
era slairetam desab-oib dna elbadargedoiB  
detaler troppus ot setadidnac gnisimorp  

stcudorp tserof ,ereH .seigetarts ymonoceoib  
siseht siht ,hcus sa ,dna sreyalp yek era  

etisopmocoib fo tnempoleved eht stegrat  
elbawener sa doow gnisilitu yb slairetam  

lacimehc tnereffid siseht siht nI .ecruos  
erew seigetarts gnissecorp dna noitacfiidom  

levon fo noitcudorp eht ni detset  
devorpmi htiw slairetam etisopmocoib  

doow defiidom ro/dna evitaN .ecnamrofrep  
deddebme erew slirbfi)onan( plup cisolullec  

)UP( enahteruylop ,)AVP( lohocla lynivylop ni  
ehT .secirtam )ALP( dica citcalylop dna  

etisopmocoib decudorp eht fo scitsiretcarahc  
noitasilitu lacitcarp rieht etomorp slairetam  

siseht sihT .snoitacilppa fo yteirav a ni  
gnirb taht sgnidnfi cfiitneics wen sniatnoc  

 .yrtsudni tserof eht ot eulav dedda

-o
tl

a
A

D
D

 
2

31
/

 8
10

2

 +j
biai

a*GM
FTSH

9  NBSI 9-1808-06-259-879  )detnirp( 
 NBSI 6-2808-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  
smetsysoiB dna stcudorpoiB fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 n
en

at
ri

V 
an

na
S

 s
la

ir
et

a
mo

ib
 c

ir
e

my
lo

p l
ai

rt
su

dn
i 

ot 
do

o
w 

mo
rF

 y
ti

sr
ev

i
n

U 
otl

a
A

 8102

 smetsysoiB dna stcudorpoiB fo tnemtrapeD

lairtsudni ot doow morF  
 slairetamoib ciremylop

 nenatriV annaS

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  231 /  8102

ciremylop lairtsudni ot doow morF  
 slairetamoib

 nenatriV annaS

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

cilbup a ta ,gnireenignE lacimehC fo loohcS ytisrevinU otlaA  
,8 eitniraaM ,1SA llah erutcel ,ytisrevinU otlaA ta dleh noitanimaxe  

 .noon 21 ta 8102 tsuguA ht01 no oopsE

 ytisrevinU otlaA
 gnireenignE lacimehC fo loohcS

 smetsysoiB dna stcudorpoiB fo tnemtrapeD



 srosseforp gnisivrepuS
 sajoR .J odnalrO rosseforP

 dnalniF ,ytisrevinU otlaA
 

 srosivda sisehT
 itouV iluaS .rD

 dnalniF ,.oC & kcreM
 

 srenimaxe yranimilerP
 eeL gnaY-nooK .rD

 modgniK detinU ,nodnoL egelloC lairepmI
 

 nooM treboR .rD
 ASU ,yrotarobaL stcudorP tseroF ,ecivreS tseroF SU

 
 stnenoppO

 neniäläkeK aniraaK .rD
 dnalniF ,secneicS deilppA fo ytisrevinU airtneC

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  231 /  8102

 
 © 8102   nenatriV annaS

 
 NBSI 9-1808-06-259-879  )detnirp( 
 NBSI 6-2808-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  6-2808-06-259-879
 

 yO aifarginU
 iknisleH  8102

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 nenatriV annaS

 noitatressid larotcod eht fo emaN
 slairetamoib ciremylop lairtsudni ot doow morF

 rehsilbuP  gnireenignE lacimehC fo loohcS

 tinU  smetsysoiB dna stcudorpoiB fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  231 /  8102

 hcraeser fo dleiF  ygolonhceT tcudorpoiB

 dettimbus tpircsunaM  8102 yraurbeF 1  ecnefed eht fo etaD  8102 tsuguA 01

 )etad( detnarg hsilbup ot noissimreP  8102 hcraM 12  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
desuac smelborp latnemnorivne dna ,slairetam war lissof no ecnedneped eht ,htworg noitalupoP  

ecalper ot slairetam evitanretla rof hcraes ot deen labolg a detaerc evah scitsalp desab-lio yb  
eht teem ot sdeen ,revewoh ,egnellahc hcus elkcat ot troffe ynA .slairetam desab-lio lanoitnevnoc  

gnisimorp era slairetam desab-oib dna elbadargedoiB .tnempoleved elbaniatsus fo selpicnirp  
sa ,dna sreyalp yek era stcudorp tserof ,ereH .seigetarts ymonoceoib detaler troppus ot setadidnac  
elbawener sa doow gnisilitu yb slairetam etisopmocoib fo tnempoleved eht stegrat siseht siht ,hcus  

 .ecruos
hguorht ecafrus esolullec devired-doow otni spuorg lanoitcnuf lylis dna yxope fo noitcudortni ehT  
slirbfionan esolullec ecnahne ot etuor suoegatnavda na edivorp ot demees noitacfiidom lacimehc  
)UP( enahteruylop dna )AVP( lohocla lynivylop htob htiw ytilibitapmoc dna ytilibisrepsid )FNC(  
gniknilssorc eht gnisilitu yb depoleved erew setisopmoc AVP detsac-noitulos ehT .secirtam remylop  
sa FNC desidixope gnisU .FNC fo spuorg yxope dna AVP fo spuorg lyxordyh eht neewteb noitcaer  

wol ta ydaerla seitreporp lacinahcem gnidnatstuo htiw setisopmoc decudorp AVP ni tnemecrofnier  
sevitidda gnicrofnier laitnetop tibihxe FNC detalylis eht ,yllanoitiddA .)%.tw 5.1 ot 5.0( slevel  

gnivorpmi yb sgnitaoc UP tnenopmoc-owt desab-tnevlos dna -retaw eht ni sgnidaol wol ta ydaerla  
ot sgnitaoc UP eht fo seitreporp noisehda ehT .ecnatsiser noisarba dna yticitsale ,htgnerts rieht  

FNC devired-doow defiidoM .evitidda sa FNC detalylis eht gnisu nehw deniater llits erew etartsbus  
yllacfiitneics ylno ton era dna ,seitreporp UP dna AVP ot stnemevorpmi latnemadnuf edivorp  

 .tnatropmi yllairtsudni osla tub gnitseretni
nac )PKSB( plup tfark doowtfos dehcaelb deird-reven ,tsiom taht setartsnomed osla yduts ehT  

,noitacfiidom lacimehc tuohtiw )ALP( dica citcalylop htiw dednuopmoc tlem yllufsseccus eb  
hgih ylevitaler htiw PKSB gnisu yB .seitreporp lacinahcem decnahne htiw etisopmoc a ni gnitluser  
noitadarged dna gnittuc erbfi htiw detaicossa skcabward lareneg eht ,gnideef ni tnetnoc erutsiom  
segats gnimusnoc-emit dna evisnepxe eht ,oslA .dehsinimid erew gnissecorp tlem gnirud ALP fo  
ytilibassecorp ehT .etuor noitcudorp siht gnisu yb deliatruc eb nac serbfi plup gniyrd ni devlovni  

lievnu dna noitasilairtsudni erutuf rieht etatilicaf setisopmoc PKSB/ALP eht fo seitreporp dna  
 .snoitacilppa elbisaef yllacimonoce dna yllacinhcet

 sdrowyeK  setisopmoc remylop ,gnissecorp ,noitacfiidom lacimehc ,esolullec

 )detnirp( NBSI  9-1808-06-259-879  )fdp( NBSI  6-2808-06-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  8102

 segaP  031  nru :NBSI:NRU/fi.nru//:ptth  6-2808-06-259-879





 ämletsiviiT
  otlaA 67000 ,00011 LP ,otsipoily-otlaA  if.otlaa.www

 äjikeT
 nenatriV annaS

 imin najriksötiäV
 nihielaairetamoib niisireemylop niisilloet atsuuP

 ajisiakluJ  uluokaekrok nakiinket naimeK

 ökkiskY  sotial nakiinketoib aj nediettoutoiB

 ajraS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  231 /  8102

 alasumiktuT  akkiinketetoutoiB

 mvp neskutiojrikisäK  8102.20.10  äviäpsötiäV  8102.80.01

 äviäpsimätnöym navulusiakluJ  8102.30.12  ileiK  itnalgnE

 aifargonoM  ajriksötiävilekkitrA  ajriksötiäveessE

 ämletsiviiT
tamattuehia neivoum netsiajhopyjlö aj atsienia-akaar atsisiliissof suuvuppiir ,uvsak nötseäV  
ajelaairetam aisiotheothiav äiste neeprat nesiujaalnamliaam teenoul tavo tamlegnoötsiräpmy  

tavo tilaairetam tesiajhopoib aj tavaojahoiB .ajelaairetam aisiajhopyjlö äisietnirep naamaavrok  
iloor nenieksek no alliettout neduusilloetästeM .atiettout aivekut aaigetarts neduolatoib aivaapul  

ajelaairetamittiisopmokoib äättihek ilo aneettiovat najriksötiäv nämäT .asseduolatoib  
 .aneenia-akaar anavutuisuu atuup ällämätnydöyh

allesillaimek naatnip nejutiukonanasoolulles nenimout neimhyrilyylis aj -iskope netsilaanoitknuF  
attuuviposneethy aj attuuvatiogreprid nejutiuk aatnarap iskoniek iutuattioso alleskuakkoum  

neittiisopmok-AVP nejuttelav atseskouiL .assnak )UP( ninaateruylop aj )AVP( nilohoklailyynivylop  
ätsiläv neimhyriskope nasoolulles aj neimhyrilyyskordyh n:AVP niittennydöyh asseskutsimlav  

n:AVP isnarap autiukonan autioskope syäsil nitnesorponiap 5.1-5.0 oJ .atoitkaersutiollisitsir  
taviutuattioso tudiukonanasoolulles tudiolylis söyM .itsävättikrem aiskuusianimo aisinaakem  

assisiajhop-nitouil-isev aniskuusiotip anisiahla oj iskisosenia iskivattijul iskivaapul  
.ättyyvätseksutuluk aj attuusitsale ,attuujul nediin neatnarap assiettionnip-UP ittnenopmokiskak  

niittaartsbus oiseehda nediettionnip-UP aneettijul autiukonanasoolulles autiolylis ässeättetyäK  
aj n:AVP itsävättikrem tavisnarap tudiukonanasoolulles tutakoum itsesillaimeK .äättyliäs niitiov  
 .aivattukiav atsamlukökän atsesilloet ätte ätsesilleeteit äkes tavo teskoluT .aiskuusianimo n:UP
äättyäk itseenutsinno naadiov )PKSB( autiukassamuup aaetsok ätte ,niittetioso asseskumiktuT  

naetsoK .atsuakkoum atsillaimek namli assnak )ALP( niditkalylop assissesorpötsöytalus  
nudiukassamuup naetsoK .aiskuusianimo aisinaakem n:ALP söym isnarap syäsil nudiukassamuup  

n:ALP aj atsimutuokklip nejutiuk isnehäv asseehiavöttöys neskutsimlav nitiisopmok öttyäk  
atiillak äätnehäv apatsutsimlav ämäT .atietsaah äivyttiil nöötsöytalus äisiely tavo aktoj ,atsimaojah  

aj suuvatiossesorp neittiisopmok PKSB/ALP .atiehiavsuaviuk nasoolulles äiveiv aakia aj  
aj itsesinket tavaava aj assavaakattim assesilloet aottonööttyäk nediin tavattopleh teduusianimo  

 .aiskullevos aisiopleksimattuetot itsesilleduolat

 tanasniavA  titiisopmokireemylop ,itniossesorp ,suakkoum nenillaimek ,asoolulles

 )utteniap( NBSI  9-1808-06-259-879  )fdp( NBSI  6-2808-06-259-879

 )utteniap( NSSI  4394-9971  )fdp( NSSI  2494-9971

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  8102

 äräämuviS  031  nru :NBSI:NRU/fi.nru//:ptth  6-2808-06-259-879





i 

Acknowledgements  

The research work was carried out at VTT Technical Research Centre of Finland Ltd. The fi-
nancial support from VTT, Tekes (the Finnish Funding Agency for Technology and Innova-
tion), and industrial partners for the Naseva and ACel (the Clic Innovations Ltd.) projects is 
gratefully acknowledged.  

I wish to specifically thank Prof. Orlando Rojas for giving me opportunity to work under his 
supervision and for his time and constructive suggestions to accomplish my thesis and improve 
its quality. I would like to extend my warmest gratitude to my thesis advisor Dr. Sauli Vuoti for 
valuable discussions, support, motivation and guidance during my research and thesis. I also 
want to thank my thesis pre-examiners Adjunct Prof. Koon-Yang Lee and Prof. Robert J. Moon 
for the careful review of the thesis manuscript and for their valuable comments that have made 
the thesis better.  

My research and thesis have been supported and enriched by many people. I would like to 
say a big thank you to my co-authors Lisa Wikström, Saila Jämsä, Kirsi Immonen, Harri Heik-
kinen, Riku Talja, Jari Vartiainen, Panu Lahtinen, Tekla Tammelin, Kirsi Immonen, Elias 
Retulainen, Harri Setälä, and Upi Anttila for constructive input, valuable criticism and contri-
bution to the published papers included in this thesis. I want to express my gratitude to all 
former colleagues from VTT for creating an excellent and innovative working atmosphere. Es-
pecially, I would like to thank Marjo Ketonen, Heidi Peltola, Mirja Nygård, Jani Pelto, Mika 
Paajanen, Juha Nikkola, Marjaana Karhu, Mikko Karttunen, Tommi Vuorinen, Satu Pasanen 
and Antti Pasanen for your assistance, support and kindness. I am also thankful to all my co-
workers at the Finnish Allergy, Skin and Asthma Federation for their support and encourage-
ment.  

I want to express my thanks to all my family members and friends for giving me support and 
happiness in life. Finally, I would like to express my gratitude to my lovely parents Kerttu and 
Heikki for their guidance and unconditional support in life from childhood to adulthood. The 
greatest gratitude belongs to my lovely husband Daniel. He has stayed by my side, giving me 
strength and encouragement to take up challenges on the road of life. My dream of earning a 
PhD would not have been achieved without your support, patience and trust.  
 
 
Sanna Virtanen 
 
Helsinki, June 2018





 

iii 

Contents 

Acknowledgements ................................................................................... i 

Contents .................................................................................................. iii 

List of Abbreviations and Symbols ........................................................... v 

List of Publications ................................................................................ vii 

Author’s Contribution ............................................................................ ix 

1. Introduction .................................................................................. 1 

 Scope of the thesis..................................................................... 2 

2. Background ................................................................................... 5 

 Wood pulp fibres: from macroscopic to molecular level .......... 5 

 Cellulose .................................................................................... 6 

 Nanocellulose ............................................................................. 7 

 Reactivity and chemical modification of cellulose.................... 8 

 Cellulose in biocomposites ...................................................... 11 

 CNF in bionanocomposites ...................................................... 14 

 Surface-modified CNF in polymer composites ........................ 16 

3. Experimental ............................................................................... 19 

 Materials and methods ............................................................ 19 

3.1.1 Cellulose ................................................................................... 19 

3.1.2 Polymeric matrices ............................................................... 19 

3.1.3 Preparation of cellulose derivates ....................................... 20 

3.1.4 Preparation of composites ................................................... 21 

3.1.5 Characterisation .................................................................. 22 

4. Results and discussion ............................................................... 25 

 Cellulose chemical modification ............................................. 25 

4.1.1 Epoxidised cellulose and degree of substitutionI-II ................. 25 

4.1.2 Silylated cellulose and degree of substitutionIII .................. 28 

4.1.3 Application of cellulose derivates in polymer matrices ...... 30 

5. Conclusions and future outlook ................................................. 45 

References ............................................................................................. 47 



 

 

 



 

v 

 

List of Abbreviations and Symbols 

AGU Anhydroglucose unit 

13C NMR Carbon nuclear magnetic resonance spectroscopy 

CAB Cellulose acetate butyrate 

CNC Cellulose nanocrystals 

CNF Cellulose nanofibrils 

BNC Bacterial nanocellulose 

BSKP Bleached softwood kraft pulp 

DS Degree of substitution 

DSC Differential scanning calorimetry 

FTIR Fourier transform infrared spectroscopy 

HDMS Hexamethyldisilazane 

ΔHm Melting enthalpy 

HMB Hexamethylbenzene 

HPMC Hydroxypropylmethylcellulose 

MFA Microfibril angle 

MFC Microfibrillated cellulose 

MMD Molar mass distributions 

NaOH Sodium hydroxide 

NCC Nanocrystalline cellulose 

NFC  Nanofibrillated cellulose 

NRPC Naturally reinforced plastic composites 

OP Oxygen permeability 

OTR Oxygen transmission rate 

PCL Polycaprolactone 



 

vi 

PF Phenol formaldehyde 

PI Polydispersity index  

PLA Polylactic acid 

PS Polystyrene 

PU Polyurethane 

PVA Polyvinyl alcohol 

PVC Polyvinyl chloride 

SEC Size exclusion chromatography 

SEM Scanning electron microscopy 

SR Schopper-Riegler value 

TEMPO (2,2,6,6-Tetramethyl-piperidin-1-yl)oxyl 

Tg Glass transition temperature 

Tm Melting temperature 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

UV-VIS Ultraviolet–visible spectroscopy 

WPC Wood plastic composites 

WVP Water vapour permeability 

XPS X-ray photoelectron spectroscopy



 

vii 

List of Publications 

This doctoral dissertation consists of a summary and the following publications which are 
referred to in the text by their numerals: 

Publication I 

Virtanen, S., Vartiainen, J., Setälä, H., Tammelin, T., Vuoti, S. 2014. Modified nanofibrillated 
cellulose-polyvinyl alcohol films with improved mechanical performance. RSC Adv. 4, 11343-
11350. DOI: 10.1039/c3ra46287k  

Publication II 

Virtanen, S., Vuoti, S., Heikkinen, H., Lahtinen, P. 2014. High strength modified 
nanofibrillated cellulose-polyvinyl alcohol films. Cellulose 21, 3561-3571. DOI: 
10.1007/s10570-014-0347-7 

Publication III 

Virtanen, S., Jämsä, S., Talja, R., Heikkinen, H., Vuoti, S. 2016. Chemically modified 
cellulose nanofibril as an additive for two-component polyurethane coatings. J. Appl. Polym. 
Sci. 44801, 1-14. DOI: 10.1002/APP.44801  

Publication IV 

Virtanen, S., Wikström, L., Immonen, K., Anttila, U., Retulainen, E. 2016. Cellulose kraft 
pulp reinforced polylactic acid (PLA) composites: effect of fibre moisture content. AIMS Mater. 
Sci. 3(3), 756-769. DOI: 10.3934/matersci.2016.3.756





 

ix 

Author’s Contribution 

I The author had the main responsibility for planning the work, interpreting the 
results and writing the publication under the supervision of Dr. Sauli Vuoti. The 
author had the main responsibility for the sample preparation and sample 
analysis with SEM, DSC, light transmittance and tensile test measurements. Dr. 
Jari Vartiainen had the main responsibility for the barrier analysis of the 
samples. Dr. Harri Setälä participitated in planning the work and provided 
guidance on cellulose sample preparation. Dr. Tekla Tammelin commented on 
the manuscript and help authors improve the paper.  

II The author had the main responsibility for planning the work, interpreting the 
results and writing the publication under the supervision of Dr. Sauli Vuoti. The 
author had the main responsibility for the sample preparation. The author 
carried out tensile test analysis of the samples. M.Sc. Harri Heikkinen had the 
main responsibility for the NMR analysis of the cellulose samples. M. Sc. (Tech.) 
Panu Lahtinen carried out defibrillation of cellulose fibres and reactive refining 
experiments. 

III The author had the main responsibility for interpreting the results and writing 
the publication under the supervision of Lic.Phil. Saila Jämsä and Dr. Sauli Vuoti. 
The author performed the mechanical analysis of the samples. Lic. Phil. Saila 
Jämsä had the main responsibility for planning the work for coatings parts in co-
operation with the author and Dr. Sauli Vuoti. The sample preparation was 
performed by laboratory personnel at VTT in assistance with the author. Dr. Riku 
Talja had the main responsibility for the barrier analysis of the samples. M.Sc. 
Harri Heikkinen carried out the NMR analysis of the samples. 

IV The author had the main responsibility for interpreting the results and writing 
the publication together with M.Sc. Lisa Wikström, M.Sc. Kirsi Immonen and Dr.  
Elias Retulainen. The author participated in planning the work together with 
other authors. The author had the main responsibility for the SEM and 
mechanical analysis of the samples. B.Eng. Upi Anttila carried out the thermal 
processing of the samples. 





Introduction 

1 

 

1. Introduction 

Population growth, climate issues, landfilling, environmental awareness and sustainability are 
all driving the development of a bio-based economy and green technology. Eventually, non-
renewable resources will become scarce, and they even currently cause immediate harm to the 
environment. The use of eco-efficient and bio-based materials that can partly or exclusively 
replace petroleum-based products is becoming more important than before. There is an urgent 
demand for replacing petrochemical derivates with renewable resources to overcome global 
warming and oil crisis issues.  

Plastics are present in our daily lives and can be found in a range of products. Plastics play 
an important role in almost every field, for example in packaging, building and construction, 
automotive industry, agriculture, pharmaceuticals and electronics. The popularity of plastics 
is underlined by their low cost, versatility and favourable properties such as durability and 
processability.1 The global production of plastics reached 322 million tonnes in 20152 and is 
expected to grow even further. Petroleum-based plastics account for the majority of 
commercial plastics, while bioplastics represent a share of only around 1% in the total 
production of plastics.3 The petroleum-derived plastics industry is burdened with the price 
volatility of petroleum, fast depletion of natural resources, plastic waste generation and waste 
disposal issues, increased carbon dioxide emissions, and global warming.  Each year, the 
majority, or 93%, of the 34 million tonnes of globally consumed plastics end up in landfills and 
in the oceans.4 In the last two decades, sustainable alternatives have been pursued to replace 
non-biodegradable petroleum-derived plastic waste that accumulates in the natural 
environment. Bioplastics comprising biobased and/or biodegradable plastics have gained 
increased attention from environmental perspectives. Environmental advantages, such as 
biodegradation, make bioplastics attractive to the industry and the consumer. The global 
production of bioplastics is growing as the number of producers is increasing and new 
application fields are discovered.  

Today, the forest industry is going through a new era of development of new value-added 
wood-based products in addition to the conventional wood products. New green technologies 
enable the full use of wood compounds in a wide range of applications. Natural polymers such 
as cellulose have been reviewed and identified as promising sustainable materials for the 
design of novel, even highly valuable, biomaterials with tailored properties. The nanocellulose 
market is estimated to reach the value of 250 million dollars by 2019 with a CAGR of 19% 
between 2014 and 2019.5 At the same time, there is a predominant trend of using natural fibres 
as reinforcement and biobased or biodegradable plastics as matrices to produce 
biocomposites. The performance and application development of biocomposites, often 
referred to as natural fibre composites, wood plastic composites (WPC) or naturally reinforced 
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plastic composites (NRPC) is a rapidly growing field. In 2012, 352,000 tonnes of the wood-
based (74% of the market share) and natural fibre-based (26% of the market share) composites 
were produced in the European Union. The automotive industry’s share was 38% of the WPC 
used in 2012 .6 Using biocomposites in the automotive sector enables reducing the 
environmental impact; moreover, weight reduction is also achieved by replacing the high-
density glass fibres with low-density natural fibres. The global market of wood plastic 
composites (WPC) is expected to reach 1728.9 kilotons in 2019 with a CAGR of 10.5% between 
2014 and 2019.7 In the coming years, Asia-Pacific is expected to be the biggest biocomposites 
market due to environmental issues and growing automotive, construction and manufacturing 
sectors.8 Biofibres, such as cellulose fibres, are seen as environmentally friendly substitutes for 
carbon and glass fibres in plastic composites. Although cellulose fibres have many advantages 
for composite production, such as availability, renewability and low weight, they also have 
some limitations, including high hydrophilicity due to their large number of hydroxyl groups, 
resulting in poor compatibility to the often-hydrophobic polymer matrix and relatively high 
moisture absorption. Poor fibre-matrix adhesion decreases the mechanical performance and 
makes it vulnerable to, e.g. water absorption and weathering, and thus the natural fibre 
reinforced biocomposite does not always meet the material requirements of the targeted 
application. In addition, bioplastics have some limitations, such as poor processability and 
mechanical properties. A modification of biofibres is one strategy that has been employed to 
enhance the interaction/adhesion between biofibre and polymer matrix, improve the 
performance of matrix material, and thus expand the overall performance of the biocomposite. 
Further research is needed to overcome property challenges related to the biocomposites, 
increase their processability and develop a competitive biomaterial with desired properties. 
For example, modification of cellulose fibres is viewed as a potential method for changing 
cellulose fibre properties and improving their adhesion with various polymer matrices. At its 
best, cellulose derivative, such as cellulose esters, can be thermally processable material with 
plastic character that opens new application possibilities. 

The forest industry can develop and produce renewable and more sustainable materials that 
support bio-economic policies. Approximately 70% of Finland is covered in forest. The forest 
industry has a remarkable impact on the Finnish economy. Approximately one fifth of 
Finland’s export comes from the forest-based bioeconomy. The Finnish forest cluster has set a 
target to double the value of forest products and services by 2030 from that of 2006. 
Biopolymers such as cellulose could provide a potential sustainable choice in the development 
of commercial products with improved properties in line with the “green” values. To exploit 
the beneficial properties of wood-derived cellulose, advanced fabrication needs to be 
developed.  

 

 Scope of the thesis 

 
This thesis comprises the results reported in four publications (I-IV). The aim of the thesis was 
to develop value-added wood cellulosic pulp - polymer composites to replace the existing non-
renewable petroleum-based plastics. The objective of the developed wood cellulosic pulp- 
polymer composites was to pursue improved final characteristics, good processability, thermal 
formability or biodegradability. To reach the goal, different approaches were used. First 
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approach included the development of an optimised chemical modification route of cellulose 
to enhance its compatibility and affinity with the polymer matrix (publications I-III). The 
second approach included the development and optimisation of thermal processing of 
cellulose-based PLA biocomposite (publication IV). Macroscopic wood pulp cellulose fibres 
without chemical modification were used in the hydrophobic (PLA) polymer matrix 
(publication IV). Cellulose nanofibrils with and without chemical modifications were used as 
additives both in hydrophilic (PVA) (publication I-II) and hydrophobic (PU) (publication III) 
polymer matrices. The influence of cellulose fibre reinforcements on the overall properties of 
the prepared polymer composites were examined and potential applications were considered. 
Solution casting, extrusion and injection moulding methods were used to prepare wood 
cellulose - based polymer composites. 

In publications, I-II, epoxidation modification route for kraft pulp derived cellulose 
nanofibrils (CNF) were utilised to improve CNF adhesion with the polymer matrix, herein 
polyvinyl alcohol (PVA). The casting method was applied to prepare PVA nanocomposite films 
reinforced with native and modified CNF. PVA was chosen as the matrix polymer due to on 
one hand its water-solubility and biodegradability, and on the other its good compatibility with 
native cellulose even without chemical modification. The study aimed to show the 
reinforcement effect of the epoxidised CNF already at low concentrations. The reactivity of 
PVA’s hydroxyl groups and the epoxy groups of CNF were exploited.  The effect of the chemical 
modification of CNF on the mechanical, barrier, thermal and optical properties of PVA were 
investigated. The work proved that the crosslinking efficiency between CNF and PVA resulted 
in a nanocomposite with outstanding mechanical properties achieved already at very low 
loadings (1 wt.%) of the epoxidised CNF. These novel composites can be utilised in a wide range 
of applications, e.g. packaging, wash-away bags and coatings that require high strength 
properties. In publication II, the modified CNF reinforced PVA composites were designed with 
respect to the findings in publication I. In publication II, the influence of the degree of 
substitution and chemical properties of epoxidised CNF on the mechanical properties of PVA 
was studied to optimise the structural-property characteristics.  The work also evaluates the 
industrial and economic feasibility of the nanocomposite produced via reactive refining of 
epoxidised CNF in PVA in a one-step process. 

Biopolymers such as cellulose offer a sustainable option for improving the properties of 
commercial products. For instance, polyurethane coatings play a significant role in many 
applications such as coatings. At the same time, the industry perceives new applications and 
utilisation of sustainable materials as more important than before. The capability of the 
silylated CNF from kraft pulp for improving the properties of commercially available water- 
and solvent-based two-component polyurethane (PU) coating formulations with and without 
nanosilica was evaluated in publication III. As, the dispersion stability of nanosilica in coating 
formulations remains a challenge, publication III examines if the dispersion stability of 
nanosilica could be improved with the addition of silylated CNF, but the potential of silyl 
functionalised CNF to fully replace nanosilica in PU coatings was also studied. Adhesion and 
barrier properties, abrasion resistance and mechanical properties of the PU/ CNF derivate 
nanocomposite coatings were investigated. The work introduces the silylated CNF as an 
attractive additive even at low loadings in PU coatings.  

Even though polylactic acid (PLA) reinforced biocomposites are considered attractive 
sustainable materials, there are some limitations that need to be solved to achieve the full 
utilisation potential for targeted applications. The degradation of PLA, moisture absorption of 
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cellulose pulp fibres together with fibre cutting and uneven dispersion of fibres in polymer 
matrix, deteriorates the overall properties of the biocomposite. In publication IV, the effect of 
bleached softwood kraft pulp (BSKP) fibres with relatively high moisture contents were 
employed in the melt processing of PLA compounds. The effect of moist BSKP on the molecular 
weight of PLA, fibre length and the mechanical properties of PLA/BSKP composites were 
investigated.
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2. Background 

 Wood pulp fibres: from macroscopic to molecular level 

Wood has a complex hierarchical structure composed of cellulosic and non-cellulosic 
constituents. A wood fibre comprising live and dead cells in the wood is often presented as a 
hollow, layered structure. Softwood fibre dimensions differ from hardwood fibres. Softwood 
fibres are longer than hardwood fibres, having a length of 2-4 mm as compared to that of 0.7-
1.2 mm of hardwood fibres. The width of Scandinavian softwood fibres ranges between 20-40 
μm, while hardwood fibres have a width of 10-30 μm.9,10 Macroscopically, the majority of wood 
fibres are in the xylem layer of the wood .11 At the micrometre scale (1-10 mm), wood is a cellular 
material composed of wood cells, namely tracheids and vessels also referred to as pores or 
fibres.12 Tracheids can be described as elongated hollow tubes. Vessels only exist in hardwoods. 
Performing as structural elements in the softwood, tracheids account for over 90% of the whole 
cellular structure.11,13,14,15,16 In hardwoods, tracheids account for a volume fraction of 50%.17 
Figure 1 shows the wood hierarchical structure.  

The several micrometres thick cell wall of the wood fibres is composed of various layers with 
variable contents of cellulose, hemicellulose and lignin. The middle lamella (M), primary wall 
(P), three-layered secondary wall (S), and the warty layer (W) represent the four cell wall layers 
of the wood fibre.13 The secondary cell wall (S) is organised into three layers: the outer (S1), 
middle (S2) and inner (S3) layers. The middle (S2) layer forms the major part (around 70%) of 
the cell secondary wall thickness and has the greatest impact on the mechanical performance 
of the wood fibre. 18,19 The cell wall structure of wood fibres is presented in Figure 2.  

In order to achieve the desirable chemical composition or physical structure for the desired 
application, the wood fibre is usually treated with different processes. For example, in the 
chemical pulping process, the major part of lignin and hemicellulose are removed from the 
wood fibre. Sulphate kraft pulping process produces bleached, delignified cellulose-rich wood 
pulp fibre with a cellulose content of 85 % and a hemicellulose content of 15 %.20  

At the nanoscopic level, wood can be viewed as a nanocomposite composed of 2.5 nm-thick 
cellulose microfibrils that are covalently embedded in a matrix of hemicellulose and lignin.21 
Typically, the majority of the cellulose microfibrils are not parallel to the cell axis that results 
in the formation of the microfibril angle (MFA) between the cellulose microfibrils and the 
longitudinal cell axis. In the S2 layer, the MFA plays a crucial role in determining the 
mechanical and physical characteristics of the wood fibres.22,23,24,25  

At the molecular level, cellulose is the main chemical component in wood fibres comprising 
40-45% of Scandinavian softwood and hardwood fibres. Other chemical constituents of wood 
fibres are hemicellulose and lignin with the concentrations of 25-35% and 20-30%, 
respectively, the contents varying between hardwoods and softwoods.26   
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Figure 1. Graphical illustration of the hierarchical structure of wood: from tree to cellulose.27  

 

 

Figure 2. The cell wall structure of wood fibres.28 

 

 Cellulose  

Cellulose represents the most abundant natural polysaccharide. Cellulose is a hydrophilic, 
linear and semi-crystalline polymer with high molecular weight (540,000-1,800,000 g/mol). 
It occurs in the fibre form with fibre lengths ranging from 0.5 mm up to several millimetres. 
Cellulose in wood fibres is made up of a linear chain of repetitive D-glucopyranose units linked 
together by β-1-4 glycosidic bonds.11,14,29 In native wood, each cellulose molecule is composed 
of 8,000-10,000 glucose units also referred to as anhydroglucose units (AGU).30 
Van der Waals and intramolecular hydrogen bonding between hydroxyl groups and oxygens of 
cellulose molecules boost parallel stacking of cellulose chains producing elementary fibrils that 
further aggregate into larger microfibrils with the diameter of 5-50 nm and length of several 
micrometres. At the structural level, the microfibrils spirally attached to one another within a 
three- layer cell wall structure build up the cellulose fibres.14,31 Cellulose fibrils, representing 
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the reinforcement phase in trees, are composed of highly ordered (crystalline) and disordered 
(amorphous) regions.31 Usually, wood cellulose is 60-70% crystalline.32 The amorphous region 
of cellulose has greater water absorption tendency than crystalline region due to its higher 
accessibility. The key features of cellulose, such as reactivity, mechanical properties, water 
absorption and biodurability, are affected by the crystallinity of cellulose.33   

Cellulose has at least five allomorphic forms. Cellulose I is an allomorph found in nature. 
Both intramolecular and intermolecular hydrogen bonding exists in cellulose molecules as 
shown in Figures 3 and 4. Cellulose can be considered a relatively stable polymer due to the 
intra- and inter-chain hydrogen bonding which also gives the cellulose fibrils high axial 
stiffness.31,34 

 

 

Figure 3. Intramolecular hydrogen bonding in cellulose molecules.35 

 

Figure 4. Intermolecular hydrogen bonding in cellulose molecules.35 

 

 Nanocellulose  

Cellulose nanofibrils have been  investigated as a novel class of high-performance bio-based 
nanomaterials due to their renewability, biodegradability, extraordinary mechanical 
properties, high stiffness (29-145 Gpa), a large specific surface area of 482 m2/g and 
lightweight character (density ca. 1.5 g/cm3), and possible additional 
functionalities.29,36,37,38,39,40,41 The term “nanocellulose” is used to describe a wide range of 
nanoscale cellulosic materials with a fibril particle width less than 100 nm. There are different 
raw material sources e.g., woods, plants, bacteria, as well as production methods for 
nanocellulose.42,43,44,45 Nanocellulose comprises three major groups of materials, namely 
cellulose nanofibrils (CNF) or nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC) or 
nanocrystalline cellulose (NCC), and bacterial nanocellulose (BNC).29 CNF exhibit diameters 
in the nanometre range and lengths up to several micrometres.43 



Background 

8 

Two approaches can be used to produce nanocellulose: top-down and bottom-up. The top-
down approach is used to disintegrate filament-like or “spaghetti-like” cellulose nanofibrils 
from (ligno)cellulosic biomass via mechanical shearing methods such as ultrasonication, high-
pressure homogenisation, grinding, micro-fluidisation, cryo-crushing or milling in 
combination with enzymatic and/or chemical pre-treatments.45,46,47,48,49,50,51,52  For example, 
chemically processed cellulose-rich wood pulp fibres can be mechanically delaminated to form 
cellulose nanofibrils with a width of 5-20 nm and length between 2 and 10 μm.43,49,53,54 
Production of wood-derived nanocellulose from (lignocellulosic) biomass was first reported by 
Wuhrmann et al.55 Later, Herrick et al.56 and Turbak et al.43 used high-pressure homogenisers 
to disintegrate wood pulp into cellulose nanofibrils with a diameter of 10 nm. Currently, high-
pressure homogenisation and microfluidisation represent the main methods of production of 
CNF.  

Rod-like or “rice-like” cellulose nanocrystals (CNCs) are isolated via acid hydrolysis, 
enzymatic treatment, hydrothermal treatment, ultrasonication and mechanical methods, or 
combinations thereof.57, 58,59 In the bottom-up production, bacterial nanocellulose (BNC) is 
formed by bacterial synthesis.44 

Many terms have been used in the literature to describe nanocellulose. Due to the fact that 
new production methods for nanocellulose are constantly developed, the TAPPI Organisation 
has proposed a new standard terminology for nanocellulose that categorises cellulose 
nanomaterials by their properties, not by their manufacturing methods. In the TAPPI 
standard, nanocellulose is categorised into cellulose nanofibres and cellulose nanostructured 
materials. Cellulose nanofibres are sub-grouped into nanocrystalline cellulose and 
nanofibrillar cellulose (NFC, or cellulose nanofibrils, CNF). Cellulose nanostructured materials 
are sub-divided into microcrystalline cellulose (or cellulose microcrystals) and microfibrillar 
cellulose (MFC, or cellulose microfibrils CMF).60  

This thesis focuses on wood pulp and cellulose nanofibrils obtained from wood pulp applied 
in the production of cellulose derivates and biocomposites. The terms “nanofibrillated 
cellulose” (NFC) (publications I-II) and “cellulose nanofibrils” (CNF) (publication III) have 
been used to describe wood-derived nanocellulose produced from never-dried kraft pulps via 
the top-down approach.  

 Reactivity and chemical modification of cellulose  

Three reactive hydroxyl groups (-OH) in each AGU unit of cellulose enable its chemical 
modification to cellulose derivates. Usually, the hydroxyl groups at the C2 and C3 positions act 
as secondary alcohols and the hydroxyl group at the C6 position acts as a primary alcohol.35 
Degree of substitution (DS) is used to express the average number of OH groups replaced by 
the substituent per AGU unit in a cellulose molecule. DS ranges from 0 to 3. In case all the 
hydroxyl groups are substituted per AGU by chemical reaction, the degree of the substitution 
of cellulose is expressed as 3.0.61 In general, the majority of the cellulose derivates can be 
considered as “cellulosic random block copolymers” because of the natural heterogeneity of 
cellulose, which causes the accessibility variation of the same reagent depending on the part of 
the cellulose fibril. In addition, the chemical modification reactions of cellulose usually occur 
under heterogeneous conditions where the solid cellulose is suspended in a liquid reaction 
medium. Taking into account the heterogeneity of cellulose and heterogenous modification 
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conditions, the DS value of these derivate “block” copolymers is neither zero or 3. These 
copolymers can contain both fully substituted and non-substituted AGU units.35  
   The position of three types of hydroxyl groups determines the reactivity of cellulose and is 
usually expressed as OH-C6 >> OH-C2 >> OH-C3.62 Under heterogenous reaction conditions, 
the reactivity of the three OH groups on the cellulose backbone is influenced by different 
factors such as steric effects produced by the reacting agent, inherent chemical reactivity of the 
OH groups, and steric effects caused by the supramolecular structure of cellulose.61 For 
example, in the esterification reaction, the hydroxyl groups at the C6 position react 10 times 
faster than other hydroxyl groups at the C2 or C3 positions.35 

Despite the many advantageous properties of cellulose, it also includes some drawbacks, such 
as poor dimensional stability, poor solubility in common organic solvents, lack of 
thermoplasticity, poor crease resistance, and high hydrophilicity, which is not a desirable 
property for many hydrophobic composite applications. Chemical modification is one way to 
overcome these disadvantageous properties of cellulose.35,63 Because of the hydrophilicity of 
CNF, it usually forms non-uniform dispersions in non-polar polymer media. Through chemical 
modification, different functional groups can be introduced to cellulose molecules to improve 
the dispersibility and compatibility of CNF with a variety of polymer matrices used, e.g. in 
coatings and composites, but also to give new functionalities to the cellulose without destroying 
its many beneficial intrinsic properties.35,64  

The utilisation of chemical modification in order to give new functionalities to cellulose dates 
back to 1870 when the first thermoplastic polymeric material called celluloid (cellulose nitrate 
plasticised with camphor) was produced via esterification.65 Esterification is a widely used 
modification hydrophobisation method of the cellulose surface due to its simplicity and 
straightforwardness. In the esterification reaction, an ester functional group (O-C=O) is 
introduced into the cellulose surface by condensation of the reacting agents such as carboxylic 
acid, acid anhydrides or acyl chlorides with a cellulosic alcohol group. Among esterification 
reactions, acetylation reaction is one of the most widely explored esterification method for 
nanocellulose surface modification. In the acetylation reaction, an acetyl functional group 
CH3-C(=O)- is introduced into the surface of cellulose retaining its nanofibrillar structure. This 
reaction has been employed in the preparation of commercially important cellulose esters such 
as cellulose acetate.66,67 Acetylation reaction follows two routes, the ‘fibrous process’ or the 
‘homogeneous process’, depending on the presence or absence of a non-swelling diluent. In the 
‘fibrous process’, the addition of diluents, such as toluene, to the reaction medium keeps the 
acetylated chains insoluble and a high degree of acetylation can be achieved without changing 
the morphology of nanocellulose. The ‘homogeneous process’ is implemented without using 
diluents, and acetylated chains are solubilised in the reaction medium right after their 
formation and thus resulting in significant morphological changes prior to concomitant 
dissolution at extensive acetylation.66,67  

Some reports on the esterification of the surface of CNF can be found.68,69 Jonoobi et 
al.69acetylated bleached cellulosic fibres prior to mechanical disintegration. This approach 
facilitated the production of CNF with a higher DS (1.07) and the contact angle value of 114°. 
The result indicates that a high modification level of cellulosic fibres and nanofibres is attained 
and does not merely occur at the fibre surface due to the decrease of the crystallinity index of 
the nanofibres. Acetylation has been also used to improve the barrier properties of CNF films.70 
These prepared acetylated CNF films exhibited the oxygen transmission rate like those of 
common packaging materials even though no significant improvements in mechanical 
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properties were accomplished.  Missoum et al.71 successfully used solvent exchange in ionic 
liquids with anhydrides for chemical surface esterification of CNF to increase its hydrophobic 
characteristics. 
Another widely-used way to modify cellulose chemically is etherification. For example, methyl 
cellulose and carboxymethyl cellulose represent commercially important cellulose ethers.63  

Different cellulose surface modification methods, such as polymer grafting, cationisation, 
TEMPO oxidation, esterification and silylation, have been reported for nanocellulose (Figure 
5).72,73,74,75,76 Two approaches have been applied and adopted in modifying and tuning the 
surface of nanocellulose: non-covalent surface modification via physical interactions or 
adsorption of molecules or macromolecules, i.e. surfactants, oppositely charged entities or 
polyelectrolytes, onto nanocellulose surface (1) or via chemical interactions through the 
formation of covalent bonds between cellulose substrate and the grafting agent (2).66,67 In the 
surface adsorption strategy, the physical interactions with the nanocellulose substrate are 
ensured through hydrophilic affinity, electrostatic attractions, hydrogen bonds or van der 
Walls forces.67 

The use of coupling agents provides another important method for modifing the surface 
properties of CNF through chemical grafting with, e.g. silane reagents in aqueous media. In 
this so-called silylation reaction, a substituted silyl group (R3Si) is introduced into the surface 
of nanocellulose.  For example, triethoxysilane coupling agents undergo hydrolysis and 
condensation and form ≡Si–OH– bearing oligomers. The oligomers can form hydrogen bonds 
with hydroxyl groups of cellulose leading condensation and formation of Si–O–C bonds.77 
Goussé et al.78 succeeded to surface silylate CNF with isopropyl dimethylchlorosilane in 
toluene under mild conditions maintaining their morphology. These silylated-CNF were 
dispersible in a non-flocculating manner into non-polar organic solvents and formed stable 
suspensions. Later, Andresen et al.79 prepared hydrophilised silylated-CNF using the same 
silylation agent as reported by Goussé et al.78 The study showed that overly harsh reaction 
conditions may lead to partial solubilisation of CNF and even loss of nanostructure of cellulose.  

In this thesis, a molecule chemical grafting strategy was used to introduce an epoxy 
functional group (publications I and II) or silyl functional group (publication III) onto the 
surface of cellulose without losing its nanostructure.   
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Figure 5. Common surface covalent chemical modifications of cellulose nanocrystals. PEG: 
polyethylene glycol (PEG), polyethylene oxide (PEO), polylactic acid (PLA), polyacrylic acid 
(PAA), poly(N-isopropylacrylamide) (PNiPAAm), poly(N,N-dimethylaminoethyl methacry-
late) (PDMAEMA).72 

 

 Cellulose in biocomposites 

In practise, all natural materials, such as bone and wood, are composites with hierarchical 
structure and outstanding properties compared to man-made composites. A structure-
property relationship is clearly shown by the natural composites. The hierarchical assembly 
provides fracture toughness and better energy dissipation within the natural composite when 
outside force is applied.80,81 Attempts to mimic the assembly and properties of natural 
composites in the manufacturing of engineered composites have been reported.82  

Biocomposites comprising one or more phase(s) derived from biological origin83 are 
fascinating materials since they combine characteristics of two or more different materials and 
can be produced without using toxic chemicals. Usually, a composite is composed of a stiffer, 
discontinuous phase that plays the role of reinforcement or filler (such as biofibre) and a softer 
continuous phase that is a resin or polymer matrix. The components of a composite are not 
soluble to one another and can be distinguished from one another.33,80,82,84 Lately, there has 
been an increasing global trend to use low-cost and renewable biofibres as reinforcements in 
the polymer biocomposites. Biofibres are categorised into three types: lignocellulosic fibres 
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(such as cellulose, wood and natural fibres), nanocellulose (such as cellulose nanofibrils or 
cellulose nanocrystals), and bacterial cellulose.33 Polymer matrices used in the production of 
biocomposites can be conventional petroleum-based thermoplastics/thermosets or bio-based 
polymer/resins.33 Polymer matrix has an important impact on determining the final properties 
of biocomposites. Thermoplastic polymer has many benefits over thermoset polymers, such as 
ease of processing, low processing costs, design flexibility and good mechanical properties.85  

Natural polymers like cellulose exhibit greater tensile strength and moduli compared to 
engineered polymers, excluding Kevlar fibre, with covalent bonding and a highly oriented 
molecular structure akin to natural polymer fibres.86,87,88 Biofibre-based composites are 
attractive “green” materials owing to their biodegradability, lower impact on the environment, 
lower manufacturing cost, low density yet higher mechanical strength and stiffness than glass 
fibres. Over the years, biofibres-filled petroleum-based thermoplastics and thermosetting 
polymers have been widely used in the production of composite materials.89,90, 91,92,93,94  

Wood fibres are the most abundantly used cellulose fibres in paper, paperboard and 
composite industries due to their large availability, low cost and specific characteristics such 
as high strength-to-weight ratio.11  Most wood fibres representing the largest cellulose particle 
types are applied in paper and paperboard applications, while roughly 20% of wood fibres are 
used for the preparation of composites.95,96,97,98 The purified wood fibre particles, such as 
dissolving pulp and bleached kraft pulp comprising individual wood cells with diameter of 
dozens of micrometres and millimetres in length, have high cellulose content and a relatively 
low crystallinity (43-65%).31,99,100 Composites based on wood- and plant-derived cellulose 
fibres represent an emerging and promising class of materials.101,102,103  Cellulose is utilised for 
reinforcement in composites due to its relatively high strength, high aspect ratio, lower density, 
high thermal stability, high tensile strength and stiffness, high durability and good mould 
capability.104 In addition, cellulose fibres have other benefits such as renewability, 
biodegradability, abundance, biocompatibility, affordability, good mechanical properties and 
low abrasive nature.104  

One of the major aspects to consider in the development of wood-plastic composites 
containing natural fibres such as wood fibres involves the thermal degradation of the fibres 
during extrusion at temperatures higher than 200 °C.105 Finding an appropriate processing 
temperature in the production of wood-plastic composites is crucial since the thermal 
treatment changes wood physically106 and chemically107,108. Often, a better dispersion of fibres 
and improved fibre-matrix interfacial interaction is attained by using tougher compounding 
conditions. However, this results in a higher decomposition of cellulose fibres.109,110,111,112 With 
a suitable combination of processing variables, the thermal decomposition of wood fillers can 
be restricted.113 For example, by using an appropriate mixing temperature, a short 
compounding time and a moderate rotation speed during melt processing, the compounding 
quality of the wood-polymer blends and mechanical properties of the composites are improved 
.113 Wood fibre degradation in thermoplastic composites has also been reduced by using lower 
shearing forces during the melt processing.114  Besides the high thermal processing 
temperatures, cellulose fibres are also sensitive to high shear forces of the extruders and 
injection moulding machines, which leads to fibre breakage.115 The degradation of cellulose 
fibres during thermal processing results in deterioration of the mechanical performance of the 
produced composites, which have been explained by the morphological changes in the fibres 
(1) and formation of volatile degradation products that further constitute microvoids at the 
interface leading to porous composite with lower density (2).116 Fibre degradation also 
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influences organoleptic properties such as the odour and colour of the composites.85,117 Usually, 
strong interfibre hydrogen bonding holding the fibres together interferes with good dispersion 
forming with thermoplastics. The use of a surface treatment of the cellulose fibres or 
processing aids can improve the dispersibility of the fibres in matrix polymer.85,109  

Cellulose fibres are hygroscopic by nature with a moisture content of 5-10 wt.%. The moisture 
content of the fibres affects their mechanical properties. Moisture absorption of fibres can 
cause dimensional variations in composites and impact on the mechanical properties of the 
composites due to swelling and presence of microvoids at the interphase.85 The moisture 
present in the fibres also restricts the melt processing of thermoplastic composites and can 
lead porosity of the produces composites. The moisture gain can be reduced, for example with 
chemical surface treatment of the fibres.85 

The overall physicochemical properties of the composite material are determined by the 
characteristics of the polymer matrix and reinforcement fibre, the fibre aspect ratio, volume 
fraction of the fibre, fibre-matrix adhesion, orientation and stress transfer at the interface.85,118 
As the matrix and fibre typically represent two chemically distinct materials, the interfacial 
compatibility between them is often poor, causing deficiencies in stress transfer and water 
uptake.119  Many publications have explored the influence of reinforcement fibre content, 
chemical surface treatment of the fibre or external coupling agents on the mechanical 
properties of the natural fibre reinforced composites. Fibre-matrix interfacial interaction is one 
of the key factors in the transmission of applied stress from the polymer matrix phase to the 
reinforcement fibre during external impact, thus determining the overall performance of the 
composite.85,120 On the other hand, good dispersion of the reinforcement fibre through polymer 
matrix is critical for achieving improved performance of the whole material. The determination 
of the morphology, and mechanical and thermal properties of biocomposites is crucial for 
forming a betterunderstanding of their behaviour and potential application area. The 
properties of a composite can be improved by understanding how to modify the structure-
property relationship of the composites and by adjusting the production parameters.  

Both the polymer matrix phase and reinforcement fibre play significant roles in improving 
the mechanical performance of the composite. The tensile strength of the composite is 
dependent on the matrix phase properties, whereas the modulus of the composite is more 
affected by the characteristics of the reinforcement fibre.85 Improvement of the tensile strength 
of the composite requires a strong interface, low stress concentration and fibre orientation, 
whereas tensile modulus of the composite is influenced by fibre content, fibre wetting and high 
fibre aspect ratio. The fracture properties of the composite are affected by the aspect ratio of 
the fibre. In composites reinforced with short fibres, a critical length of the fibre is needed to 
attain full stressed condition in the polymer matrix phase. When the fibre lengths in the 
composite are below to that of the critical length, failure occurs because of debonding at the 
interface at lower load. On the other hand, when the fibre lengths exceed the critical length, 
the fibre is stressed under applied load and thus the higher strength values of the composite 
are achieved. To achieve good impact strength, an optimum bonding level in a composite is 
required. In the case of short-fibre reinforced composites, the impact strength is dependent on 
fibre pull-out, the degree of adhesion as well as a mechanism to absorb energy.85 
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 CNF in bionanocomposites 

Bionanocomposites, representing a novel class of advanced materials, consist of natural or 
synthetic biodegradable polymers and nanoscale materials. A nanocomposite constitutes one 
or more discontinuous phases (called reinforcement) distributed in one continuous phase 
(called matrix). In the discontinuous phases, one of the phases with components has at least 
one dimension of in the nanometre range (1-100 nm). Nanocomposites have a high surface-to-
volume ratio, which distinguishes them from conventional composite materials.121,122 In 
addition, nanocomposites have many beneficial properties over conventional composites, such 
as improved recyclability, low weight, transparency and excellent thermal, mechanical and 
barrier properties already at low amounts of reinforcements.123,124  

Cellulose nanofibrils (CNF) have gained increased interest as substitutes for glass fibres in 
polymer nanocomposites due to their sustainability, reliability, high tensile strength and 
modulus, low toxicity and low density (1.5 g cm−3 for CNF versus 2.5 g cm−3 for glass fibres), 
CNF are seen as promising alternatives to glass fibres in polymer nanocomposites. The 
attractive features of CNF have led to an increased number of publications dealing with 
cellulose nanocomposites (Figure 6). Many studies have reported on the use of CNF as a 
reinforcement additive for polymers.64 In the literature, CNF have been used as reinforcements 
in a variety of polymer matrices, including both petroleum-based and biobased polymers such 
as polypropylene125, polyvinyl alcohol (PVA)126, polylactic acid (PLA)68,127, polyurethane 
(PU)128,129,130, polycaprolactone (PCL)131, epoxy132,133, polymethylmethacrylate134, starch135 etc. 

 
 

 
 
Figure 6. Number of publications on cellulose nanocomposites divided by the country, 
published journal and the most common processing routes.136 

 
 
Applying a nanoscale phase such as CNF in a composite allows producing a novel bio-based 
material with properties not achievable in conventional composites. The resulting behaviour 
has been explained by two phenomena: excellent properties of the nanoscale phase which are 
then transferred into outstanding composite properties (1) and excellent properties of a 
nanocomposite results from interfacial nanoscale phenomena not present in conventional 
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composites (2). Composites with larger phases but the same content as nanocomposites have 
a much lower amount of interface. The extra interface present in the nanocomposite can greatly 
improve its properties.31 The concept of cellulose nanocomposites was first reported by Favier 
et al.137, who studied how the cellulose nanofibrils influence on the modulus of the 
thermoplastic composite. Although the mechanical properties of CNF have been exploited in 
composites for years, the utilisation of CNFs morphology in the preparation of high-
performance composites has been realised fairly recently. Yano et al.138 utilised the morphology 
of CNF to make a strong composite material with phenolic resin. Studies investigating the 
influence of the degree of fibrillation of kraft pulp reinforcement on the composite’s strength 
property have also been published.53 The degree of fibrillation and morphology of wood pulp 
derived CNF can be altered by changing the number of passes through refiner and 
homogeniser.43 Water retention values have been used to indirectly estimate the degree of 
fibrillation since it is a physical property related to the exposed surface area of cellulose.119 
Bending strength of the phenol formaldehyde (PF)/CNF composites was presented as a 
function of the degree of fibrillation of wood pulp fibres characterised as water retention values 
(Figure 7). No change was observed in strength for PF/CNF composites prepared using wood 
pulp fibres treated by refiner up to 16 passes. However, increment in composite strength 
occurred when pulp fibres were passed through a refiner for 30 times. Additional fibrillation 
of the fibre with a homogeniser also increased the strength properties. The morphological 
characterisation of the fibres by scanning electron microscopy (SEM) revealed that the fibre 
interactions were not increased after the fibrillation of the pulp fibres surface exclusively 
(Figure 7). The improvement in mechanical properties was achieved solely with the complete 
breakage and fibrillation of the cell wall of the fibres. Microfibrillation not only increases the 
interfibrillar bond densities resulting in ductile fibre structure but also removes the failure 
parts of the original fibres that could act as the starting point of cracks.   

 
 

 
 
Figure 7. Bending strength of composites as a function of water retention (%). The R-labelled 
plots refer to kraft pulp treated with a refiner and the H-labelled plots refer to kraft pulp 
additionally treated with a homogeniser after 30 passes through the refiner. The numerals 
denote the number of passes through the refiner or homogeniser.119   
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Various methods have been employed for the application of neat or modified CNF as 
reinforcement in polymer matrices including water-evaporation, solution casting, melt-
mixing, in situ polymerisation, electrospinning, hot-pressing and pressure extrusion.77,121,122 
Three major routes have been used to produce cellulose nanocomposite films, including 
solution casting of surface modified CNF, solution casting with water soluble polymers, and 
the subsequent modification of preformed neat CNF films.49,139,140,141,142,143,144,145,146 Solution 
casting is by far the most widely used preparation route for nanocomposite films due to its 
simplicity. In solution casting, after mixing the aqueous suspension containing both the 
nanocellulose and matrix polymer, a solid nanocomposite film is produced by solvent 
evaporation. In this thesis, solution casting method is applied to produce bionanocomposite 
films and/or coatings (publications I-III). 
 
 

 Surface-modified CNF in polymer composites 

 
The properties of the cellulosic composites are determined by the type of cellulose and polymer 
matrix.147 The interfacial adhesion between the cellulose fibre and matrix polymer as well as 
the fibre-fibre bonding within the cellulose network are influenced by the surface properties of 
CNF. The fibre-matrix adhesion and fibre-fibre bonding with the cellulose network eventually 
determine the structure and properties of the composites.148 In nanocomposites, good 
dispersion of CNF in polymer matrix and optimised fibre-matrix interface are needed to 
transfer the outstanding mechanical properties of CNF of a single fibre scale to the macroscale 
properties of the final composite.149 

The surface chemical modification of CNF is an important pre-processing step in polymeric 
composite design. By the surface chemical modification of CNF, the amount of hemicellulose 
can be reduced and the colloidal stability of CNF can be altered without losing the strong 
cellulose I crystal structure. However, mild modification conditions are required to prevent 
swelling and dissolving of CNF.150,151 One strategy to improve the performance of polymer 
composite is hydrophobisation of the cellulose surface with desired molecules to enhance its 
compatibility with the hydrophobic polymer matrix. On the other hand, by hydrophobisation 
of CNF, some groups can be reacted further and used to cross-link materials. Tingaut et al.68 
prepared acetylated CNF with acetyl content ranging from 1.5% to 17% of acetylated groups by 
using a heterogeneous catalytic method. Those acetyl-grafted CNF were then used in the 
preparation of polylactic acid (PLA) based nanocomposites through solvent casting to enhance 
CNF adhesion to PLA. The result showed that the increment in acetylation percentage of CNF 
produced more translucent PLA-based nanocomposites with reduced hygroscopicity and 
enhanced thermal stability as compared to unmodified CNF.  Another surface modification 
route to increase the hydrophobic character of CNF is the silylation technique with silane 
coupling agents. Lu & Askeland132 used 3-aminopropyltriethoxysilane and 3-
glycidoxypropyltrimethoxysilane as coupling agents for hydrophobisation of CNF prior to 
blending with epoxy matrix. The silylation of CNF improved their compatibility with epoxy 
matrix, resulting in a composite with enhanced mechanical properties. In another study, the 
surface modification of CNF with 3-aminopropyltriethoxysilane coupling agent resulted in 
improved compatibility of CNF with PLA matrix and mechanical properties enhancement of 



Background  

17 

the final composite.152 A patent showing that nanocrystalline cellulose modified by silane 
grafting can significantly improve the scratch resistance of water-based UV-cured water-based 
high solids PU coatings has also been filed.153    

Another possible approach to further strengthen the properties of polymer composite is 
cross-linking both materials with desired molecules to increase their compatibility. This 
approach can be utilised, for example in the preparation of PVA-based composites reinforced 
with CNF. When water-soluble polymers such as PVA are used as matrices in nanocomposites, 
strong interactions between the CNF and matrix polymer are attained due to the polar nature 
of both substituents. However, direct incorporation of pristine cellulose fibres into a PVA 
matrix may not produce mechanically good performing composite in spite of their 
compatibility. This phenomenon can be explained by intra- or inter-molecular hydrogen 
bonding of cellulose molecules which cannot form strong interaction with PVA, finally 
resulting in composites with unsatisfactory mechanical properties.154 In cross-linking, a 
multifunctional compound reacts with the hydroxyl groups of PVA and they form a network 
via chemical bonding.104 

Usually, solution casting, in situ polymerisation or electrospinning are employed to prepare 
CNF reinforced PVA composites. PVA/CNF composites with good thermal stability, 
transparency and improved mechanical properties as compared to neat PVA has been reported 
in different studies.89,15
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3. Experimental 

The main materials, wood pulp cellulose (nano)fibrils and matrix polymers, used in the 
preparation of the composites are described in section 3.1. More detailed information can be 
found in publications I-IV.  

 

 Materials and methods 

3.1.1 Cellulose 

Never-dried bleached birch kraft pulp (Betula pendula) was obtained from a Finnish pulp mill 
(UPM Kymmene Oyj, Finland) and used as a starting material for the production of CNF. 
Nanofibrillation of the birch pulp was performed with a high-pressure fluidizer (Microfluidics 
M110Y, Microfluidics Int. Co., MA) at VTT Technical Research Centre of Finland Ltd. Prior to 
fibrillation, the birch pulp was pre-refined with a laboratory-scale refiner (Voith Lab refiner 
LR-1, Voith) reaching a Schopper-Riegler (SR) value of above 90. Subsequently, the birch pulp 
suspension was passed through the fluidizer five times (publication II), six times (publication 
I) and seven times (publication III) at an operating pressure of 1,850 bar. The dry matter 
content of the fluidised aqueous gel-like CNF was approximately 2 wt.%. Never-dried bleached 
spruce kraft pulp was obtained from Stora Enso (publication IV).  

3.1.2 Polymeric matrices 

Water soluble polyvinyl alcohol (Mowiol 40-88, Mw 205 000 g mol-1, 88 % hydrolysed, Sigma-
Aldrich) was used as matrix polymer for the solution casting of the composite films in 
publications I-II.  

For the preparation of polyurethane, (PU)/CNF composite coatings a two-component water-
based and a solvent-based PU lacquers provided by Teknos Oy, Finland, were used as matrices 
in publication III.  

Polylactic acid (PLA) (Natureworks®, 3052D grade) was used as a matrix polymer for the 
preparation of the PLA/bleached softwood kraft pulp (BSKP) composites in publication IV. 
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3.1.3 Preparation of cellulose derivates  

3.1.3.1 Epoxidised celluloseI-II  
 
Allylation and epoxidation of cellulosic pulp. For the preparation of PVA/CNF composite 
films, the cellulosic pulp was first modified on the surface by allylation followed by subsequent 
epoxidation. After surface modification steps, the epoxidised cellulosic pulp was subjected to 
mechanical shearing to produce epoxidised CNF. The allylation of cellulosic pulp was 
performed in alkaline aqueous solution using allyl glycidyl ether as the modification reagent 
and sodium hydroxide (NaOH) as a catalyst. Different concentrations of allyl glycidyl ether and 
sodium hydroxide were used to prepare the allylated cellulosic pulp with different degree of 
substitution (Table 1, publication II). In a typical procedure, 10 g of cellulosic pulp was dried 
to a water content maximum of 60%. The cellulosic pulp was then allylated by adding allyl 
glycidyl ether (in amounts of 0.4 to 1.2 mol/AGU), which was mixed with a solution containing 
0.4 g of NaOH solubilised in 4.0 ml of water followed by a thorough mixing of the resulting 
mixture with the cellulosic pulp.  The allylation reaction was carried out for 16 hours at 45 °C 
under efficient stirring with a high-consistency twin-helicon mixer, after which the cellulose 
pulp suspension was washed with acetone, ethanol and water, including several centrifugation 
and redispersion steps. Finally, the allylated cellulosic pulp was purified by dialysis in water.  

The carbon double bonds of the allyl substituent of cellulosic pulp were epoxidised by mixing 
the allylated cellulosic pulp thoroughly with slightly alkaline aqueous sodium 
carbonate/sodium bicarbonate (Na2CO3/NaHCO3) solution (containing 0.0035 g of Na2CO3 
and 0.7 g of NaHCO3 solubilised in 15 ml of acetonitrile, CH3CN). The cellulosic pulp reaction 
suspension was heated to 30 °C and initiated by dropwise addition of hydrogen peroxide 
(H2O2, 35 wt.%, 10 ml) to the reaction suspension over 30 minutes. The epoxidation reaction 
took place at a constant temperature overnight under stirring. The epoxidised cellulosic pulp 
suspension was filtered and purified in a similar manner to the allylated cellulosic pulp and 
then refined yielding epoxidised CNF. 
 
 

3.1.3.2 Silylated celluloseIII 
 
Silylation of CNF. To improve the compatibility of CNF with nonpolar, hydrophobic PU in 
coatings, the hydrophobicity of the CNF surface was increased by introducing hydrophobic 
alkyl moieties onto the CNF via silylation. The silylated CNF was prepared by a modified 
Gousse method78. CNF with a silyl modified surface was prepared by dispersing the CNF in a 
liquid medium of pyridine for activation and pre-heating the reaction suspension to 70 °C. To 
silylate the CNF, the silylation reagent, hexamethyldisilazane (HDMS) was added to the pre-
heated CNF suspension in pyridine. The reaction was continued at 70 °C overnight while 
stirring. The silylated CNF suspension was centrifuged twice and washed with ethanol, and 
acetone or tetrahydrofuran. Additional dialysis was used for the silylated CNF to remove 
impurities. Finally, the silylated CNF were diluted by the solvent (acetone and 
tetrahydrofuran) to a solid content of 0.5% and used in the preparation of the self-supporting 
films and PU composite coatings.  
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The silylated CNF with a higher degree of substitution was prepared by a modified Mormann’s 
method156. First, the CNF suspension with a silylation reagent, HDMS and a catalyst, saccharin, 
was prepared and placed into a stainless-steel autoclave. The silylation reaction of the CNF was 
activated by pressing liquid ammonia into the reactor. The reaction was continued at 70 °C 
overnight. After reaction, ammonia was removed from the CNF suspension by distillation 
under a vacuum. The silylated CNF was purified using a similar washing procedure as 
described for the silylated CNF prepared using another reaction route.  
 
 

3.1.4 Preparation of composites  

3.1.4.1 Epoxidised CNF reinforced PVA compositesI-II  
 
Self-supporting films of native CNF and epoxidised CNF were prepared from 2 wt.% aqueous 
suspensions of CNF and dried at 55 °C until the weight was constant. The PVA/epoxidised CNF 
composites films were prepared by using a reactive dispersion method followed by suspension 
casting. First, the aqueous solutions of PVA (7 wt.%) were prepared by dissolving PVA in water 
at 90 °C for 2 hours, and subsequently cooling the PVA solution to room temperature. Different 
loadings of the epoxidised CNF suspensions (0.5, 1, 1.5, 3 wt.%) were added to the aqueous 
PVA solutions under stirring. A PVA composite containing 1 wt.% of unmodified CNF was 
prepared and used as a reference sample. These suspensions were vigorously stirred overnight 
to allow the PVA to penetrate the cellulose network. Then, the epoxy groups on CNF surface 
were reactivated with 1,6-diaminohexane (2 wt.% of epoxidised CNF amount) and heating the 
PVA/epoxidised CNF suspension at 80 °C for 2 hours under vigorous stirring, and 
subsequently letting the suspension to cool down to room temperature. The resulting 
suspensions were poured into Petri dishes with controlled levelling, and dried at ambient 
temperature for 7 days, until the weight was constant. The final thickness of the composite 
films was approximately 100 μm. 

In addition to the reactive dispersion method, the reactive refining method was employed in 
the preparation of PVA/epoxidised CNF composite film in publication II to make the 
production process more economically and industrially feasible with fewer production steps. 
In the reactive refining, the epoxidised cellulosic pulp was ground directly in the aqueous PVA 
resin, thus combining the preparation of CNF with the actual modification step. The epoxy 
groups on the cellulose backbone were reactivated with 1.6-diaminohexane (2 wt.% of 
epoxidised CNF amount) and by heating the suspension at 80 °C for 2 hours under vigorous 
stirring using a Waring blender. Then, the suspension was fed into an M-110EH-30 
Microfluidizer and passed five times through the chambers at an operating pressure of 1,850 
bar. Finally, the prepared PVA/epoxidised CNF suspension was poured into Petri dishes with 
controlled levelling, and dried at ambient temperature for 7 days, until the weight was 
constant.   
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3.1.4.2 Silylated CNF reinforced PU compositesIII  
 
The silylated CNF suspensions with a solid content of 0.5% in acetone and tetrahydrofuran 
were prepared using a magnetic stirring for 1 hour at ambient temperature and exposed to an 
ultrasound bath for two 10-minute sequences. The self-supporting films of silylated CNF were 
prepared by pouring the prepared CNF suspensions into Petri dishes (Teflon) and evaporating 
the solvent at room temperature overnight. The self-supporting films of native CNF and 
ammonia activated CNF were prepared by vacuum filtering on cotton filter paper and dried at 
room temperature under dust-free conditions. 

 Prior to the addition into the PU lacquers, the solid nanosilica particles were dispersed with 
a native CNF or silylated CNF using a Dispermat dispersing device at a speed of 5000 rpm for 
5 minutes. The two-component water-based and solvent-based PU lacquer dispersions with 
variable compositions and contents of the native CNF, silylated CNF and nanosilica were 
prepared by mechanical stirring with a speed of 2000 rpm for 7 minutes. The silylated CNF 
contents of 0.5, 1, 2, or 5 wt.% (calculated as a percentage of the solids content of the lacquer) 
were used in the PU lacquers. The PU lacquers containing the native CNF or silylated CNF 
without nanosilica were also prepared by mechanical stirring using similar parameters: the 
stirring speed of 2000 rpm and time of 7 minutes. The isocyanate hardener was added to the 
PU dispersions prior to casting and curing the PU composite coatings at room temperature.  
The pure PU coatings and PU composite coatings with different native CNF, silylated CNF and 
nanosilica contents were prepared by bar coating (casting) the dispersions on the plastic 
and/or glass substrates and allowed to dry at room temperature for 24 hours. Prior to testing, 
the PU composite coatings were conditioned at 20 °C and at a relative humidity of 50% for 
seven days.  

 
 

3.1.4.3 Cellulosic pulp reinforced PLA compositesIV  
 
PLA/BSKP composites were prepared using a co-rotating twin-screw extruder (Berstorff 
GmbH ZE 25x33 D) with a screw diameter and length of 25 mm and 870 mm, respectively. The 
extruder zones ranged from 60 to 195 ᵒC. The moisture content of the bleached softwood kraft 
pulp was adjusted to 1, 3, 16, and 25 per cent before compounding. BSKP samples were dried 
using a combination of flow dryer, oven, and vacuum-oven or a combination of conditioning 
chamber and flow dryer. To remove excess water from the samples, a vacuum of 500 mbar was 
applied during compounding. The compounding was performed under nitrogen atmosphere. 
After compounding, the PLA/BSKP samples were injection moulded with an injection-
moulding machine (Engel ES 200/50 HL) to dumbbell-shaped test specimens. At least 25 
injection-moulded specimens were prepared for each sample material.  
 
 

3.1.5 Characterisation  

Nuclear magnetic resonance spectroscopy (13C CP/MAS NMR) measurements were conducted 
with a Chemagnetics CMX 270 MHz Infinity spectrometer (publications I-II) at room 
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temperature or with a Bruker Avance III 500 MHz NMR spectrometer at room temperature in 
deuterated chloroform (CDCl3) (publication III). The chemical shift scale was referenced to 
hexamethylbenzene (HMB) or tetramethylsilane (TMS). Prior to NMR analysis, the cellulose 
derivates were dialysed for five days in water and then vacuum-dried (publications I-II).  

Differential scanning calorimetry (DSC) was used to examine the thermal behaviour of the 
prepared composites by using a NETZSH 204 F1 Phoenix calorimeter under nitrogen 
atmosphere at a heating and cooling rate of 10 °C min-1. The composites were held at 205 °C 
for 5 minutes to erase thermal history and then heated three times from 0 °C to 205 °C 
(publication I). 

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-6360 LV 
instrument. For the SEM imaging, all the composite samples were coated with a thin layer of 
gold to avoid charging. Different magnifications were applied in the SEM imaging process. Air 
was used as a background spectrum in the measurements.  

The light transmittance of the composites was measured with a UV-VIS spectrometer 
(Shimadzu, UV-2501 PC series) in the visible light wavelength range of 190-800 nm at 25 °C. 

Surface chemical analysis of the self-supporting films of native CNF and ammonia activated 
CNF was performed by X-ray Photoelectron Spectroscopy (XPS) using a Kratos Analytical 
AXIS 165 electron spectrometre with monochromatic A1 Kα irradiation at 100 W. The analysis 
depth of the samples was less than 10 nm. Prior to measurement, the samples (<1 mm2) were 
pre-evacuated in the instrument forechamber overnight to stabilise the vacuum conditions. 
Ash-free 100% cellulose filter paper was used as a reference sample.  

The tensile properties of the PVA/epoxidised CNF composites, PU composite coatings, and 
PLA/BSKP composites were tested using an Instron® 4505 Universal Tensile Tester (Instron 
Corp., Canton, MA, USA) with a cross-head speed of 5 mm/min at 25 °C and 50% relative 
humidity (RH). In addition, an Instron 2665 Series High Resolution Digital Automatic 
Extensometer (Instron Corp., Canton, MA, USA) was employed together with a tensile testing 
machine to determine the tensile properties of the dumbbell-shaped injection moulded 
PLA/BSKP test specimens. Prior to testing, the film samples (publications I-III) were cut into 
rectangular 1.5 cm x 7 cm film stripes, and the average film thickness was calculated from the 
thicknesses taken at five random positions. At least five measurements were performed for 
each composite and the samples were conditioned at 25 °C and 50% relative humidity for five 
or seven days before testing.  

Impact strengths of the PLA/BSKP composites were determined by using a Charpy Ceast 
Resil 5.5 Impact Strength Machine (CEAST S.p.a., Torino, Italy). Impact strength tests were 
performed on unnotched specimens in a three-point bend configuration. Prior to testing, the 
test specimens were conditioned at 23 °C and 50% relative humidity for at least five days. Ten 
replicates of each composite were tested and the mean value was reported. 

Abrasion resistance measurements of the water-based PU composite coatings were 
conducted with a Taber Rotary Platform Abraser 5135 by subjecting the samples to a rub-wear 
action of the two Taber CS-17 abrasive wheels at a load of 1 kg each and a rotation speed of 60 
rpm. Two or three measurements were performed for each PU composite coating at 21 °C and 
50% relative humidity. The dry coating thicknesses of the PU composite coatings on the glass 
plates were determined by an optical Olympus BX-50 microscope for the abrasion resistance 
tests. 

The wetting behaviour of the PU composite coatings was characterised by contact angle 
measurements employing the sessile drop method with a CAM (KSV Instruments Ltd., 
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Finland) video camera equipped with a computer-controlled contact angle meter. The contact 
angles of the samples were determined as a function of time (up to 31 s) at 21 °C and 50% 
relative humidity.  In the measurement, water droplets with a volume of 6 μl were placed onto 
the sample substrates. At least three different spots were recorded on each sample and three 
duplicate measurements were conducted of each sample.  

Water vapour permeability (WVP) of the PVA/epoxidised CNF derivate films with a test area 
of 25 cm2 was determined gravimetrically using a modified ASTME-96 procedure. Prior to 
testing, the film samples were mounted on a circular aluminium dish (H.A. Buchel V/H, A.v.d. 
Korput, Baarn-Holland 45M-141), which contained water. Dishes were stored in test 
conditions of 23 °C and 50% relative humidity and weighed periodically until a constant rate 
of weight reduction was obtained. Two measurements were conducted for each sample, and 
the mean value was reported.  

Oxygen permeation (OP) of the PVA/epoxidised CNF and PU/silylated CNF films was 
determined using an oxygen permeation analyser model 8001 (Systech Instruments Ltd., UK) 
at 23 °C and at different relative humidities of 50%, 70% and 90% depending on the sample. 
Circular samples with a test area of 5 cm2 were employed in a measurement. Two 
measurements were conducted for each film sample and the mean value was reported. 

 BSKP fibre lengths of the PLA/BSKP composites were determined using a Kajaani Fiberlab 
analyser. Prior to measurement, the composites were Soxhlet-extracted in chloroform for 48 
hours to separate a kraft pulp fibre fraction. Two repeat fibre analysis measurements for the 
samples dispersed in deionised water were performed and fibre lengths were reported 
according to TAPPI standard T271.  

Size exclusion chromatography (SEC) coupled with a refractive index detector (Waters 2412) 
was used to determine the average molar masses and polydispersity index (PI) of the 
PLA/BSKP samples before and after the melt processing. The PLA/BSKP samples were 
prepared by dissolving in chloroform (concentration 1 mg/ml) overnight at room temperature. 
Before injection, the composite samples were filtered using a 0.45 μm GHP filter. Styragel HR 
4 and 3 columns with a pre-column were used in the SEC measurements.  Separations were 
performed at 30 °C using chloroform as eluent at a flow rate of 0.6 mL min-1. Three parallel 
samples were analysed for each composite. The data obtained with Waters 2412 detector were 
analysed with Waters Empower 3 software. The molar mass distributions (MMD) were 
calculated against 8 x polystyrene (PS) (1,260 – 1,030,000 g mol-1) standards, using Waters 
Empower 3 software.
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4.  Results and discussion 

 Cellulose chemical modification   

4.1.1 Epoxidised cellulose and degree of substitutionI-II  

The cellulose derivates were prepared through allylation and epoxidation, and the reaction 
mechanisms are shown in Figure 8. In the allylation (etherification) reaction, the hydroxyl 
groups of CNF act as nucleophiles and attack an electron-deficient carbon of the epoxide ring 
of allyl glycidyl ether and form the C-O-C ether linkage. As the OH groups are weak 
nucleophiles, they require activation, and this can be accomplished by using sodium hydroxide 
as a catalyst.158 In this work, cellulosic pulp reacts with allyl glycidyl ether when NaOH is used 
as a catalyst, and there is no need for additional toxic solvents or solubilisation of cellulosic 
pulp. When stirring is conducted efficiently allylation of cellulosic pulp proceeds conveniently 
without external solvents.  The allylation reaction method is fast and requires a low amount of 
water and therefore can be referred to as a dry modification method (publication II). This new 
non-toxic dry modification method results in a sufficient reinforcing effect and allows for high 
reaction efficiencies. The allylation of cellulose was conducted by varying the amount of allyl 
glycidyl ether, NaOH and water content of the cellulosic pulp in order to study the influence of 
these parameters on the DS of cellulose (Table 1). Low degrees of substitution were achieved 
with dosing similar to that reported by Heinze et al.159 and Nishimura et al.160 or using a method 
similar as the one reported by Huijbrechts et al.161 The low DS may be due to the tendency of 
glycidyl reagents to react with each other under homogenous reaction conditions when using 
the Heinze et al.159 or Nishimura et al.160 methods.160,162 In Huijbrechts’ method161, the low DS 
can be explained by the heterogeneity of the modification method when substitution 
presumably occurs mainly at the cellulose fibre surface163 and complete homogeneity of 
cellulose derivate might not be achieved. However, this is beneficial in retaining the 
mechanical properties of cellulose.  

The amount of water in the reaction suspension is a crucial factor when aiming at a higher 
degree of substitution of cellulose. Some water is required to maintain the openness of the 
cellulosic pulp fibre and to uphold stable mixing. However, an increasing proportion of 
hydrolysis of the epoxy reagents was observed with increasing amounts of water and NaOH, 
which tend to decrease reaction efficiency as reported earlier by Kavaliauskaite et al.164. The 
reactivity of the dried pulp with high solids content was notably lower compared to that of 
never-dried pulp with higher moisture content. Reactivity enhancement of the never-dried 
pulp can be explained by its higher porosity.165   
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Hydrogen peroxide together with acetonitrile is commonly used for epoxidation of carbon 
double bonds.166 In this study, the epoxidation of double bonds in the allylated cellulosic pulp 
was accomplished with a combination of hydrogen peroxide and acetonitrile in slightly alkaline 
suspension of sodium carbonate/bicarbonate at 30 °C (Figure 8). 
 
 

 
 

Figure 8. Schematic presentation of synthesis of allylated cellulose (upper scheme) and 
epoxidised cellulose (lower scheme).  
 
 
Conversion of the allyl groups into epoxy groups on cellulose backbone seemed to have notably 
lower efficiency. The degrees of substitution for the allyl and epoxy groups on cellulose 
backbone were determined by solid state 13C CP/MAS spectroscopy. The solid state 13C 
CP/MAS spectra of the allylated cellulosic pulp and epoxidised cellulosic pulp are shown in 
Figure 9. The DS values of cellulosic pulp were determined by comparing integrals from the 
allyl moiety (118 and 135 ppm) and epoxy moiety (25-45 ppm) with C1 signals (105 ppm) of 
cellulose by using signal deconvolution and Gaussian line shapes. The solid state 13C CP/MAS 
method provides information on all the bulk material, and it can be utilised to give an indicative 
estimation of the total degree of substitution of the substituents throughout the cellulosic pulp. 
The solid state 13C CP/MAS is not usually considered to be a quantitative method as compared 
to 1C NMR method. The obtained degree of epoxy-functionalisation with the aid of solid state 
13C CP/MAS was between 0.02-0.15 (Table 1).   
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Figure 9. 13C CP/MAS spectra of allylated cellulosic pulp (a), epoxidised cellulosic pulp (b) 
and allylated cellulose (c) prepared from never-dried kraft pulp with signal assignation.  
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Table 1. The effect of reagents dosing and water content on the degree of substitution (DS) of 
cellulosic pulp. 

 

Allyl glycidyl 
ether 
(mol/AGU) 

NaOH  
(mol/AGU) 

DSallyl DSepoxy 

0.4 mol 0.17 0.20 0.02 
1.2 mol 0.51 0.42  
1.2 mol 1.0 0.17  
1.2 mola 0.51 0.68 0.07 
1.2 molb 0.51 0.31  
1.2 molc 0.51 0.14  
5.0 mol 2.1 0.91 0.15 

 
aNever-dried pulp used 
b Cellulose pulp dried to 93% solids content before reaction 
cCellulose pulp not dried; solids content 33% 

 
 

4.1.2 Silylated cellulose and degree of substitutionIII  

 
Silylation of CNF was done by using hexamethyldisilazane (HDMS) as silane coupling agent 
and pyridine as a catalyst (Figure 10). The preparation of silylated CNF with a higher degree of 
substitution was carried out by using ammonia activation and saccharin as a catalyst at 
elevated temperatures (Figure 10). 
 

  
 
Figure 10. Schematic presentation of the synthesis of silylated CNF. 
 
 

Solid state NMR and X-ray photoelectron spectroscopy (XPS) were used to characterise the 
silylated CNF. Pyridine-catalysed silylation route produced silylated CNF with the lower degree 
of substitution of 0.1, 0.2 and 0.5, while the higher degree of substitution of 1.2 was obtained 
via ammonia-activated silylation route.     

 Figure 11 shows 13C CP/MAS spectra, where intense signals of -Si(CH3)3 moieties (2.5 ppm) 
can be identified. Drastic changes on the cellulose carbons signals (C1-C6) are also visible in 
the 13C CP/MAS spectra indicating that the OH conversion has been successful. However, 
separation between three different OH group (C2, C3, and C6) conversions cannot be stated 
based on the 13C CP/MAS spectra.  A rough estimate of the total degree of substitution 
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throughout the CNF can be determined by comparing the -Si(CH3)3 and C1 signal integrals 
with the aid of signal deconvolution.  

XPS technique confirmed the presence of C-O-Si-bonds in the CNF samples. According to 
XPS measurement, by using ammonia-activated silylation, the crystallinity of CNF was 
retained to a large extent. A small reduction in crystallinity showed that silylation might also 
occur in the chemically less inert crystalline regions when using ammonia action route.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. 13C CP/MAS spectra of native CNF (a), silylated CNF (DS 1.2) (b), silylated CNF 
(DS 0.2) (c), and HMDS reference (d). The peaks in (b) and (c) between 20–30 and 130–140 
ppm denote residual toluene not removed in the drying process.  
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4.1.3 Application of cellulose derivates in polymer matrices  

4.1.4.1 The properties of PVA composites influenced by the epoxidised CNFI-II 

 
Currently, there is an increasing global demand for sustainable and biodegradable raw 
materials for use in the production of biocomposites. Consequently, the price of raw materials 
such as polyvinyl alcohol (PVA) is increasing. One aim of this study was to utilise epoxidised 
CNF as a filler in PVA to reduce the amount of PVA and produce high performance composites. 
PVA representing the largest globally produced water-soluble polymer has many attractive fea-
tures, such as biodegradability, good film-forming properties, ease-of-use, high tensile 
strength and elongation, good thermo-stability, optical properties, and gas barrier proper-
ties.167-172 PVA was chosen as a matrix material for the preparation of composites due to its 
reactive OH-groups that can be utilised in the crosslinking reaction with the epoxy groups of 
CNF.  The advantage is that the crosslinking reaction can be performed in aqueous medium, 
thus offering a healthy and safe environment, and lowering the process costs. The epoxidised 
cellulosic pulp was first refined to CNF and then crosslinked with PVA. The reaction scheme 
follows a standard epoxide ring-opening through a Sn2 reaction, where the OH-group acts as 
a nucleophile. Nucleophilic substitution tends to happen to the least sterically hindered car-
bon, as shown in Figure 12. By vigorously stirring the aqueous PVA/epoxidised CNF suspen-
sions, overnight interpenetration of PVA molecules to the web-like structure of CNF was as-
sured. 
 
 

 
 
 
 
 
 
 

 
Figure 12. The crosslinking mechanism of PVA with epoxidised CNF.   

 

 
DSC analysis was used to study the effect of native CNF and epoxidised CNF on the thermal 
and crystallisation behaviour of PVA (Table 2). The highest increment of melting temperature, 
heat of fusion, degree of crystallinity and crystallisation temperature of PVA was obtained with 
the addition of 1 wt.% epoxidised CNF, which could be attributed to crosslinking reaction 
between the adjacent PVA chains and the epoxidised CNF surface, and the nucleating effect of 
epoxidised CNF because of the surface modification of CNF. The largest increase in glass 
transition temperature (Tg) of PVA was received with the addition of 1 wt.% of epoxidised CNF. 
Since Tg describes the flexibility of polymer chains, the increased Tg value can be explained by 
the interactions between CNF and PVA that restrict the mobility of the PVA chains.  
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Table 2. DSC results of PVA and its composite films determined from the second heating scans 
and first cooling scans. 
  

Sample Tg, mid-point 

(ᵒC) 

Tm 

(ᵒC) 

ΔHm 

(J g-1) 

Xc 

(%) 

Tc 

(ᵒC) 

PVA 70.6 184.2 17.9 12.9 139.6 

PVA/1 % CNF 71.0 176.8 19.1 13.9 128.5 

PVA/ 0.5% epoxy-CNF 70.8 177.8 21.5 15.5 140.4 

PVA/ 1% epoxy-CNF* 71.0 180.6 24.0 17.4 142.0 

PVA/ 1% epoxy-CNF 72.0 184.8 26.3 19.1 145.6 

PVA/ 1.5% epoxy-CNF 71.4 184.0 25.2 18.4 141.7 

PVA/ 3% epoxy-CNF 71.0 184.0 25.9 19.0 144.5 
 
 
In publication I, the chemical crosslinking between the epoxide ring opening of modified 
cellulose and OH groups of PVA was introduced as a highly efficient route to obtain composites 
with considerably better mechanical properties than when obtained with neat CNF as 
reinforcement. Taking advantage of the crosslinking reaction, composites with different 
epoxidised CNF contents and variable epoxy-substitution degrees in the PVA matrix were 
tested in publication II.  The results indicated that by varying the degree of substitution of the 
epoxidised CNF and the amount of CNF reinforcement in PVA, the stress-strain behaviour of 
the composites can be adjusted and optimised to produce stronger films with good flexibility.  
As shown in Figures 13 and 14, the modified CNF showed favourable effect on the mechanical 
properties of PVA. With the addition of 1 wt.% of neat CNF, the tensile strength and strain of 
PVA increased by 5% and 16%, respectively. The incorporation of 1 wt.% of epoxidised CNF in 
the PVA matrix produced mechanically the best performing composite in modulus, strength 
and flexibility. Addition of 1 wt.% of epoxidised CNF (DS 0.07) resulted in 307 %, 139% and 
23% improvement in the E-modulus, tensile strength, and breaking strain of PVA, respectively. 
Additionally, a 0.5 wt.% content of epoxidised CNF (DS 0.07) produced a composite with a 
116% greater tensile strength to that of pure PVA. A higher, 1.5 wt.% content of the epoxidised 
CNF decreased the E-modulus and tensile strength values of PVA. However, the strength 
values of the PVA composites reinforced with 1.5 wt.% epoxidised CNF having a DS of 0.15, 
0.02 and 0.07 were still much higher than that of pure PVA or 1 wt.% neat CNF/PVA 
composite. A similar trend in tensile properties with various contents of neat CNF in the 
polymer matrix were earlier reported by Lu et al.126. Modulus and strength increased to a 
certain point with the addition of CNF in PVA and level off at higher CNF loadings.  

 According to tensile test results, the degree of substitution of epoxidised CNF for improving 
the mechanical properties of PVA seems to reach an optimum at around the level of 0.07. The 
cellulose derivate with a lower DS value of 0.02 did not notably affect the mechanical 
properties of the PVA composite. A DS value of 0.15 seems to decrease the mechanical 
properties of the PVA composite. Thus, by optimising the DS value of the cellulose derivate, an 
improvement is achieved in the mechanical performance of the composite. The results clearly 
demonstrate that the final PVA composite properties can be influenced by the degree of 
substitution of epoxidised CNF. The thickness of a composite film is also 5-times thinner 



Results and dicussion 

32 

compared to a pure PVA film. By utilising epoxidised CNF as reinforcement for PVA, it is 
possible to achieve an 80% thinner composite film and as high as 80 to 95% reduction in the 
amount of PVA while still obtaining even better mechanical properties compared to pure PVA 
film. The final composites are not only durable but also light-weight. Thinner design and 
excellent mechanical properties of the PVA/epoxidised CNF films results in material cost 
savings thus reducing the production costs.  

The reactive refining showed promise as an economically and industrially feasible method 
for manufacturing PVA composite reinforced with epoxidised CNF. A PVA composite with a 1 
wt.% of epoxidised CNF (DS 0.02) content produced by reactive refining exhibited an 85% and 
45% improvement in the E-modulus and tensile strength of PVA (Figure 15). The 
PVA/0.02ReCNF composite produced via reactive refining exhibited lower strength and mod-
ulus than the PVA/0.02eCNF produced via the reactive dispersion method. A reduction in the 
performance of the composite can be explained by the assumption that during reactive refining 
a part of the epoxide groups turn inside the cellulosic pulp and do not remain at the cellulose 
surface. Optimisation of reactive refining parameters is required to achieve the maximum in-
crease in the mechanical properties of the composite.  
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Figure 13. Effect of native CNF and epoxidised CNF addition on the tensile strength (a) and 
E-modulus (b) of PVA. The error bars represent ± 1 standard deviation of the data (publication 
II). PVA/CNF denote PVA composite containing native CNF. PVA/0.02eCNF, PVA/0.07eCNF, 
PVA/0.15eCNF denote PVA composites containing epoxidised CNF with a DS of 0.02, 0.07 
and 0.15, respectively.  
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Figure 14. Effect of native CNF and epoxidised CNF addition on the tensile strain at break of 
PVA. The error bars represent ± 1 standard deviation of the data (publication II). PVA/CNF 
denote PVA composite containing native CNF. PVA/0.02eCNF, PVA/0.07eCNF, 
PVA/0.15eCNF denote PVA composites containing epoxidised CNF with a DS of 0.02, 0.07 
and 0.15, respectively. 

 
Figure 15. Mechanical properties of 1 wt.% epoxidised CNF with a DS of 0.02 reinforced PVA 
film (PVA/0.02ReCNF) produced by reactive refining. PVA denote pure PVA. 
PVA/0.02ReCNF denote PVA composite containing epoxidised CNF with a DS of 0.02 
prepared by reactive refining.  
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The morphology of the PVA/epoxidised CNF film composites prepared by suspension casting 
were studied with SEM (Figure 16), which indicate that epoxidised CNF could form a more 
uniform dispersion in the PVA matrix without agglomerates at 1 wt.% loading compared to 
native CNF. 1 wt.% content of native CNF was unevenly distributed in the PVA matrix. At 
higher loadings (1.5. wt.%), the tendency of the epoxidised CNF seems to form more 
agglomerates, which might lead to a reduction in the mechanical properties of the composite. 
The enhanced tensile and modulus of the PVA composite reinforced with 1 wt.% of epoxidised 
CNF could be explained by the crosslinking reaction between CNF and PVA functional groups, 
but also by the lack of agglomerates and more homogenous dispersion of modified CNF in the 
PVA matrix. By extending suspension stirring time, aggregation of CNF could had been 
reduced.  
 
 

 
 
Figure 16. SEM images of native CNF (a), and the freeze-fractured surface of films: PVA/ 
1wt.% CNF (b), PVA/1 wt.% epoxidised CNF (c) and PVA/5 wt.% epoxidised CNF (d), 
respectively at different magnification (publication I). 
 
 

4.1.4.2 The properties of PU influenced by the silylated CNFIII  
 
Although nanosilica is a popular strength additive used in lacquers, its dispersion stability 
remains a challenge in certain coating formulations.173 Usually, nanosilica tends to form 
aggregates at concentrations greater than 3 wt.%, which causes loss in inherent properties. 
Both native CNF and silylated CNF were capable of effectively improving the dispersion 
stability of the two-component polyurethane lacquers containing nanosilica regardless of the 
solvent. As shown in Figure 17, nanosilica were evenly dispersed in the water-based two-
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component PU lacquer when the native CNF or the silylated CNF (DS 0.1) was used as additive. 
By contrast, without CNF, the nanosilica formed aggregates in the PU lacquer already within a 
few minutes.  

The improved dispersion stability was reached already at low contents (0.5 wt.%) of the si-
lylated CNF. When using such low amounts of the silylated CNF, it can be presumed that there 
will be no serious adverse effects on the lacquer viscosity, which has typically been a problem 
with high additive loadings. With the aid of CNF, the nanosilica in contents up to 5 wt.% were 
effectively dispersed in the aqueous and non-aqueous media. The PU lacquer matrices re-
mained their dispersion stability for 20 to 30 weeks when the silylated CNF was used as an 
additive.  

 

 
Figure 17. Optical micrographs: (a) 5 wt. % nanosilica in the water-based PU lacquer and (b) 
5 wt.% nanosilica and 5 wt.% native CNF in the water-based PU lacquer. 
 
 
The addition of the native CNF or silylated CNF (DS 0.1 or 0.2) with or without nanosilica did 
not alter the adhesion properties of the water-based or solvent-based polyurethane lacquer to 
the PVC-based substrate. The silylated CNF with a higher DS value (0.5 or 1.2) performed well 
together with the nanosilica in the PU lacquer, retaining adhesion to the substrate, but it was 
detached from the substrate when used without nanosilica. 

Incorporating CNF in small amounts with or without nanosilica into the PU lacquer did not 
have a significant effect on the contact angles or hydrophobicity of the PU lacquers. The 
silylated CNF slightly decreased the contact angle values. When the silylated CNF was used 
together with nanosilica, the contact angle values were increased. 

The incorporation of 5 wt.% silylated CNF (DS 0.1) without the use of nanosilica improved 
the abrasion resistance of the water-based PU lacquer by over 40% (Figure 18). The abrasion 
resistance was retained even with the lowest PU coating thickness (27 um vs. 46 um). The use 
of the silylated CNF resulted in significant reduction in the film thickness because CNF in-
creased the packing of the PU coating (Figure 19). In addition to the silylated CNF, native CNF 
also proved to be capable of improving the abrasion resistance of the PU coating. A 5 wt.% 
addition of native CNF produced a PU coating with the abrasion resistance value of 625 rounds 
(Figure 19). However, the abrasion resistance of the PU coating decreased when using the si-
lylated CNF together with nanosilica.  
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Figure 18. Effect of the native CNF and nanosilica on the abrasion resistance of the two-
component, water-based polyurethane lacquer. The amount of the native CNF or silylated 
CNF (S1) is given first, and the amount of the nanosilica in percentages in parentheses. 
 
 

 
 
Figure 19. Thicknesses of the water-based polyurethane coatings containing different 
amounts of the native CNF, silylated CNF (DS 0.1) and nanosilica. The amount of the native 
CNF or silylated CNF (S1) is given first and the amount of the nanosilica in percentages in 
parentheses.  
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An increase in tensile properties for PU film composites was achieved only with the 
incorporation of 2 wt.% silylated CNF that improved Young’s modulus and tensile strength of 
the pure PU by 5% and 6%, respectively (Figure 20). The flexibility of PU was also enhanced 
by 10% with the addition of 2 wt.% silylated CNF (Figure 21). However, higher contents (5 
wt.%) of the silylated CNF led to a significant drop in the tensile performance of PU. The use 
of the nanosilica together with the silylated CNF (0.5, 1, or 5 wt.%) did not enhance the 
properties of PU films either, but made them more brittle than the pure PU films. The 
improvement in tensile properties of PU with the addition of 2 wt.% silylated CNF may be due 
to better and uniform dispersion of CNF in PU matrix. However, with higher CNF loads or 
using CNF in combination with nanosilica, uniform dispersion in PU matrix may not be 
achieved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20. The mechanical properties of silylated CNF (DS 0.1)-reinforced water-based pol-
yurethane lacquer coatings. The amount of silylated CNF is given first and the amount of na-
nosilica is given in percentages in parentheses.
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4.1.4.3 Barrier properties of the silylated CNF filmsIII 
 
The barrier properties of the material are influenced by the polarity, molecular packing, 
crystallinity and density of a material and possible existing pinholes in the film matrix.174,175 
The molecular mobility in cellulose is restricted by the intermolecular hydrogen bonds 
resulting in a lower gas permeation. With the addition of nonpolar substituents on the cellulose 
backbone, the intermolecular hydrogen bonding is decreased and molecular mobility and free 
space is increased, leading to a higher oxygen permeability of the cellulose derivate film.163  

In line with earlier results176, an increase in the oxygen permeation for the acetone and THF-
casted silylated CNF films was attained with an increasing degree of substitution (Table 3). 
However, based on the results, it seems that a suitable solvent has a greater impact on the film-
forming ability of the modified CNF, the oxygen permeation rate and drying speed of the 
modified CNF film than silylation. High-quality films with a notably lower oxygen permeation 
rate were produced with THF, while with acetone oxygen, permeability increased significantly, 
suggesting that casted films were not uniform. Differences in oxygen permeation values might 
find an explanation in existing pinholes in the films and aggregation of CNF even though no 
visual difference was observed between the silylated CNF dispersions in THF and acetone. 
 
 
Table 3. Oxygen Transmission Rates (OTR) and Oxygen Permeabilities (OP) for the Self-
Supporting Films of the silylated CNF at 23 °C and 50% RH. 
 

Sample Film thickness 
(μm) 

OTR (cm3 m−2 
d−1)a 

OP (cm3 μm m−2 d−1 
kPa−1)b 

CNF DS 0.5 
(acetone) 

26.3 ± 5.2 32 ± 3 8.1 ± 0.7 

CNF DS 0.5 (THF) 22.5 ± 4.6 3.9 ± 0.9 0.87 ± 0.20 

CNF DS 1.2 
(acetone) 

17.5 ± 7.1 1208 ± 52 209 ± 9 

CNF DS 1.2 (THF) 18.8 ± 6.4 43 ± 2 8.0 ± 0.3 
a Oxygen transmission rate (cm3 m−2 d−1) 
b Oxygen permeability (cm3 μm m−2 d−1 kPa−1). 
 

 

4.1.4.4 The effect of the moist BSKP on the molecular weight and mechanical properties of 
PLA IV  
 
Although the concept of using moist BSKP in the melt processing of PLA could offer a simple 
and cost-effective route to prepare composites, the hydrophilic character and high moisture 
absorption tendency of cellulose and PLA’s tendency to hydrolytic degradation due to moisture 
remain challenges. Additionally, pulp fibre cutting during the melt processing reduces the final 
performance of the composite. Therefore, retaining pulp fibre length is desirable for the 
improved strength and stiffness of the composite. It is important to understand the behaviour 
of the compounds during the melt processing, but also the factors determining the 
performance of the final composites to achieve composites with optimal properties.  
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The increased moisture content of BSKP fibres for feeding in the compounding reduced the 
damage (cutting) to fibres (Table 4). A 39% decrement in fibre cutting was achieved by using 
fibres with a 25% moisture content as compared to the fibres with lower moisture content at 
1%. Decreased pulp fibre cutting attained with pulp fibres with higher moisture contents (16% 
and 25%) may derive from the less hornificated and less brittle characteristics of the never-
dried BSKP fibres as compared to the dried BSKP fibres. On the other hand, water may act as 
a plasticizer for the kraft pulp fibres during the compounding. It is suggested that water to-
gether with degraded PLA reduces the viscosity of polymer melt, which leads to reduction in 
shear forces in the latter stage of compounding before vacuuming, and, finally, less fibre cut-
ting occurs.  

Compounding and injection moulding decrease the weight average molecular weight of the 
neat PLA (Table 5) which may be due to the degradation of PLA in the presence of water during 
processing. Higher weight average molecular weights were detected for the injection-moulded 
PLA/BSKP samples than for the compounded PLA/BSKP samples, suggesting that by remov-
ing excess water, the acidic conditions can be retained, which initiates the polymerisation re-
action of PLA during injection moulding.   

SEM imaging of the injection moulded PLA/BSKP composites indicated that the moist BSKP 
fibres were partly attached with the PLA matrix and some void spaces between the BSKP fibre 
and PLA were detected (Figure 21). However, the influence of the BSKP moisture content on 
the fibre-matrix adhesion was not revealed by the SEM micrographs. 
 
 
Table 4. Fibre lengths of the bleached softwood kraft pulp (BSKP) before and after processing. 
 

Sample code Fibre length of BSKP L(l) (mm)b Fibre length of BSKP L(l) (mm)c 

Unprocessed BSKPa 1.79 - 
PLA/BSKP1 0.69 0.29 
PLA/BSKP3 0.68 0.35 
PLA/BSKP16 0.84 0.28 
PLA/BSKP25 0.96 0.29 

 
a Bleached softwood kraft pulp fibre length before compounding and injection moulding. 
b BSKP fibre lengths determined from compounded samples. 
c BSKP fibre lengths determined from injection moulded samples.  
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Table 5. The average molecular weights (Mn, Mw) and polydispersities (PD) of PLA/BSKP 
samples after compounding and injection molding. 
 

Sample Process Mn 

(kg mol-1) 

Mw  

(kg mol-1) 

PD Eluent/HPSEC system 

Neat PLA - 154.751 228.181 1.5 Chloroform 

PLA compounding 149.251 223.028 1.5 Chloroform 

 injection moulding 142.974 216.044 1.5 Chloroform 

PLA/BSKP1 compounding 139.499 212.607 1.5 Chloroform 

 injection moulding 123.669 221.542 1.8 Chloroform 

PLA/BSKP3 compounding 138.951 212.065 1.5 Chloroform 

 injection moulding 141.477 226.826 1.6 Chloroform 

PLA/BSKP16 compounding 128.008 198.849 1.6 Chloroform 

 injection moulding 130.790 217.564 1.6 Chloroform 

PLA/BSKP25 compounding 126.440 197.576 1.6 Chloroform 

 injection moulding 128.151 217.503 1.7 Chloroform 
 
 
 

 
 
Figure 21. SEM images of the cryo-fractured surfaces of the PLA/BSKP dumbbell specimens 
with the same magnification: (a) PLA/ BSKP1, (b) PLA/BSKP3, (c) PLA/BSKP16 and (d) 
PLA/BSKP25.  
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PLA/BSKP1 and PLA/BSKP3 showed improved tensile strength and modulus, which may 
indicate a better fibre-matrix interaction or an improved fibre dispersion when compared to 
PLA/BSKP16 and PLA/BSKP25 samples. An investigation of the mechanical properties of the 
PLA/BSKP composites revealed the beneficial reinforcement effect of a 30 wt.% loading of 
BSKP with various moisture contents for improving the strength and stiffness of the 
composites (Table 6; Figure 22). Tensile strength improved from 62.7 MPa for neat PLA to 73.1 
MPa for PLA/BSKP3. Similarly, strength was enhanced from 62.7 MPa for neat PLA to 72.8 
MPa, 70.6 MPa and 70.4 MPa for PLA/BSKP1, PLA/BSKP16 and PLA/BSKP25, respectively. 
PLA/BSKP16 composite had the highest Young’s modulus in comparison with the neat PLA. 

Although the incorporation of 30 wt.% of the BSKP with various moisture contents showed 
an improvement in tensile strength and modulus of the composites, the strain and impact 
strength of PLA were deteriorated (Table 5; Figure 22). The lower strain and impact strength 
can be explained by the discontinuation points in the solid matrix caused by the fibre addition 
without proper connection to the polymer matrix.  

After the injection moulding, BSKP3 retained the highest fibre length among other fibres. 
The longer fibre length, together with the higher molar mass of PLA in the PLA/BSKP3 
samples, might explain its better strength, modulus and strain values in comparison with other 
samples. We believe that the tensile modulus or the material stiffness is related to good fibre 
dispersion in a polymer matrix. We suggest that the degradation of PLA decreases the 
molecular weight while water acts as a plasticiser for the kraft pulp fibres during the 
compounding. Degraded PLA together with water decreases the viscosity of the polymer melt, 
which might lead to improved fibre dispersion during the compounding stage, and reflects the 
better properties of the composites after injection moulding. 

 
 

Table 6. Mechanical properties of PLA and PLA/BSKP composites. 

Sample code Tensile 
strength (MPa) 

Young’s 
modulus (GPa) 

Elongation at 
max. stress (%) 

Impact strength 
(kJ/m2) 

PLA 62.7 ± 0.3 3.38 ± 0.1 2.28 ± 0  16.4 ± 1.1 
PLA/BSKP1 72.8 ± 0.7 6.19 ± 0.1 1.85 ± 0.1 14.3 ± 1.6 
PLA/BSKP3 73.1 ± 0.3 6.21 ± 0.1 1.87 ± 0.1 13.9 ± 1.7 
PLA/BSKP16 70.6 ± 1.2 6.67 ± 0.1 1.50 ± 0.1 13.1 ± 1.7 
PLA/BSKP25 70.4 ±0.8 5.91 ± 0.3 1.75 ± 0.1 14.2 ± 1.3 
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Figure 22. Effect of bleached softwood kraft pulp (BSKP) moisture contents on the mechan-
ical properties of PLA. 
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5. Conclusions and future outlook 

Materials produced using green technology are currently a primary focus of the industry and 
research. Two approaches have been applied in the production of green materials: the use of 
renewable resources and the use of biodegradable materials. Naturally derived biofibres, such 
as cellulose fibres, have been utilised as sustainable additives in polymer composites. However, 
there are some restrictions of using cellulose fibres in polymeric matrices, including the poor 
interfacial adhesion at the interphases and the limited processability that restricts the 
applications of biocomposites. By studying and optimising the cellulose fibre-polymer matrix 
properties, the overall properties and processability of biocomposites can be improved and 
new application fields can be found. Especially CNF are fascinating building blocks for the 
design of novel advanced biomaterials as they provide an excellent platform for chemical 
modification. This is, in part, due to the presence of abundant hydroxyl groups at CNF’s 
surfaces, which enables modification by applying different chemistries and tailors the system 
to attain given properties.     

In this thesis, the surface-modified CNF proved to be remarkable strength- and toughness-
enhancing additive for PVA already at low contents. The reinforcement property of epoxidised 
CNF was DS-dependent, and a significant mechanical improvement of PVA in terms of modu-
lus, strength and strain was achieved with only a 1 wt.% load of epoxidised CNF with a DS of 
0.07. The advantage is that the crosslinking reaction between the functional groups of PVA and 
CNF occurs in aqueous medium and thus offers a healthy and safe working environment. The 
production costs of the reaction are also lowered when performed in aqueous medium. Fur-
thermore, reactive refining with fewer steps promotes economic and industrial feasibility of 
the preparation of the PVA/epoxidised CNF composites. The developed PVA/epoxidised CNF 
composites are suitable for casting and for melt processing. The overall material and cost sav-
ings are achieved with an 80 % thinner PVA/epoxidised CNF composite film design and a re-
duction in the amount of PVA of up to 80 through 95 %, with this composition simultaneously 
resulting in superior mechanical performance as compared to pure PVOH film. These sustain-
able composites with superior properties find various industrial low-end and high-end appli-
cations ranging from detergent packaging, biodegradable bags, injection molded component-
sto electronic applications such as polariser components for LCD panels, lenses and optical 
filters with improved durability and stability during processing as well as a thinner design. The 
results of the study were exceptional both from an academic view and from an industrial ap-
plication viewpoint, and resulted in a patent.177 

Silylated CNF was found to be a beneficial reinforcing additive for two-component PU 
lacquer coatings, providing improved abrasion resistance, strength, toughness and elasticity of 
the PU coatings. The highest improvement in abrasion resistance was achieved with a 5 wt.% 
load of the silylated CNF without the use of nanosilica or other additives and despite the PU 
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coating thickness. The addition of 2 wt.% silylated CNF produced a composite with higher 
strength, toughness and elasticity than pure PU. It was shown that the silylated CNF performed 
as an effective stabiliser already at as low as 0.5 wt.% contents for PU lacquers containing 
inorganic nanosilica, and the stability was retained for 20 to 30 weeks. By using low contents 
of silylated CNF, the possible adverse effects on the lacquer viscosity, as is the case of higher 
additive amounts, can be avoided. The silylated CNF was also capable of improving the 
dispersibility of nanosilica in non-aqueous PU lacquers without using high shear mixing or 
long mixing times. The results showed the promise of the silyl-modified CNF as substitute for 
nanosilica as a strength additive for PU coatings. 

By blending moist never-dried bleached softwood kraft pulp (BSKP) with PLA, 
biocomposites with enhanced strength and toughness performance were produced by melt 
processing. The use of BSKP with relatively high moisture contents in feeding allowed 
minimising the common drawbacks related to the fibre cutting and degradation of PLA during 
melt processing. The final tensile properties of the composites were influenced by the initial 
moisture content of the BSKP, suggesting that the most cost-effective processing method for 
PLA/BSKP composites is achieved with the optimum moisture content of the pulp fibres (e.g. 
3 wt.%). The processability and properties of the PLA/BSKP composites facilitate their future 
industrialisation and open up technically and economically feasible applications. Using moist 
kraft pulp fibres enables minimising expensive and time-consuming drying process steps 
before processing, which, in turn, increases the economic benefits of the process. This process 
requires neither the use of additional processing additives nor chemical functionalisation of 
the kraft pulp fibres.
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