.4.4 Adhesion 

The adhesion between components is fundamental for the mechanical 

performances of composite materials. In an efficiently reinforced fiber composite 

the applied mechanical load is transferred from the mechanically weak matrix to 

the stronger reinforcing fiber.108, 109 Hence, the superior properties of the fibers are 

utilized, enhancing the mechanical performance of the composite material in 

comparison to the pure matrix. However, an efficient load transfer that results in 

breakage of the fibers requires a good adhesion between the matrix and fiber; 

otherwise the material will fail at the interface between the components. For 

laminated structures this failure mechanism is known as delamination and when 

individual fibers are used the mechanism is referred to as fiber pull-out.109, 110 

 

Interfacial adhesion is a complex issue that depends on several structural 

parameters. Improvement of the adhesion strength can be accomplished by the 

addition of compatibilizers, such as surfactants or copolymers, or by end-

anchoring a polymer.108 The interfacial adhesion is then improved by the 

interpenetration of molecules across the interface. It has been shown for 

immiscible polymer systems that the failure mechanism depends on both the 

grafting density as well as the graft length. 108, 111 Upon load, short grafts fail by 

chain pull-out. An increased graft length gradually improves the 

interpenetration and entanglement of polymer across the interface; when the 

graft length has reached a certain value the failure mechanism will be chain 

scission of the polymer. When a force is applied on a material with an interface 

consisting of long polymer grafts and low grafting density, the interface will 

eventually fail via chain scission. However, an interface with long grafts as well 

as high graft density will have such a good stress transfer across the interface 

that it will cause large scale plastic deformation.108, 111 Moreover, it has been 

shown that the number of end-groups is crucial for the formation of high 

strength interfaces, since they most efficiently diffuse across the interface and 

forms entanglements.112 
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3. EXPERIMENTAL 

3.1 MATERIALS 

ε-Caprolactone (ε-CL), benzyl alcohol, tin octoate (SnOct2), polycaprolactone 

(PCL, 80000 g/mol), toluene, tetrahydrofurane (THF), methanol (MeOH), 

pyridine, 4-dimethyl(aminopyridine) (DMAP), dichloromethane (DCM), and 

dimethylformamide (DMF) were used as received. L-Lactide (L-LA) was re-

crystallized from dry toluene. Celluclast , a culture filtrate containing a mix of 

different endo- and exocellulases was obtained from Novozyme, Denmark. 

Acetonide-protected 2,2-bis-(methylol)propionic anhydride and benzyl ester 

protected bis-MPA was synthesized according to procedures described 

elsewhere.113 The xyloglucan-bis-MPA (XG-bisMPA) was prepared by 

xyloglucan endotransglycosylases (XET) mediated incorporation of xyloglucan 

oligosaccharides-bis-MPA (XGO-bisMPA) into XG.114 

Filter paper (Whatman 1) and cellulose spheres (diameters of 10-15 µm produced 

from regenerated cellulose by the viscose process, Kanebo, Japan) were dried in 

vacuum oven at 50 °C for 24 h prior to use. Microfibrillated cellulose (MFC) was 

produced at Innventia AB (former STFI-Packforsk), Sweden. Two different MFC 

have been used, obtained after pretreatment of the pulp either by enzymes or via 

carboxymethylation, MFC1 and MFC2, respectively. The MFC1 suspension was 

freeze-dried prior to use, whereas the MFC2 suspension was solvent exchanged 

from water to acetone and toluene. Hydrolyzed cotton linters were kindly 

provided by Tomas Larsson, Innventia AB (former STFI-Packforsk), Sweden. The 

linters were also solvent exchanged from water to acetone and toluene by 

centrifugation.  

3.2 CHARACTERIZATION METHODS 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded at 400 MHz 

on a Bruker AM 400 using CDCl3 as solvent. The solvent signal was used as an 

internal standard. The molecular weight (Mn) of the polymers was estimated 
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from the degree of polymerization (DP) assessed by 1H NMR. The DP of PCL 

was calculated by the ratio of the signals at 4.05 (-CH2O-, repeating unit) and 3.63 

(-CH2OH, end group). The DP of PLLA was calculated from the signals at 5.17 (-

CH(CH3)O-, repeating unit) and 4.34 (-CH(CH3)OH, end group). 

 

Size exclusion chromatography (SEC) on PCL was performed using a TDA 

Model 301 equipped with one or two GMHHR-M columns with TSK-gel (Tosoh 

Biosep), a VE 5200 GPC autosampler, a VE 1121 GPC solvent pump, and a VE 

5710 GPC degasser, all from Viscotek Corp. THF was used as the mobile phase 

(1.0 ml/min). The measurement was performed at 35 °C. The SEC apparatus was 

calibrated with linear polystyrene standards, and toluene was used as flow rate 

marker. Viscotek Trisec 2000 version 1.0.2 or OmniSEC version 4.0 softwares 

were used to process data. 

 

SEC on PLLA was performed on a Waters 717 plus auto sampler and a Waters 

model 510 apparatus equipped with two PLgel 10 μm mixed-B columns, 300*7.5 

mm, and with CHCl3 as solvent (flow rate 1.0 ml/min). Calibration was made 

with linear polystyrene standards. 

 

Contact angle (CA) measurements for Paper I:  A 10 μL droplet of deionized 

water was applied onto the cellulose surface with a syringe. Digital images were 

taken after 10 s with a Sanyo VCC4100 Color video CCD camera, equipped with 

a Cosmicar 25 mm 1:1.4 lens and a 20 mm spacer for increased optical 

magnification. The contact angles were calculated with Optimas 6.2 software 

from Optimas Corporation. The contact angle was measured at 4 different points 

and with 3 readings per droplet, on each sample and the average value and 

standard deviation from the measurement are reported. The measurements were 

performed under ambient conditions.  

 

Static CA measurements for Paper IV were conducted on a KSV instruments 

CAM 200 equipped with a Basler A602f camera, using 5 μL droplets of MilliQ 

water and a relative humidity of 50 %. The contact angles were determined using 

the CAM software. 

 

Fourier transform infrared spectroscopy (FTIR) was conducted on a Perkin-

Elmer Spectrum 2000 FTIR equipped with a MKII Golden Gate, Single Reflection 

ATR system from Specac Ltd, London, U.K. All spectra were normalized against 

a specific ATR crystal adsorption, this to enable comparison between the 

polymer grafted cellulose substrates.87 
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Thermo Gravimetric Analysis (TGA) was performed on a Mettler Toledo 

TGA/SDTA851e instrument. STARe software was used to evaluate the data. The 

sample was heated from 30 °C to 600 °C with a heating rate of 10 °C min-1, and 

N2 flow of 80 ml min-1.  

 

Differential scanning calorimetry (DSC) analysis was performed on a Mettler 

Toledo DSC 820 equipped with a Mettler Toledo Sample Robot TSO801RO 

calibrated using standard procedures. In paper II experiments with different 

cooling rates were performed for each material. The cooling rates were 2, 5, 8 or 

10 C/min, while heating was performed at 10 C/min in all experiments. The 

sample was heated to 100 °C and equilibrated for 4 minutes to erase any 

previous thermal history, and thereafter cooled to 0 C with the different cooling 

rates. After equilibration (4 minutes) the sample was reheated to 100 C. In paper 

III the DSC measurements were performed from -85 to 100 C, with cooling and 

heating rates of 10 C/min. The degree of crystallization (Xc) was calculated from 

the melting or crystallization transition according to: XC = ΔH /(w*ΔH°100), where 

ΔH is the heat of fusion of the sample, w is the weight fraction of PCL, and 

ΔHº100 is the heat of fusion for a 100% crystalline PCL, the value used was 136.4 

J/g.115 

 

Dynamic mechanical analysis (DMA) was performed on a TA-instrument Q800 

equipped with a film fixture for tensile testing. The measurements were carried 

out in controlled strain mode at a constant frequency of 1 Hz, with strain 

amplitude of 20, preload force of 0.010 N, temperature range from -80 to 70 or 

120 °C, heating rate 3 °C/min and gap distance of 10 mm. Three specimens were 

used to characterize each sample. 

Peel tests were also performed on the DMA instrument, equipped with a film 

fixture for tensile testing. The measurements were performed on rectangular 

laminates samples (20x4 mm) at room temperature. The tests were performed in 

a controlled stress-strain mode with a preload force of 0.0010 N and force ramp 

of 0.100 N/min. Four specimens were used to characterize each PCL-MFC 

laminate.   

 

Tensile test of nano-biocomposites was performed on Instron Testing Instrument 

5566 with a load cell of 100 N and cross head speed of 10 mm/min. The relative 

humidity was kept at 50% and the temperature at 23 ºC. The composites were 

conditioned in this environment at least 48 h prior to testing.  The gap distance 

was 15 mm and the sample thickness and width were calculated from an average 
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of five values, four specimens were used to characterize each sample. The 

Young’s modulus (E) was calculated from the slope of the stress-strain curve at 

1-5 % strain. 

 

Atomic Force Microscopy (AFM) was performed using a Nanoscope III-a system 

(Digital Instruments) equipped with an EV-type vertically engaged piezoelectric 

scanner operating in tapping mode in air. Silicon AFM probes from Veeco 

(Nanosensors) were used with a resonance frequency of 275-348 kHz.   

 

The force measurements were performed at the Department of Chemistry 

(surface and corrosion) using a MultiMode Picoforce AFM with Nanoscope III 

controller (Veeco; Digital Instruments, USA) equipped with a closed loop 

scanner.116 The measurements were conducted following the procedures 

extensively described.117 The colloidal probe technique,118 extended to include 

measurements with cellulose functionalised probes,119 has been utilised.  The 

cellulose spheres (approximate diameters of 10 µm) were attached to the end of 

the cantilever using a tiny amount (~1 fL) of epoxy resin (Henkel Technologies).  

The cantilevers used were rectangular, uncoated, tipless silica cantilevers 

(CSC12/NoAl with approximate dimensions: length 90 m, width 35 m) from 

MikroMasch.  In order to obtain accurate normal spring constants the cantilevers 

were calibrated using the AFM Tune IT v2.5 software (ForceIT, Sweden), based 

on thermal noise with hydrodynamic damping.120-122  Measurements were 

performed in air at room temperature and at 60 C.  Typical force measurements 

were performed with ramp size 2 µm at a rate of 2 µm/s.  A second cellulose 

sphere was glued to the lower substrate (a mica sheet) and the axis of interaction 

was obtained by scanning the colloid probe over the lower sphere. The effective 

interaction radius of curvature, R, between the two cellulose spheres was 

calculated by R = R1R2/(R1+R2), where R1 and R2 are the radii of the two cellulose 

spheres. 

 

Field-Emission Scanning Electron Microscope (FE-SEM) images were recorded 

on a Hitachi S-4800 FE-SEM. The samples were deposit on a mica plate, and then 

mounted on a substrate with carbon tape and coated with 3 s of carbon 

(Cressington 108carbon/A coater) and then 2*4nm gold/Palladium (Cressington 

208HR sputter coater). 

 

The enzymatic degradation of cellulose was conducted with a culture filtrate (5 

μL) in an acetic acid buffer (10 mL, pH~5) at 40 °C. After hydrolysis, the free 
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cellulose fibers were dispersed in water, centrifuged, and the solution was 

decanted off.  

3.3 CELLULOSE SURFACE MODIFICATION  

3.3.1 Bis-MPA and XG-bis-MPA modification of cellulose 

To improve the grafting efficiency of PCL and PLLA from cellulose surfaces ring-

opening polymerization (ROP) was performed from both bis-MPA and XG-bis-

MPA modified filter papers; and was then compared to grafting of PCL and 

PLLA via ROP from unmodified filter paper.  

Bis-MPA modification of filter paper 

Filter paper was cut into pieces, washed, and dried prior to use. Anhydride 

chemistry was used to attach acetonide protected bis-MPA to the cellulose 

surface (FP-bisMPA-Ac), Scheme 1. Subsequent deprotection of the acetonide 

group, using H+ DOWEX resin, resulted in the bis-MPA functionalized cellulose 

surface (FP-bisMPA). For a more detailed description, see published paper by 

Hult et al. 113  

 

 
 
Scheme 1. Modification of filter paper (left) with acetonide-protected bis-MPA 

(FP-bisMPA-Ac) (middle). Deprotection of acetonide-protected bis-MPA forming 

bis-MPA modified filter paper (FP-bisMPA) (right). 

 

Xyloglucan-bisMPA modification of filter paper  

Functionalization of filter paper with xyloglucan-bisMPA (XG-bisMPA) via 

physorption was performed by Teeri and co-workers at the Department of 

biochemisty, KTH, according to a previously published procedure.114 The 

mixture of aminated xyloglucan oligomers was end-functionalized with bis-MPA 
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(XGO-bisMPA), Figure 6. Thereafter a XET mediated synthesis resulted in the 

bis-MPA functional xyloglucan (XG-bisMPA). The XG-bisMPA was immobilized 

onto cellulose filter paper via adsorption, according to earlier work by Teeri et 

al.123 

 

 
Figure 6. Molecular structure of one XGO-bisMPA used in the premodification of 

filter paper to result in FP-XG-bisMPA. 

 

 
 

Scheme 2. Illustrative reaction scheme for the modification of filter paper with 

XG-bisMPA. 

 

3.3.2 Ring-opening polymerization from solid cellulose surfaces 

ROP of ε-CL and L-LA from the solid cellulose surfaces was performed by 

immersion or dispersion of the cellulose into the monomer (ε-CL or L-LA), and a 

free initiator (benzyl alcohol or benzyl ester protected bis-MPA), Scheme 3. The 

polymerizations were performed either in bulk or toluene. For some 

polymerization systems part of the solvent was distilled off, which removes most 

of the remaining water, before the flasks were sealed with rubber septa. 3 

Vacuum/argon cycles were performed at elevated temperature before the 

catalyst (SnOct2) was added under argon flow. The ROP was allowed to proceed 

for 3-20 h, at 95-110 °C. 



Experimental 

 

 

18 

 

The cellulose substrates were modified with different theoretical molecular 

weights of the polymer chain, i.e. target DP, which was controlled by the ratio of 

added free initiator to monomer.  

After the polymerization, the ungrafted/free polymer formed in bulk was 

dissolved in a good solvent and then precipitated into methanol, filtered and 

dried. To purify the PCL grafted cellulose from ungrafted polymer the cellulose 

was thoroughly washed before characterization. The washing procedures were 

slightly different for the different substrates; however, all purifications involved 

soxhlet extraction as well as dispersing the grafted sample in THF or CHCl3 and 

thereafter the dissolved free PCL was removed by filtration.  

Below follows a short description of each synthesis. For more detailed 

information regarding ROP of ε-CL and L-LA from the different substrates, and 

the different work up procedures, see the experimental section in the appended 

articles.  

 

 
 

Scheme 3. Grafting of ε-CL or L-LA from cellulose substrate. 

 

Grafting of PCL or PLLA from unmodified filter paper 

Filter paper were cut into pieces (typically 2*3 cm2), washed, and dried prior to 

use. ROP of ε-CL and L-LA were performed with benzyl alcohol as free initiator, 
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target DP 125 and 300. The reactions were performed in toluene at 95 °C for 18-20 

h.  

Grafting of PCL or PLLA from bisMPA or XG-bisMPA modified filter paper  

FP-bisMPA and FP-XG-bisMPA were dried prior to the ROP of ε-CL or L-LA. 

Benzyl ester protected bisMPA was used as free initiator, target DP 125 and 300. 

The polymerizations were performed in toluene at 95 °C for 18-20 h. 

Grafting of PCL from MFC 

ROP of ε-CL was performed from both freeze-dried MFC1 and solvent 

exchanged MFC2 (from MFC prepared via enzymatic or carboxylated 

pretreatment, MFC1 and MFC2, respectively36, 37).  

In the first study, dilute suspension of MFC1 was freeze-dried prior to use. 

Thereafter, the MFC1 was dispersed in ε-CL under rigorous magnetic stirring for 

24 h, mixed for 15 minutes using a Ultra Turrax mixer (IKA, DI25 basic), and 

then sonicated for 15 minutes to obtain a homogeneous dispersion. Benzyl 

alcohol and catalyst were added to the system and the ROP was allowed to 

proceed at 95 °C between 18-20 h. Three samples were prepared with target DP 

of 300, 600, and 1200. 

A somewhat different method was employed to graft PCL from solvent 

exchanged MFC2. A water suspension of MFC2 (2 wt%) was solvent exchange 

from acetone and thereafter to toluene by repeated filtration and dispersion. 

Monomer and free initiator were added to the MFC2 in toluene suspension. The 

suspension was mixed under rapid stirring for 24 hours. To remove a majority of 

remaining water, part of the solvent was distilled off before the catalyst was 

added to the system. The polymerizations were allowed to proceed at 110 °C for 

3-5 hours. Three samples were prepared with target DP of 50, 150, and 600. The 

cellulose content in MFC2-PCL was calculated from the amount of initially added 

cellulose (from the MFC2 water suspension) to the first solvent exchange step. 

Grafting of PCL from MFC-films  

MFC-films (thickness ~300 μm) were prepared by solvent casting of MFC1 

suspension according to a procedure described elsewere.38, 40 ROP of ε-CL were 

performed from pre-dried MFC-films, 2*3 cm2. In total, five different samples of 

the MFC-films were prepared: blank and MFC-PCL with target DP 75, 150, 300, 

and 600, using benzyl alcohol as free initiator. The blank sample was treated in 

the same manner as the other samples with the exception that no catalyst was 
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added in the ROP step. To remove a majority of remaining water, part of the 

solvent was distilled of before the catalyst was added to the system. The 

polymerizations were allowed to proceed at 95 °C for 16-18 h. 

Grafting of PCL from cellulose spheres 

Dried cellulose spheres were dispersed in a solution of ε-CL and toluene for 24 h. 

Benzyl alcohol, target DP 600, was added to the system and thereafter part of the 

solvent was distilled off to remove a majority of water in the system. Catalyst 

was added to the system under argon flow with 3 vacuum/argon cycles, and 

then ROP was allowed to proceed at 110 °C for 4 h. 

Grafting of PCL from hydrolyzed cotton linters  

Hydrolyzed cotton linters in water were solvent exchanged to acetone and then 

toluene by repeated dispersion, centrifugation, and removal of solvent. This was 

performed 5 times per solvent.  Thereafter the linters in toluene (~300 mg in 12 

ml) were dispersed in a mixture of ε-CL (5 ml) and toluene (5 ml) for 24 h. Parts 

of the solvent (5 ml) was distilled off to remove most of the remaining water. 

Catalyst, Sn(Oct2) (0.2 ml), was added under argon flow and the ROP was 

allowed to proceed at 110 °C for 4 h. The polymer and PCL grafted linters 

(linters-PCL) were dissolved/dispersed in THF and participated in MeOH. The 

solution with remaining monomers was removed by centrifugation. Linters-g-

PCL was washed via centrifugation and redispersion in pure solvent in order to 

remove remaining ungrafted/free PCL. The removal of all free PCL was 

confirmed by concentrating the last portion of THF used, where no detection of 

PCL could be observed via 1H NMR analysis 

3.3.3. Composites preparation 

Nano-biocomposites of PCL and MFC grafted with PCL  

Nano-biocomposites were prepared by dissolving the PCL matrix (80 000 g/mol) 

in THF, and dispersing the unmodified MFC or MFC-PCL in THF, separately. 

The unmodified MFC2 was first solvent exchanged from water to acetone, 

toluene, and THF. The two solutions were mixed under rapid stirring for 3 hours 

and then sonicated in a bath for 30 minutes. Rotary evaporation was used to 

remove the solvent, and the blends were dried in a vacuum oven to remove 
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solvent residues. The blends were hot-pressed into thin composite films 

(thickness ~200 μm).  

Bilayered laminates of PCL-film and MFCfilms-g-PCL 

PCL (80 000 g/mol) was dissolved in THF and the PCL-films were prepared by 

solvent casting by slow solvent evaporation (film thickness ~300 μm). The 

laminates from MFC-PCL films and PCL-films were prepared by hot-pressing 

(PHI Press, Pasadena Hydraulics inc.) at 120 °C, 1 ton ram force for 2 min, and 

then 4 tons ram force for 5 min. 
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4. RESULTS AND DISCUSSION 

To alter the hydrophilic character of cellulose, PCL and PLLA have been grafted 

from different cellulose substrate via ROP of ε-CL and L-LA, respectively. The 

aim was to graft polymers of different lengths from the surface and to study the 

effect of the graft lengths on the surface properties, and thereafter to evaluate the 

impact of grafting on the mechanical properties in biocomposite materials. 

 

To vary the amount of polymer grafted from the surface, all polymerizations 

were performed with a free initiator present in the reaction mixture. The target 

DP was based only on the ratio of monomer to free initiator, not taking into 

account the number of initiating hydroxyl groups on the cellulose surface. The 

presence of both free hydroxyl groups, as well as hydroxyl groups on the 

cellulose surface, permits a dynamic exchange reaction during polymerization, 

which results in a controlled growth of polymer from the surface. The addition of 

free initiator has previously been used to perform controlled ROP of ε-CL 

initiated from functionalized gold surfaces. It was shown that the graft layer 

thickness was proportional to the amount of added initiator controlling the target 

DP.22 Previously it has been assumed that the amount of initiating groups on the 

cellulose substrates are negligible in comparison to initiating groups of the added 

initiator, which controls the graft lengths.87, 88 This is most likely the case in the 

ROP performed from macroscopic cellulose substrates such as filter paper and 

films of microfibrillated cellulose. However, in the modification of nano-sized 

cellulose the largely increased surface area enhances the number of available 

surface initiating hydroxyl groups, and in these systems the hydroxyl groups are 

considered to be constant for each polymerization system instead of being 

negligible.   

 

For each polymerization system the amounts of cellulose, solvent, and monomer 

were kept constant; thus, the only change was in the amount of free initiator 

added to control the DP. This was necessary to reduce the effect of different 

swelling behavior of the cellulose substrates, and thus the number of accessible 

hydroxyl groups that could act as an initiator in the ROP.  
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The surfaces of solid cellulose possess both primary and secondary hydroxyl 

groups that are potential initiators for the ROP. The accessibility and reactivity of 

these groups for the different systems will affect the grafting efficiency, grafting 

density, and the degree of substitution. For soluble cellulose it has been shown 

that the reactivity of hydroxyl groups on carbon position C2, C3 and C6 in the 

glucose unit differs and that most reactions exhibit preferred functionalization 

sites, Figure 7. However, only a few reactions allow a fully regioselective 

functionalization of cellulose.30, 33 Thus, it is likely that both primary (on C6), and 

secondary hydroxyl groups (on C2 and C3) on the cellulose surface to some 

extent are subjected to grafting via ROP. In addition, the large number of 

hydroxyl group on the cellulose surface will most probably result in a polymer 

grafting with high grafting density and with a polymer brush structure.  

 

 
 

Figure 7. Numbering of the carbon in the glucose unit. 

 

As mentioned in the introduction, the properties of cellulose differ significantly 

depending on the cellulose source as well as the treatment of the cellulose. In this 

thesis different cellulose substrates have been subjected to ROP and the choice of 

substrate was based on the aim of that part of the study.  

4.1 SURFACE MODIFICATION OF FILTER PAPER 

The first part of this study was to investigate polymer grafting from cellulose 

surfaces via ROP. In addition, the change in grafting efficiency, due to 

modification of the cellulose surface prior to the polymerization, was elucidated. 

Filter paper, Whatman No 1, was employed as cellulose substrate due to its high 

cellulose content, > 98%, and it has previously been utilized for surface 

modification using controlled polymerization techniques.87, 88 
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4.1.1 Bis-MPA and XG-bis-MPA modification of filter paper 

To improve the grafting efficiency via ROP of ε-CL and L-LA from filter paper, 

two different pretreatments were investigated. First a chemical modification was 

explored, attaching bis-MPA to the cellulose surface and thereby attempting to 

increase the amount/availability of hydroxyl groups that can initiate the ROP. 

The bis-MPA modification was chosen due to its known efficiency as initiator for 

the ROP, resulting in controlled molecular weight and low polydispersities.124, 125  

The chemical modification of filter paper with the acetonide protected bis-MPA 

(FP-bisMPA-Ac) and subsequent deprotection of the acetonide group into FP-

bisMPA were confirmed via FTIR analysis, Figure 8. When compared to 

unmodified filter paper, the spectrum of FP-bisMPA-Ac showed the introduction 

of carbonyl groups at 1730 cm-1, and acetal groups at 828 cm-1. After the 

deprotection, i.e the FP-bisMPA spectrum, the carbonyl peak intensity was 

intact, whereas the signal from the acetonide protective group had disappeared, 

indicating a successful deprotection. 

 

 
 

Figure 8. Spectra of unmodified filter paper, FP-bisMPA-Ac, and subsequent 

deprotection into FP-bisMPA. 

 

The xyloglucan modification of filter paper was performed at the Division of 

wood biochemistry, Department of biotechnology, KTH. The modification with 
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xyloglucan was chosen due to xyloglucan’s high affinity to cellulose, which will 

result in a physical modification of cellulose. The use of XG modification 

provides a method for mild modification of cellulose that is carried out in water, 

this results in a modification without fiber degradation or change in the fiber 

structure.80, 114  

4.1.2 Grafting of PCL and PLLA from filter paper  

PCL and PLLA were grafted from both unmodified filter paper as well as 

pretreated filter paper, i.e. FP-bisMPA and FP-XG-bisMPA. The purpose of the 

bis-MPA and XG-bisMPA modification of the papers was to study their effect on 

the grafting efficiency of the cellulose surface.  

The PCL and PLLA grafted filter paper samples are shown in Table 1, together 

with results from the 1H NMR and SEC analyses. All polymerizations were run 

to at least 98% conversions.  

 
Table 1. Characterization of free PCL and PLLA formed in the grafting ROP, and 

estimated contact angles for the different filter papers.  
Sample name Target 

DP 
MWc 

(g/mol) 
 

Mn (NMR) 
(g/mol) 

 

Mn (SEC) 
(g/mol) 

 

PDI   
(-) 

CA 
(º) 

FP-PCL125a 125 14400 17200 14800 1.8 95±4 

FP-PCL300a 300 34300 23700 20100 1.6 99±3 

FP-PLLA125a 125 18100 32900 22900 1.1 107±5 

11 
FP-PLLA300a 300 43300 42300 24700 1.2 112±3 

FP-bisMPA-PCL125b 125 28700 21900 18500 1.5 103±5 

FP-bisMPA-PCL300b 300 68600 39000 23100 1.7 105±3 

FP-bisMPA-PLLA125b 125 36200 38500 37800 1.2 108±4 

FP-bisMPA-PLLA300b 300 86600 107000 44200 1.3 111±6 

FP-XG-bisMPA-PCL125b 125 28700 15500 8600 1.5 84±4 

FP-XG-bisMPA-PCL300b 300 68600 24200 12500 1.8 96±6 

FP-XG-bisMPA-PLLA125b 125 36200 26700 30500 1.3 104±6 

FP-XG-bisMPA-PLLA300b 300 86600 50900 29000 1.3 110±5 

a Free initiator, benzyl alcohol. b Free initiator, benzyl ester protected bis-MPA.c Theoretical molecular weight of 

free polymer 

 
The ungrafted and grafted papers with different modifications were analyzed by 

FTIR. The carbonyl absorbance for PCL and PLLA, at 1730 and 1760 cm-1, 

respectively, were used to compare the amounts of polymer grafted on the 
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different surfaces and graft lengths, i.e. target DP 125 and 300. Figure 9 shows the 

spectra for PCL and PLLA, DP 300, grafted from unmodified filter paper, FP-

bisMPA, and FP-XG-bisMPA. As can be seen, there was no significant difference 

in the amount of polymer grafted from the surface when unmodified filter paper 

was compared to FP-XG-bisMPA. Hence, the pretreatment does not render more 

available hydroxyl groups, or an enhanced reactivity, that improves the grafting 

efficiency. The reason for this is probably that a too low concentration of the bis-

MPA moiety was attached to the filter paper surface via XG-bisMPA adsorption. 

Thus, it does not significantly enhance the amount and availability of initiating 

hydroxyl groups. However, in contrast to FP-XG-bisMPA, a more intense 

carbonyl absorption peak was observed when ROP was performed from FP-

bisMPA, which indicated a more efficient polymer grafting. The reason for this 

higher grafting efficiency is proposed to be a combination of less steric 

hindrance, as the bis-MPA unit acts as a spacer, and the fact that more hydroxyl 

groups are introduced on the cellulose surface that can act as initiators for ROP.  

Moreover, it is known that the bis-MPA hydroxyl groups are good initiators for 

ROP, 125 hence, the reactivity of the available hydroxyl groups attached to 

cellulose is possibly improved resulting in a higher amount of polymer grafted 

from the surface.  

 

 
Figure 9. FTIR-spectra of PCL (left) and PLLA (right), DP 300, grafted from 

unmodified filter paper, FP-bisMPA, and FP-XG-bisMPA. Spectrum of 

unmodified filter paper was added for comparison.  

 

Comparison of the grafted papers with different target DP’s confirmed that the 

amount of polymer grafted on the surface could be varied by varying the amount 

of a free initiator. Figure 10 shows the PCL and PLLA grafted FP-bisMPA with 

DP 125 and 300. These results are in accordance with results by Abbott et al. 22 
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who used the addition of a free initiator to control the graft layer of PCL from 

functional gold surfaces. They also showed that the thickness of the grafted layer 

was proportional to the molecular weight of the free polymer.22 The same trends 

were also observed when ROP was performed from unmodified filter paper and 

FP-XG-bisMPA, although the absorption intensity was not as high as for polymer 

grafted from FP-bisMPA.  

 

 
Figure 10. FTIR-spectra of unmodified filter paper and FP-bisMPA-PCL (left), 

unmodified filter paper and FP-bisMPA-PLLA (right). Target DP’s 125 and 300. 

 

FTIR spectroscopy is a useful tool in the comparison of the grafting efficiency of 

different samples, i.e. the amount of polymer on the surface. Nevertheless, it 

does not directly confirm an increase in graft length with higher polymer 

absorbance since the amount of polymer on the surface depends both on the 

molecular weight of the grafts as well as on the degree of substitution, i.e. 

grafting density. However, the reaction conditions are kept constant except for 

the amount of free initiator and therefore it is likely that the numbers of initiating 

sites on the cellulose surface are the same for the different target DPs, i.e. the 

graft density will be essentially the same. This implies that an enhanced carbonyl 

absorption (at 1730 cm-1) is suggested to be due to increased PCL graft lengths; 

this interpretation has also been used for other controlled polymerizations 

performed from cellulose.126, 127 

   

Contact angle measurements were utilized to study the change in 

hydrophobicity of the papers due to grafting. For use in biocomposite 

applications, it is of great importance to change the hydrophilic nature of the 

cellulose surface and thereby improve its compatibility with more hydrophobic 

thermoplastic polymers that are commonly used as matrices. When a water 
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droplet was deposited on an unmodified filter paper it was immediately 

adsorbed. In contrast, when the water droplet was deposited on a grafted surface 

FP-bisMPA-PCL300, Figure 11, a much more hydrophobic surface was revealed.  

 

 
 

Figure 11. Water droplet deposited on unmodified filter paper (left) and PCL 

grafted filter paper, FP-bisMPA-PCL300 (right).  

 

The static contact angle values for the PCL and PLLA grafted papers are reported 

in Table 1. Hydrophilic surfaces exhibit a static contact angle below 90°, whereas 

hydrophobic surface has a static contact angles > 90°. In general, all grafted 

papers exhibit a much more hydrophobic nature and the CA-values for the 

polymer grafted papers were increased significantly compared to unmodified, 

ungrafted paper. The values are slightly higher than reported values for pure 

PCL and PLLA,128, 129 which is due to the inherent rough surface of filter paper. 

The surface hydrophobicity depends both on the chemical nature of the surface, 

as well as on its surface roughness.130 The roughness of the filter paper surface 

has previously been utilized together with chemical modification to make 

superhydrophobic surfaces.70, 131 In addition, when the different graft lengths 

were investigated, i.e. target DP’s 125 and 300, there was a significant increase in 

the contact angle values for the higher DP. For PCL grafted papers, the highest 

contact angles were observed for polymer grafted from FP-bisMPA papers, 

indicating an increased surface coverage by the polymer, which is in good 

agreement with results from the FTIR-analysis. However, for PLLA grafted 

papers no significant difference between the different pretreatments was 

observed, which could be due to the more hydrophobic character of PLLA 

compared to PCL.  

 
Atomic force microscopy (AFM) was used to study the change in surface 

morphology due to grafting. Figure 12 shows AFM images of unmodified paper, 

and FP-bisMPA grafted with PCL and PLLA, DP300.  As can be seen, the 

unmodified paper exhibits a more detailed fibrillar structure compared to the 

smoother surface of the grafted papers. This effect was most pronounced with 
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papers grafted with high grafting efficiency, i.e. FP-bisMPA-PCL300 and FP-

bisMPA-PLLA300. 

 

   
Figure 12. AFM images of unmodified paper (left), FP-bisMPA-PCL300 (middle), 

and FP-bisMPA-PLLA300 (right). The images are 5*5 μm. 

 

To study the impact of grafting on the degradation of cellulose, the papers, 

unmodified filter paper and grafted filter paper, were exposed to a mixture of 

different endo- and exocellulases (Celluclast ). In addition, to monitor the effect 

of solvent treatment on the degradation, a blank paper was also investigated that 

has been subjected to the same chemical treatment as in the bis-MPA 

modification, however, without the presence of acetonide protected bis-MPA 

anhydride. The disintegration of the papers was followed for 7 days and the 

results are shown in Figure 13 and Table 2.  

 

 
 

Figure 13. Degradation of unmodified filter paper (left) and FP-bisMPA-PCL300 

(right) with a mixture of cellulases, after 7 days. 

 

After 24 h the unmodified paper, blank, and FP-XG-bisMPA grafted with PCL 

and PLLA, were fully or partially disintegrated into a fibrous suspension. Hence, 

the enzymes access the cellulose readily and start the degradation. The fast 

disintegration of the polymer grafted XG-modified papers was expected, since 

the XG is also digested by the enzymes.132 The best resistance was observed for 

FP-bisMPA and PCL or PLLA grafted FP-bisMPA, where all papers were intact 

after one week of exposure. This high resistance is most probably due to a high 

surface coverage of bis-MPA moieties that prevent the cellulases to access the 
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cellulose and start the degradation. As a consequence, the grafted FP-bisMPA 

papers exhibit good resistance towards cellulases.   

However, also polymer grafting from unmodified papers, i.e. without bis-MPA 

modification, rendered an efficient protection with delayed disintegration. This 

was most pronounced for PLLA grafted papers, which were intact after 48 h 

exposure. This is proposed to be due to the higher hydrophobicity of PLLA in 

comparison to PCL.  FP-PCL300, i.e. long grafts, showed a higher resistance 

towards degradation compared to FP-PCL125. Hence, a thicker polymer layer on 

the surface implies a more efficient protection of cellulose paper.  

 

Table 2. Enzymatic degradation study of ungrafted filter papers, and PCL or 

PLLA grafted filter papers using a mixture of different endo- and exocellulases. 

Not disintegrated (+), disintegrated (-), partially disintegrated (+/-). 
Cellulose substrate 24 h 48 h 7 days 

Unmodified  - - - 

FP-bisMPA + + + 

Blank a - - - 

    

FP-PCL125 +/- - - 

FP-PCL300 + +/- - 

FP-bisMPA-PCL125 + + + 

FP-bisMPA-PCL300 + + + 

FP-XG-bisMPA-PCL125  - - - 

FP-XG-bisMPA-PCL300  

 

- - - 

    

FP-PLLA125 + + - 

FP-PLLA300 + + - 

FP-bisMPA-PLLA125 + + + 

FP-bisMPA-PLLA300 + + + 

FP-XG-bisMPA-PLLA125 - - - 

FP-XG-bisMPA-PLLA300 +/- - - 

aChemically treated, according to bis-MPA modification without the presence of acetonide protected bis-MPA 

anhydride.  
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4.2 GRAFTING OF PCL FROM MFC: NANO-BIOCOMPOSITES 

Nano-sized cellulose, microfibrillated cellulose (MFC), was used to further 

explore the concept of ROP of ε-CL from cellulose surfaces. This enables 

preparation of novel bio-nanocomposites based on grafted cellulose. However, 

the use of MFC instead of filter paper, which is a macroscopic substrate, gives 

rise to more difficult issues concerning the compatibility as well as adhesion 

between hydrophilic cellulose and hydrophobic polymers or organic solvents. 

This is due to the fact that a smaller size of the reinforcement has a higher 

tendency to aggregate, which is mainly due to a large increase in the internal 

surface area for nanofillers.41, 98, 109 

 

MFC can be prepared employing different pretreatments previously described in 

the introduction. Two different types of MFC’s have been utilized to study the 

grafting of PCL via ROP. Firstly, MFC prepared via enzymatic pretreatment of 

kraft pulp (MFC1) was used. The reported dimensions of such MFC1 are a 

diameter between 25 and 100 nm and with a length of a few microns.36, 37 The 

main focus was set on the synthesis and characterization of PCL grafted MFC1 

(MFC1-PCL). The other MFC used for grafting of PCL was a partly carboxylated 

MFC (MFC2), prepared after pretreatment by carboxymetylation of kraft pulp 

fibers. The properties of such MFC2 have been studied by Wågberg et al., and 

they reported a diameter of the fibrils between 5-15 nm and length up to around 

1 μm.37, 133 Nano-biocomposites were prepared from the carboxylated MFC2 

grafted with PCL (MFC2-PCL) and their mechanical properties were evaluated. 

 

4.2.1 Synthesis of MFC grafted with PCL: investigation of thermal 

properties 

ROP of ε-CL from freeze-dried MFC1 

Correspondingly to grafting of PCL and PLLA from filter paper, a free initiator 

was added to the system to vary the polymer graft lengths of PCL from MFC1-

PCL; the target DP’s were 300, 600, and 1200.  

 

The estimated conversions for the polymerizations were between 95 and 98 %. 

The prepared samples are shown in Table 3, together with results from the 1H 

NMR and SEC analyses. An increase in the molecular weights is observed for the 
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free PCL with higher target DP, which is in good agreement with results 

obtained for the ROP of CL and LLA from filter paper. In addition, FTIR-spectra 

of MFC1-PCL showed higher intensity of the carbonyl signal with increased DP, 

Figure 14. Moreover, the absorption was significantly higher for MFC1-PCL 

compared to the grafted filter papers, which is due to the largely increased 

surface area associated with the nano-sized MFC1.  

 

Table 3. Results from the characterization of free PCL and MFC1-PCL with target 

DP’s 300, 600, and 1200. 

Sample NMR 
 

SEC 
 

    TGAd 

     

DSC 

Free PCL 
 DSC 

 MFC1-PCL 

 Mn 
(g/mol) 

Mn (PDI) 
(g/mol)(-) 

PCL 
(wt %) 

 

 Tm      Tc       Xc
e 

 (ºC)     (ºC)     (%) 
(%) 

Tm     Tc      Xc
e 

(ºC)    (ºC)    (%) 

MFC1-PCL300a 13000 12100 (1.8) 16 56.1    32     53 50      28     19 

MFC1-PCL600b 25900 24900 (1.8) 19 56.6     33     52 51      30      19 

MFC1-PCL1200c 30800 32600 (1.9) 21 56.9     34     46 53     32      14 

Theoretical molecular weights:  a 34300 g/mol, b 68500 g/mol, c 137000 g/mol. d The PCL content in MFC1-PCL 

samples is estimated from TGA measurements. e Degree of crystallinity. 

 

Figure 14. FTIR-spectra of unmodified MFC1 and MFC1-PCL, target DP 300, 600, 

and 1200. 
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As mentioned in the introduction, hydrophilic nano-sized cellulose such as MFC, 

has poor compatibility with non-polar solvents and is therefore poorly dispersed, 

and forms irreversible aggregation upon drying. Figure 15 shows the 

dispersibility of freeze-dried MFC1 and MFC1-PCL300 in THF after short 

sonication in a bath. As seen, a homogeneous dispersion is easily obtained for the 

grafted sample, whereas the unmodified sample is still in a lump after the same 

treatment.  

 

Figure 15. Photograph of unmodified MFC1 (left vial) and MFC1-PCL300 (right 

vial) in THF, after sonication in a bath. 

 

Thermal analysis 

Thermal analysis via TGA was used to study the degradation of MFC1-PCL 

compared to the references of MFC1 and free PCL. The thermograms and first 

derivative of the thermograms (DTGA) are shown in Figure 16.  As can be seen, 

there is an overlapping degradation of all samples, however, PCL starts to 

decompose at the highest temperature and MFC1 at the lowest temperature.  The 

DTGA-curves for the reference MFC1 and free PCL samples showed a 

monomodal curve shape with the maximum degradation rate temperatures 

(Tmax) at 355 °C and 370 °C, respectively. Conversely, all MFC1-PCL samples 

showed a bimodal curve shape with two different Tmax values, corresponding to 

the MFC1 and PCL fractions in the samples. Curve-fitting of the DTGA curves 

was used to estimate the cellulose content of different MFC1-PCL samples and 

the values are reported in Table 3. These values are in good agreement with 

results from the FTIR analysis showing MFC1-PCL samples with different 

amounts of PCL grafted on the surface. 
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Figure 16. Thermograms from TGA analysis (top) and DTGA-curves (bottom) of 

reference MFC1, free PCL, and MFC1-PCL: DP300, DP600, and DP1200. 

 
The thermal properties were also studied via DSC analysis and typical 

thermograms for crystallization are shown in Figure 17. All PCL grafted samples 

exhibit both melting and crystallization transitions, which confirms the presence 

of semi-crystalline PCL, Table 3. This also implies that the molecular weights of 

the grafts are high enough for the polymer to crystallize. It has previously been 

observed for star shaped polymers that the DP has to exceed 8-10 to be able to 

form a crystalline structure.134  

Importantly, there is a good agreement between the results of the molecular 

weights of the free PCL and the MFC1-PCL with different target DPs, concerning 

melting temperature (Tm), crystallization temperature (Tc), and degree of 

crystallization (Xc), Table 3. A more thorough investigation of these data showed 
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that an increase in Tm is observed for both the free PCL and MFC1-PCL with 

higher DP, which is in good agreement with earlier published results for both 

linear PCL and a grafted PCL from a hyperbranched polyester.135 136 Higher Tc 

value is also observed with increased molecular weights. Characteristic for linear 

polymers is a lowering of Xc when the molecular weight is increased.137 This was 

observed for both the MFC1-PCL samples with different target DPs, as well as for 

their linear analogues. Thus, the molecular weights of the grafts are increased 

with higher target DPs. Furthermore, when MFC1-PCL is compared to the free 

PCL a shift in Tm and Tc is observed, as well as a reduction in the crystallinity 

that indicates decreased ability to crystallize. Thus, most likely is some fraction of 

each PCL grafts hindered to be arranged into a crystalline structure. This is due 

to restricted mobility of part of the PCL chain closest to the cellulose surface.136 

Furthermore, the results from thermal analysis are in good agreement with the 

results from the characterizations of free PCL and the MFC1-PCL, using 1H NMR, 

SEC, and FTIR. It is confirmed that ROP of -CL from MFC1, with a free initiator 

to vary the target DP, has resulted in MFC1 onto which different polymer graft 

lengths of PCL have been grafted from the surface.  

 

 

 
Figure 17. DSC thermograms for the crystallization of free PCL DP300, 600, and 

1200 (top), and MFC1, MFC1-PCL DP300, 600, and 1200 (bottom).  
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4.2.2 Synthesis of MFC grafted with PCL:  Nano-biocomposite 

application 

ROP of CL from carboxylated MFC2 

To study the impact of graft length on the mechanical properties in a nano-

biocomposites, carboxylated MFC (MFC2) was grafted with PCL to different 

lengths, target DP 50, 150 and 600. A solvent-exchange procedure of MFC was 

used in this second study of MFC instead of the previously used freeze-drying 

approach. This to avoid irreversible drying that is a potential risk in a freeze-

drying process.  

 

The estimated monomer conversions for the polymerizations were between 86 

and 95 %. The synthesized MFC2-PCL samples are reported in Table 4, together 

with results from the 1H NMR, SEC, and DSC analysis. It was also possible to 

detect the PCL grafts by 1H NMR in highly concentrated and well dispersed 

suspensions of MFC2-PCL, Figure 18. As can be seen, a significant difference was 

observed in the ratio of peak area from the PCL repeating unit to the PCL end-

groups. The estimated molecular weight for the different target DP’s are reported 

in Table 4. Although solvent 1H NMR will underestimate the molecular weights 

of grafted PCL, since the part of the graft closest to the cellulose surface will be 

undetectable by this method, it evidently shows that the graft length of MFC2-

PCL increases with higher target DP.  

Table 4 also reports the cellulose content in MFC2-PCL for target DP 50, 150, and 

600 that was estimated to 78, 30, and 22 wt%, respectively. The DSC analysis 

showed that the MFC2-PCL samples exhibit both the glass transition, ~ -60 °C, 

and melting transition at 33, 52 and 57 °C for DP 50, 150, and 600, respectively. In 

contrast to the Xc estimated for MFC1-PCL that decreased with target DP, the 

MFC2-PCL showed an increase in Xc with target DP and the values were in 

general much higher than for the MFC1-PCL. The reason for this discrepancy 

could be that a higher grafting density but shorter grafts are obtained for the 

slightly smaller MFC2 that is grafted after the solvent exchange procedure, and 

hence, the shorter covalently PCL grafts are more restricted in the formation of 

crystalline structure compared to longer grafts that results in higher Xc. 

This collaborate with results from the characterization of the free PCL, which in 

general displayed a slightly higher molecular weight for the MFC1-PCL system 

(Mn of 12000 to 33000 g/mol) compared to the MFC2-PCL (Mn of 8000 to 27000 

g/mol), estimated via SEC analyses.  
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Table 4. Results from characterization of free PCL and of MFC2-PCL with target 

DP 50, 150 and 600.  
 
Sample 

Mn NMR 
Free PCL 

 
(g/mol) 

 

Mn (PDI) SEC 
Free PCL 

 
(g/mol) (-) 

Mn NMR  
MFC2-PCL 

(graft) 
(g/mol) 

 
PCLa 

 
(wt %) 

DSC 
MFC2-PCL 

 
 Tg      Tm       Xc 
(°C)   (°C)  (%) 

MFC2-PCL50 6300 8100 (1.4) 700 22 -59 33 20 

MFC2-PCL150 11400 16400 (1.3) 1100 70 -61 52 39 

MFC2-PCL600 13300 26800 (1.5) 2200 78 -60 56 45 

a  PCL content in MFC2-PCL samples, based on the initial mass of MFC2 used in the first solvent exchange step. 

 

 
Figure 18. Solution 1H NMR spectra for well dispersed MFC2-PCL: DP 50, 150, 

and 600. DP/molecular weights of grafted PCL were estimated from the signals 

at 4.05 ppm (-CH2O-, repeating unit) and 3.63 ppm (-CH2OH, end group). 

 

FTIR-spectra of unmodified MFC2 and MFC2-PCL clearly show an increase in the 

polymer absorbance intensity with higher target DP, i.e carbonyl signal at 1730 

cm-1, and a gradual reduction in absorbance of the cellulose OH stretch at 

~3400cm-1, Figure 19. Compared to the first study using MFC1, the grafting of 

PCL from carboxylated MFC2 resulted in a higher peak intensity indicating a 

more efficient grafting. This could be due to better preserved dimensions of 

MFC2 using solvent exchange, i.e. less irreversible aggregation, or it could be due 

to the appearance of carboxylic functionality on MFC2 that prevents strong 

aggregation of cellulose in organic environment prior to polymer grafting. 
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Alternatively, it is a result of the slightly smaller dimensions of carboxylated 

MFC2 compared to MFC1 obtain via enzymatic pretreatment.36, 37 Thus, the 

increased surface area results in a larger number of initiating groups that can be 

subjected to grafting with PCL, and the PCL grafting is therefore not negligible.  

 

 
Figure 19. FTIR-spectra of unmodified carboxylated MFC2, and MFC2-PCL with 

DP 50, 150, and 600. 

 

In agreement with the results in the MFC1-PCL study, the grafting of PCL from 

MFC2 greatly improved the dipersibility in THF, Figure 20. The dried MFC2-PCL 

samples were compared to never dried, unmodified MFC2 after solvent exchange 

from acetone, toluene, THF. The same cellulose content was used in all 

dispersions, accounting for weight fraction of PCL in each MFC2-PCL sample, 

Table 4. To assess the stability of the different dispersions pictures were taken 

immediately after shaking as well as after 30 minutes at rest. The dispersibility in 

THF was improved for all PCL grafted MFC2 compared to unmodified MFC2, and 

there was also a significant difference in the stability of the suspensions of MFC2-

PCL with different target DPs. After a short time the MFC2-PCL50, i.e. shortest 

grafts, started to settle; whereas a much longer time was required for MFC2-

PCL150 and then finally for MFC2-PCL600. Hence, MFC2 modified with short 

PCL grafts enables dispersion in organic solvent; however, longer PCL grafts are 

required to maintain a stable suspension over longer time. This could be due to 

an increased solubility of the longer polymer grafts in the organic medium.138 139 
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Figure 20. Dispersions of solvent exchanged MFC2 and MFC2-PCL with target 

DPs 50, 150, and 600. Photos immediately after shaking (left), and after 30 

minutes (right). All vials have the same cellulose content.  

 

FE-SEM was used to study the MFC2-PCL, Figure 21. Individual MFC2 fibers can 

be observed after grafting with PCL, confirming that grafting of PCL, via a 

solvent exchange, does not cause irreversible aggregation of MFC2 into larger 

aggregates. In addition, sufficient amount of polymer has been grown from the 

MFC2 surface to allow redispersion in organic solvent after drying. It can also be 

seen that the characteristic dimensions of the MFC2 fibril is preserved, i.e. high 

aspect ratio with length up to 1 μm, which proves that the grafting process does 

not significantly degrade or damage the MFC2. 

 

Figure 21. FE-SEM image of MFC2-PCL600 deposited onto a mica substrate. 

MFC2-PCL nano-biocomposites - mechanical testing 

Nano-biocomposites with 0, 3 and 10 % cellulose content were prepared from the 

unmodified MFC2 and MFC2-PCL DP 50, 150 and 600, incorporated into a PCL 

matrix (80000 g/mol). The different cellulose content was based on the weight 

fraction of PCL in each MFC2-PCL from Table 4.   The composites were prepared 
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by hot-pressing and no visible difference in appearance was observed for the 

different composites. It was also possible to prepare biocomposites from 

dispersions of MFC2-PCL/PCL via solvent casting. However, this was not 

possible for unmodified MFC2/PCL since phase separation resulted in very 

inhomogeneous biocomposites, Figure 22.  

 

 
Figure 22. Solvent casted nano-biocomposite of unmodified MFC2 in a PCL 

matrix, 10 wt% MFC2.  

 

The mechanical properties of the composites were evaluated via tensile testing 

and dynamic mechanical analysis (DMA). Typical stress-strain curves are shown 

in Figures 23 and 24, and the mechanical properties are summarized in Table 5, 

with estimated values for maximum stress (σmax), strain at maximum stress (εσ,max) 

and the Young’s modulus (E).  

 

 
Figure 23. Typical stress-strain curves for nano-biocomposites based on PCL 

reinforced with unmodified MFC2 and MFC2-PCL with DP 50, 150, and 600. 

Cellulose content 3 wt%, full scale (left) and zoomed area (right). A PCL film 

without reinforcement was added as a reference.  
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Figure 24. Typical stress-strain curves for nano-biocomposites with unmodified 

MFC2 and MFC2-PCL with DP 50, 150, and 600. Cellulose content 10 wt%. A PCL 

film without reinforcement was added as a reference.  

 

 

Table 5. Mechanical properties of PCL based composites reinforced with 

unmodified MFC2 or MFC2-PCL, DP 50, 150 and 600. Cellulose content 0, 3 and 

10 wt%.  

Composite MFC2 (wt%) E (MPa) 

 

σmax (MPa) 

 

εσ,max (%) 

 

Pure PCL 0 190 ± 18 22.3 ± 4.3 880 ± 200 

MFC2/PCL 3 256 ± 24 16.7 ± 0.1 16 ± 2.5 

MFC2/PCL 10 260 ± 42 17.8 ± 1.1 13 ± 3.2 

MFC2-PCL50/PCL 3 229 ± 16 20.8 ± 1.2 690 ±  71 

MFC2-PCL50/PCL 10 287 ± 34 20.0 ± 0.2 17 ± 2.3 

MFC2-PCL150/PCL 3 257 ± 14 20.3 ± 2.5 440 ± 270 

MFC2-PCL150/PCL 10 276 ± 24 23.8 ± 0.8 21 ± 4.4 

MFC2-PCL600/PCL 3 230 ± 3.4 21.6 ± 2.3 500 ± 150 

MFC2-PCL600/PCL 10 326 ± 29 26.5 ± 0.7 18 ±1.2 

   

MFC2-g-PCL600a,c 22  -  19.3 4.2 

MFC2-g-PCL600b,c 22 324 33.4 13.8 

a Prepared via hot pressing, b prepared via solvent casting. c Based on the average value of the two measurements 

shown in Figure 26. 
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For the unfilled PCL-film the tensile test revealed a ductile material that 

undergoes large deformation before break, which is a known feature for PCL. 

The incorporation of MFC2 into the PCL matrix had a reinforcing effect for all 

composites, verified by the higher E-modulus of MFC2 composites in comparison 

to pure PCL, E of 230-330 MPa and E of ~190 MPa, respectively.     

For composites reinforced with 3 wt% of MFC2, the addition of unmodified MFC2 

increased the stiffness, i.e. E-modulus, of the PCL matrix; however, it also 

reduced the maximum strength and drastically decreased the elongation before 

break. A different behavior was observed when PCL grafted MFC2 was used as 

reinforcement. As for unmodified MFC2 an increased stiffness was seen, but at 

the same time the MFC2-PCL/PCL composites exhibit thermoplastic behavior 

similar to pure PCL; thus, the ductility of PCL was preserved to a greater extent. 

This is most probably due to better compatibility and dispersion of the PCL 

grafted MFC2 in the PCL matrix, resulting in a more homogeneous composite 

with fewer defects caused by aggregation of MFC2 during the composite 

preparation. This theory is strengthened by the fact that solvent casting of 

ungrafted MFC2 blends resulted in very inhomogeneous composites. The results 

are in accordance with other studies that have used surface modification of nano-

cellulose to improve performances of PCL composites.29, 107, 140 Figure 24 shows 

that composites with 10 wt% MFC2 exhibit very different mechanical behavior. 

The stiffness increased with higher cellulose content while the strain at break 

drastically decreased, thus, the ductility was lost for all composites.  

The change in the mechanical properties for composites reinforced with 

unmodified MFC2 and MFC2-PCL with different target DP’s is shown in Figure 

25. As can be seen, the graft length affected the mechanical performances 

significantly. This was most pronounced for composites comprising 10 wt% of 

MFC2, showing that an increasing graft length resulted in a gradually increasing 

strength and stiffness. In total, MFC2 grafted with the longest polymer chains, i.e. 

MFC2-PCL600, exhibits the best mechanical performances (E of 326 MPa and σmax 

of 26.5 MPa, compared to unmodified MFC2, E of 260 MPa and σmax of 17.8 MPa). 

This could be ascribed to improved interfacial adhesion between cellulose and 

PCL matrix with longer grafts, which results in a better stress transfer from 

matrix to filler when a force is applied to the material.  
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Figure 25. The change in the mechanical properties as a function of cellulose 

content 0, 3, 10 wt%. reinforcement with unmodified MFC2 and MFC2-PCL with 

different target DP’s.  

 

For 3 wt% composites there was an effect on the yield stress, corresponding to 

the transition from elastic to plastic behavior, see Figure 23 (right). After yielding, 

the non-uniform deformation takes place at different stress levels, which is 

significantly higher for the MFC2-PCL600 composite is significantly higher than 

for the unmodified MFC2, MFC2-PCL50 and MFC2-PCL150. Finally, strain 

hardening and fracture of the samples occur.    

Interestingly, it was also possible to hot-press and solvent cast films directly from 

MFC2-PCL600, without the incorporation into a PCL matrix. Hence, a sufficient 

amount of PCL has been grafted from the MFC2 surface to act as a matrix in a 

composite material. This was, however, not possible with neither MFC2-PCL50 

nor MFC2-PCL150. Figure 26 shows the solvent cast film and the stress-strain 

curves obtained in the tensile test; the mechanical properties are reported in 

Table 5. There was a significant difference in the properties for solvent cast and 

hot pressed films, where the solvent cast films resulted in higher strength (σmax) 

and strain at break (εσ,max). In comparison to the mechanical properties of MFC2-
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PCL600 with 10 wt% cellulose, the hot pressed film resulted in a more brittle 

material with reduced performance, whereas the solvent cast films exhibit 

significantly improved strength with maintained stiffness, but a slightly reduced 

ductility. 

 

 

 
 

Figure 26. Solvent casted MFC2-PCL600 film (left), and stress-strain curve for 

both solvent casted and hot pressed films (right).  

 

The dynamic mechanical properties of the different composites were examined 

via DMA analysis, Figure 27. At low temperatures the samples are in their glassy 

state. Upon heating, all samples exhibit a transition into their rubbery region, 

which corresponds to the glass transition of the amorphous parts of PCL at ~-55 

°C. These values were slightly higher than Tg estimated via DSC for the MFC2-

PCL with DP 50, 150, and 600. The storage modulus values in the rubbery region 

are still fairly high due to the semi-crystalline character of PCL. Further heating 

results in a large decrease in the storage modulus associated with the melting of 

the PCL crystals, at > 50 °C.  In the rubbery region an increased MFC2 content, i.e. 

0, 3, to 10 wt%, increased the storage modulus, i.e. the samples become slightly 

stiffer.  
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Figure 27. DMA curves of the storage moduli as a function of temperature for 

PCL reinforced with unmodified MFC2 and MFC2-PCL with target DP 50, 150 

and 600. MFC2 content 3 wt% (top) and 10 wt% (bottom) PCL without 

reinforcement was added as a reference.  

 

Composites with 3 wt% of MFC2 exhibit higher storage moduli compared to PCL 

film without reinforcement, however, no significant difference was observed 

after PCL grafting, or increased graft lengths, compared to unmodified MFC2, 

Figure 27 (top).   

For the composites with 10 wt% MFC2, there was no significant difference 

between unmodified MFC2 and MFC2-PCL50 for the storage moduli in the 

rubbery state. However, longer grafts, i.e. MFC2-PCL150 and MFC2-PCL600, 

displayed a small increase in the moduli. This is most probably caused by 

improved interfacial adhesion, and possibly by the formation of entanglements 
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across the interface, which results in a more efficient stress transfer to the 

reinforcing MFC2.  

 

The tan δ curves vs. temperature are shown in Figure 28. As can be seen, the 10 

wt% composites generally have a lower and a broader curve shape, which is due 

to less amorphous part of PCL in the sample as well as a less homogeneous 

sample. 

In general, the DMA results are in agreement with the result obtained via tensile 

testing. The most evident conclusion is that a high MFC2 load more efficiently 

reinforces the PCL films; it also exhibited more significant impact from the graft 

length on the mechanical properties compared to a low MFC2 load. The reason 

for this is most probably a too low amount of MFC2 in the samples to see any 

effect. Even if the composites were suppose to contain 3 wt% of MFC2, so was 

this content based on the initial mass of added MFC2 - most likely has part of this 

been lost along the modification and purification steps. Hence, the true MFC2 

values in the composites are probably less than 3 and 10 wt%. In addition, it is 

likely that slightly lower filler content is obtained for the MFC2-PCL composites 

compared to ungrafted MFC2; this since these samples were subjected to more 

steps in the workup procedures.   

Nevertheless, in total the MFC2-PCL600 reinforced PCL exhibited the highest 

reinforcing effect.  

 

 
 

Figure 28. The tan δ for the different composites, i.e. PCL matrix reinforced with 

unmodified MFC2 and MFC2-PCL with target DP 50, 150 and 600. Cellulose 

content 3 wt% (left) and 10 wt% (right). Unfilled PCL is shown as reference.  
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4.3 GRAFTING OF PCL FROM MFC-FILMS: BILAYER 

LAMINATE 

The impact of graft lengths on the interfacial adhesion in composite material is 

difficult to evaluate as it depends on several factors, such as composition, 

dispersion and homogeneity. Therefore, model cellulose films of MFC were 

grafted with different lengths of PCL (MFCfilm-PCL), and subsequently bilayer 

laminates were prepared and evaluated in a peel test. The hypothesis was that if 

the molecular weight of the grafts is high enough, and the grafting density is 

sufficient, then the polymer grafts can form entanglements across the interphase 

and thereby significantly enhance the interfacial adhesion in a bilayer 

laminate.108, 141 

Intermolecular chain entanglements 

The minimum number of chain atoms in a polymer that is required for the 

formation of intermolecular entanglements is called critical entanglement chain 

length (Zcrit).142 This value is mostly dependent on the number of atom in the 

polymer backbone, and on the weight-average degree of polymerization (Mw) for 

the polymer. Numerical values of Zcrit for polymer are between 250 and 600 units, 

and for polymers similar to PCL the Zcrit values are ~350 units, this corresponds 

to a molecular weight of 5700 g/mol for PCL.142 Reported data for entanglements 

to occur has been shown for hyperbranched polymer with PCL grafts, reported 

value for Mw was 8000 g/mol.134 

4.3.1 Synthesis and characterization of MFC-film grafted with PCL  

The grafting of PCL from MFC films was prepared with target DP’s 75, 150, 300 

and 600. In addition, a blank MFC film was utilized as reference, see 

experimental section (3.3.2) for detailed information.  In agreement with results 

from the ROP ε-CL from filter paper and MFC, higher target DP’s resulted in an 

increased molecular weight of the free PCL, Table 5. In addition, all the estimated 

molecular weights of free PCL were above the Zcrit-value for intermolecular 

entanglements of PCL to occur, i.e. 5700 g/mol.  
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Table 5. Results for free PCL produced by ROP of CL, and for MFC-PCL contact 

angle measurement.  
Sample MWa 

(g/mol) 

Mn (SEC) 
(g/mol) 

PDI  
(-) 

Mn (NMR) 
(g/mol) 

Convb 

(%) 

CAc       

(º) 

MFCfilm      67 (±2) 

MFCfilm-PCL75 8700 

 

7900 1.2  6700 91 91 (±1) 

 
MFCfilm-PCL150 17200 

 

10000 1.2 7800 93 93 (±2) 

 
MFCfilm-PCL300 34300 

 

12200 1.3 9700 91 94 (±1) 

 
MFCfilm-PCL600 68500 

 

22200 1.4 17400  94 105 (±3) 

 
PCLfilm -     84 (±1) 

a Theoretical molecular weight, b monomer conversion estimated from NMR, c measured contact angles  

 

Characterization of the grafted MFC-films via FTIR analysis showed an increase 

in absorption intensity of the carbonyl peak for higher target DP’s, Figure 29. 

This corresponds to a thicker layer of grafted PCL that implies increased graft 

length.  
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Figure 29. Normalized FTIR-spectra of blank MFCfilm, and MFCfilm-PCL with 

target DP 75, 150, 300, and 600.  

 

Table 5 also reports the static contact angle against water for PCL grafted MFC-

films, a blank MFC-film, and reference PCL-film. As seen, the PCL grafted MFC-

films exhibit a much more hydrophobic character compared to the references, i.e. 

blank MFC-film and PCL-film. The contact angle for PCL is in agreement with 

values found in literature. However, the even higher contact angles of PCL 

grafted MFC-films compared to pure PCL are due to the rough surface of MFC-

films, which is in correlation with the estimated CA-values for PCL and PLLA 

grafted filter papers, Table 1.  
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No significant difference in CA-values was seen for MFCfilm-PCL DP 75, 150 

and 300. However, the contact angle for DP 600 is largely increased, which is 

ascribed to thicker PCL layer on the surface, which is in good agreement with 

both FTIR-spectra and AFM images, Figure 29 and 30, respectively. The AFM 

images showed a defined fibrillar structure for the reference MFC-film that 

gradually transformed into a smoother polymer covered surface as the target DP 

was increased.  

 

 
Figure 30. AFM images for reference MFCfilm (A), and MFCfilm-PCL75 (B), 

MFCfilm-PCL150 (C), MFCfilm-PCL300 (D), and MFCfilm-PCL600 (E)   

4.3.2 Adhesion in PCL grafted MFC-film/ PCL bilayer laminates  

The impact of graft length on the interfacial adhesion in bilayer laminates was 

investigated in a peel test, Figure 31. As can be seen, the surface modification of 

MFC-film with short PCL chain, DP 75, does not improve the strength of the 

interface compared to ungrafted MFC-film. Even though the estimated molecular 

weight of free PCL, DP 75, is above the critical value for chain entanglement, i.e. 

5700 g/mol, no improvement of the interfacial adhesion is obtained. This is most 

likely due to the fact that the value for the formation of entanglements is based 

on linear PCL and not PCL that is anchored to a substrate. It is therefore likely 

that a slightly higher value is required to form entanglements across the 

interface. This since there is reduced mobility of the surface grafted PCL, which 

restricts both the diffusion of grafted polymer across the interface as well as the 

formation of entanglements. Another plausible explanation is that there is a 

difference in molecular weight of the free and the grafted PCL. Thus, if the 
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grafted PCL are shorter than the free PCL, the required value for chain 

entanglement is not achieved and thereby the interface is not strengthened by 

entanglements across the different phases.143 In addition, the anticipated effect of 

improved adhesion due to improved compatibility, verified by a CA value of 91° 

for MFCfilm-PCL 75, is probably lost as an effect of smoothening of the surface, 

resulting in less mechanical interlocking across the interface.  

The peel tests performed on bilayer laminates with higher graft lengths, i.e. from 

DP 150 to 600, showed a gradual improvement of interfacial adhesion compared 

to the ungrafted MFC-film. The fact that there is no change in CA values for 

MFCfilm-PCL DP 75, 150 and 300, suggests that the improvement is not a 

compatibility issue, caused by improved hydrophobicity. Instead, this 

enhancement is attributed to a more efficient formation of entanglements across 

the interface when the graft length is increased. According to literature, an 

increase of the graft molecular weight will improve the adhesion,108, 111, 144 and a 

short graft will fail by a chain pull-out mechanism, whereas increased graft 

length gradually results in more efficient interpenetration and the formation of 

entanglements across the interface. These entanglements will consume more 

energy to disentangle in a delamination process, and finally when the graft 

length has reached a certain value the failure mechanism will be chain 

scissioning of the polymer. Conclusively, the maximum peeling energy for 

MFCfilm-PCL600 is then ascribed to the most efficient formation of 

entanglements across the interface.  

 

 
Figure 31. Peel test of bilayer composites.   
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It is important to remember that the interfacial adhesion in this case depends 

both on the graft length and the grafting density.111, 112 In addition, several reports 

in the literature show that the strongest interface of immiscible polymers is 

achieved for an intermediate molecular weight.108, 111, 143 However, in those 

studies the “grafting-to” approach was employed for which it is commonly 

known that an increase in molecular weight of the polymer renders a lower 

grafting density,2, 3 as described in the introduction. Conversely, in the present 

study the “grafting-from” approach was employed in which the grafting density 

does not likely decrease with improved molecular weight of the grafts. In 

addition, the same reaction condition was used for all modifications, and it is 

therefore most likely that improvement in adhesion is mostly ascribed to 

increased graft length.  

4.4 GRAFTING OF PCL FROM CELLULOSE SPHERES: 

ADHESION MEASUREMENTS 

As previously discussed, most studies that focus on the improvement of 

interfacial adhesion in cellulose-based composites evaluate the final mechanical 

properties of the biocomposites and nano-biocomposite materials. However, the 

mechanical performance of composite materials depends on several parameters, 

such as composition, composite preparation, and the homogeneity of the 

composites. In contrast, the colloidal probe AFM technique allows for a direct 

estimation of adhesion, and it has previously been used successfully to 

investigate the adhesion in system consisting of unmodified and physically 

modified cellulose.145-147 

 

AFM force measurements were performed in order study the effects of PCL 

grafts on the adhesion in an asymmetric system (cellulose/PCL grafted cellulose) 

and a symmetric system (PCL grafted cellulose/PCL grafted cellulose); the 

adhesion was measured as a function of grafted or ungrafted cellulose spheres, 

time in contact, and temperature. Model cellulose spheres (diameter ~10 μm) 

were grafted with PCL via ROP of ε-CL, target DP 600. The characterization of 

free PCL showed Mn,NMR 19800 g/mol and Mn,SEC 28900 g/mol (PDI 1.9) estimated 

via 1H NMR and SEC analysis. FTIR-spectra of ungrafted and thoroughly washed 

PCL grafted spheres confirm the presence of a covalently grafted PCL (carbonyl 

peak at 1730 cm-1 ), Figure 32.  
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Figure 32. Normalized FTIR-spectra of ungrafted and PCL grafted cellulose 

spheres, target DP 600.  

 

DSC analysis of the PCL grafted spheres revealed a melting transition at 56 °C, 

which corresponds to Tm of grafted PCL. FE-SEM was used to study the surface 

morphology of the spheres, Figure 33. As can be seen, the ungrafted cellulose 

spheres exhibited a more detailed surface structure, whereas a smoother and less 

defined surface structure was observed for the cellulose sphere covered with a 

thin layer of grafted PCL. (The average diameter of the spheres were 10-15 μm) 

 

 
Figure 33. FE-SEM images of ungrafted (left) and PCL grafted (right) cellulose 

spheres (diameter 10-15 μm).  

4.4.1 Adhesion measurements by colloidal probe AFM 

The adhesion measurements by colloidal probe AFM was performed at the 

Department of chemistry, surface and corrosion science, KTH. Typical force 

curves on retraction for both asymmetric and symmetric systems, at room 

temperature after 5 s in contact, are shown Figure 34. The initially large adhesion 

that follows by a large “jump-out” can be ascribed to the adhesion caused by 

capillary forces, due to water condensate around the contact area, as well as van 

der Waals forces in between the spheres as discussed earlier.148-150 For the 
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asymmetric system, further separation results in a gradual lowering of the 

adhesive force, i.e. adhesion. Conversely, separation of the symmetric system 

initially displays an enhanced adhesive force (similar to the symmetric), after 

which a gradual lowering of the force is observed. In comparison to the 

asymmetric system, the symmetric system displays a more long ranged adhesive 

force which leads to increased work of adhesion (larger integrated area) required 

to separate the surfaces. Thus, interpenetration and entanglements of PCL grafts 

across the interface acts as physical crosslinking and a higher force is required to 

disentangle and separate the spheres. The work of adhesion reflects the 

interfacial fracture toughness in a composite material as the separation can be 

viewed as a crack propagation effect.151, 152 

 

 
Figure 34. Typical force curves on retraction for both asymmetric and symmetric 

systems, room temperature after 5 s in contact.  

 

The separation where total detachment occur (F/2 R=0) is estimated to ~500 nm 

for the symmetric system, which reflects the physical limit of the interacting PCL 

grafts from the two opposite spheres.  If it is assumed that the molecular weight 

of the grafted PCL is similar to the free PCL formed in the ROP, then the result 

from the SEC measurement can be used to predict the extended length of the 

PCL grafts to ~400 nm (Mw = 55000 g/mol, DP = 480, 0.875 nm/DP (from the 

distance between the carbons in extended chain)).  Thus the separation at which 

detachment occurs corresponds to about 60 % (250/400 nm) of twice the contour 

length (an extended chain per surface) reflecting the physical limit of the two 

interacting PCL grafts. Moreover, if the asymmetric system is considered to be a 

model for physisorbed PCL (even if this only is the case at the interface between 
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ungrafted sphere and grafted sphere) the great significance of covalently grafted 

PCL for the interfacial toughness is shown, and where the failure point for 

physisorbed polymer would most likely be the cellulose –polymer interface. 

 

Investigation of the symmetric system with respect to temperature and time in 

contact before retraction is shown in Figure 35. As expected, a longer contact 

time increased the work of adhesion; however, it did not significantly affect the 

range of adhesion (corresponding to the toughness). An increase in temperature 

to 60 °C greatly enhanced the required work of adhesion, at constant time in 

contact. According to DSC analysis, the PCL grafts are at this temperature in the 

molten state. Thus, the higher mobility of the PCL grafts improves the ability to 

entangle across the interface, forming a tougher interface.  

 

 
Figure 35. Typical force curves on retraction for symmetric systems at room 

temperature and at 60 °C. Increasing time in contact before retraction (0 s, 1 s, 5 s, 

10 s, and 100 s) indicated by the arrows.  

4.5 GRAFTING OF PCL FROM HYDROLYZED COTTON 

LINTERS:  SOLID STATE NMR STUDY 

To characterize the PCL grafted from a cellulose surface via ROP of ε-CL, 

hydrolyzed cotton linters were grafted with PCL and then analyzed using solid 

state 13C NMR (by Tomas Larsson at Innventia AB (former STFI-Packforsk), 

Stockholm, Sweden). The linters were used as cellulose substrate due to their 
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well defined dimensions, and that extensive studies have been performed on 

hydrolyzed linters in solid state 13C NMR at Innventia AB. Characterization of 

free PCL resulted in a Mn(NMR) of 51000 g/mol and Mn(SEC) of 35000 (PDI 1.3). 

It was also possible to detect the PCL grafts in suspensions of linters-PCL by 

solvent NMR, the estimated graft length was by this method Mn 1800 g/mol.  

Solid state NMR evaluation 

The solid state 13C NMR spectra of reference cotton linters and linters-PCL in wet 

state are shown in Figure 36. The peak assignments in the 13C spectrum for cotton 

linters are C1 110-100 ppm, C4 92-80 ppm, C2, C3, C5 80-68 ppm, and C6 68-58 

ppm.  The peak assignments for pure PCL are carbonyl ~170 ppm, OCH2 ~64 

ppm, CH2 40-20 ppm.  

 
  

Figure 36. 13C solid NMR spectra for reference cotton linters and linters-PCL in 

wet state. 

 

To estimate the molecular weight of the grafts the integrals of the peak signal 

from cellulose C1 (or C4), was integrated and assigned to a value of 1. This value 

represents to the intensity of one carbon atom in an anhydroglucose (AHG) unit. 

The PCL signal in the area of 40-20 ppm represents 4 carbon atoms in a PCL 

repeating unit. These peaks were integrated and the received value was divided 

by a factor 4 (number of carbons). It was assumed that the intensities of the 

cellulose and PCL signals had an equal respond factor. Thereafter the average 

bulk DS (DSbulk) was calculated from the integral values from one PCL unit/one 
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AHG unit. It was then assumed that approximately 6 % of the AHG unit in 

linters are accessible on fibril aggregate surfaces, due to the restrictive structure 

of cellulose. In addition, it was also assumed that the maximum DS value was 1.5 

for the surface hydroxyl groups on the AHG unit (and equally substituted) and 

that the excess in <DS> was the result of a polymerization. Thus, the average 

graft:  DP = DSbulk/(0.06)/1.5 = ~16.  The estimated DP for PCL grafted from linters 

was thereby ~16 units, which corresponds to a molecular weight of ~1800 g/mol. 

This value is proposed to be lower than the true molecular weights of the PCL 

grafts, since the DS value of 1.5 for the hydroxyl groups on the linter surfaces is 

expected to be slightly reduced. 
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5. CONCLUSIONS 

The purpose of this thesis was to explore the concept of grafting PCL and PLLA 

from solid cellulose via ROP, and how grafting can be used as a tool to tailor the 

surface properties of cellulose. In addition, the impact of grafting on the 

mechanical properties of biocomposite materials was investigated. 

 

Cellulose surfaces have successfully been grafted with PCL and PLLA via the 

ROP of ε-CL and L-LA, with both macroscopic cellulose substrates and nano-

sized cellulose employed in the grafting reactions. It was shown that the addition 

of the free initiator very efficiently varied the thickness of the grafted polymer 

layer, as well as the molecular weights of the polymer grafts.  

 

The pretreatment of the filter paper with bis-MPA and xyloglucan-bis-MPA (XG-

bisMPA) was successfully performed, and the introduction of bis-MPA greatly 

improved the grafting efficiency in the ROP of both ε-CL and L-LA. The XG-

bisMPA modification of filter paper did not improve the grafting efficiency in 

comparison to grafting from neat filter paper.  

 

The surface properties, e.g. contact angle and surface morphology, were affected 

by the pretreatment, monomer, and the graft length. In general, a higher target 

DP increased the hydrophobicity of both PCL or PLLA grafted filter paper as 

well as for PCL grafted MFC-films. The thickest polymer layers, and the most 

pronounced increase in hydrophobicity and polymer surface coverage were 

obtained for FP-bisMPA grafted with PCL or PLLA, DP 300. 

 

Nano-sized microfibrillated cellulose (MFC), prepared with enzymatic (MFC1) or 

carboxymethylolic (MFC2) pretreatment, was successfully grafted with PCL via 

ROP. For both MFC1 and MFC2 the aim for different target DP’s resulted in 

various amounts of PCL grafted from the MFC surface. A thorough investigation 

of DSC data of PCL grafted MFC1 confirmed that not only the graft layer 

increased with higher target DP, but also the graft lengths, since the degree of 

crystallization decreased with higher graft length. In comparison to neat, 
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ungrafted MFC, the dispersibility of the PCL grafted MFC in non-polar solvent 

was significantly improved. In addition, the stability of the dispersions was 

dependent on the graft lengths where a higher target DP required longer time to 

settle. 

 

PCL based biocomposites were successfully reinforced with ungrafted and PCL 

grafted MFC2, with target DP 50, 150, and 600. MFC2 contents were 0, 3, and 10 

wt%.  

Mechanical testing showed a significant reinforcing effect from both ungrafted 

and PCL grafted MFC2. The composites reinforced with MFC2-PCL, 3 wt%, were 

ductile materials, whereas, the composite reinforced with ungrafted MFC2 

displayed a much more brittle character.  

The graft length displayed a significant impact on the mechanical performances. 

This was most pronounced for composites comprising 10 wt% of MFC2, showing 

that an increased graft length results in a gradual increasing strength and 

stiffness. The overall most efficient reinforced biocomposite were the one based 

on MFC2-PCL DP 600. 

It was also possible to hot-press and solvent cast films directly from MFC2-

PCL600, without the incorporation into a PCL matrix. Mechanical testing 

displayed a stiff, strong and brittle material.  

 

Peel test of MFCfilm-PCL/PCL bilayer laminates showed gradual increase in peel 

energy with increased graft length and the maximum peeling energy was 

measured for MFCfilm-PCL DP 600. This can be ascribed to the most efficient 

formation of entanglements across the interface, which required more energy in 

the disentanglement during the delamination process.  

 

A colloidal probe atomic force microscopy technique was used to measure the 

adhesion at different temperatures and time in contact. A significant difference 

was observed between the asymmetric (ungrafted and PCL grafted spheres) and 

symmetric systems (two PCL grafted spheres), and a significantly higher work of 

adhesion was required to separate the two grafted spheres. This was most 

pronounced when the measurements were performed at elevated temperature, 

which could be explained by the higher mobility of the PCL grafts in their 

molten state improves the ability to entangle across the interface, forming a 

tougher interface. 
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6. FUTURE WORK 

To fully understand and to be able to control the properties of future 

biocomposites it is essential to improve upon the current knowledge of grafted 

polymers. Thereby, the graft density as well as the molecular weights and the 

molecular weight distribution of the grafts can be optimized. 

 

It would therefore be of great interest to explore methods that cleave off the 

grafted polymers, allowing a more thorough characterization of the grafts.  

An alternative interesting route would be to explore the possibility to dissolve 

the polymer grafted cellulose and thereafter characterize the solution. This could 

give information about the molecular weights of the grafts as well as the degree 

of substitution.  

In addition, further investigations of the polymer grafted cellulose via solid state 

NMR is of great interest. Further modifications could include partially block of 

the hydroxyl groups in order to change the degree of substitution. Moreover, 

utilize the potential of Raman spectroscopy to investigate the composite 

interface. 

It would be interesting to study how the grafting reaction affects the cellulose 

fiber integrity, since it is important to preserve the fiber structure, in order to 

have high-performance reinforcing elements. This could also be studied by 

comparison of different systems for the ROP, e.g. using a catalyst that is active at 

room temperature, and with less tendency to react with water.  

Additional investigation of the impact of graft density and graft length on the 

adhesion, both via colloidal probe AFM force measurements and peel test.  

 

The other part of future work concerns the development of new composite 

materials and to prepare composites utilizing other biodegradable polymers 

grafted from different types of cellulose, e.g. PLLA and microcrystalline 

cellulose. Comparison of different composite preparation techniques, including 

solvent casting, hot press and extrusion methods. 

Prepare composites solely of MFC grafted with PCL without PCL matrix and 

evaluate properties with different cellulose content.  
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