
A
alto-
D
D 
1
5
2/
2
0
1
6 

9HSTFMG*agjedc+ 

ISBN 978-952-60-6943-2 (printed) 
ISBN 978-952-60-6942-5 (pdf)
ISSN-L 1799-4934 
ISSN 1799-4934 (printed) 
ISSN 1799-4942 (pdf)

Aalto University
School of Chemical Technology
Department of Forest Products Technology
www.aalto.fi

BUSINESS +
ECONOMY

ART +
DESIGN +
ARCHITECTURE

SCIENCE +
TECHNOLOGY

CROSSOVER

DOCTORAL
DISSERTATIONS

E
milia 

Vä
ns
kä  

T
her
mal sta

bilit
y 
of 
hig
h-
de
nsit
y 
pa
per 
ma
de 
of re

fi
ne
d s
oft
w
o
o
d 
kraft 

p
ul
p 

A
alt
o 
U
niv
er
sit
y 

2016 

Department of Forest Products Technology 

Thermal stability of high-
density paper made of 
refined softwood kraft pulp 

Emilia Vänskä 

DOCTORAL 
DISSERTATIONS 



Aalto University publication series 

DOCTORAL DISSERTATIONS 152/2016 

Thermal stability of high-density paper 
made of refined softwood kraft pulp 

Emilia Vänskä 

A doctoral dissertation completed for the degree of Doctor of 

Science (Technology) to be defended, with the permission of the 

Aalto University School of Chemical Technology, at a public 

examination held in lecture hall L1 at the Department of Forest 

Products Technology on 16 September 2016 at 12. 

Aalto University 
School of Chemical Technology 
Department of Forest Products Technology 
Forest Products Chemistry 



Supervising professor 

Professor Tapani Vuorinen 

 

Thesis advisor 

Professor Tapani Vuorinen 

 

Preliminary examiners 

Professor Matija Strlič, University College London, United Kingdom 

Professor Raimo Alén, University of Jyväskylä, Finland 

 

Opponent 

Professor Monica Ek, KTH Royal Institute of Technology, Stockholm, Sweden 

Aalto University publication series 

DOCTORAL DISSERTATIONS 152/2016 

 

© Emilia Vänskä 

 

ISBN 978-952-60-6943-2 (printed) 

ISBN 978-952-60-6942-5 (pdf) 

ISSN-L 1799-4934 

ISSN 1799-4934 (printed) 

ISSN 1799-4942 (pdf) 

http://urn.fi/URN:ISBN:978-952-60-6942-5 

 

Unigrafia Oy 

Helsinki 2016 

 

Finland 

 



Abstract 
Aalto University, P.O. Box 11000, FI-00076 Aalto  www.aalto.fi 

Author 
Emilia Vänskä 

Name of the doctoral dissertation 
Thermal stability of high-density paper made of refined softwood kraft pulp 

Publisher School of Chemical Technology 

Unit Department of Forest Products Technology 

Series Aalto University publication series DOCTORAL DISSERTATIONS 152/2016 

Field of research Forest Products Chemistry 

Manuscript submitted 5 May 2015 Date of the defence 16 September 2016 

Permission to publish granted (date) 3 March 2016 Language English 

Monograph Article dissertation Essay dissertation 

Abstract 

  
The further development of softwood-based products will help to increase the competitiveness 
of the Finnish forest industry and could generate new opportunities and revenue for the 
northern hemisphere forest industry in general. This thesis examined the thermal stability of 
refined softwood kraft pulp as raw material for high-density paper for food packaging 
applications. 
A thermal treatment device that allows for the accurate combination of high temperature (175 
–300 °C) with a variable water vapor content (1 – 98 v/v-%) in the atmosphere is introduced for 
thermal stability studies of kraft pulp. The performance of the device was evaluated with 
different paper sheets by monitoring the changes in their chemical, optical and strength 
properties such as intrinsic viscosity, brightness, and burst strength, respectively. The results 
demonstrated that the innovative thermal treatment device offered excellent performance 
within the targeted ranges of temperature and water vapor atmospheres. 
The effects of enzyme pretreatment and refining on the thermal stability of paper were also 
studied. The enzymatic pre-treatment impaired the chemical and physical properties of the 
paper, such as the degree of polymerization of cellulose and tensile strength, which in turn also 
resulted in a reduction of the thermal strength stability of the paper. 
Residual lignin in pulp was found to counteract the hydrolytic thermal degradation of paper. 
This was demonstrated by the systematic analysis of ultraviolet resonance Raman spectra and 
by the determination of the light absorption coefficient. Furthermore, the role of residual lignin 
in pulp on the thermal stability of refined paper was studied with unbleached and oxygen 
delignified pulp sheets. Results showed that the residual lignin in pulp is able to attenuate the 
thermal degradation of pulp polysaccharides as demonstrated by the degree of polymerization 
of cellulose results. 
In order to understand the effect of lignin in pulp refining on the thermal stability of paper, 
bleached pulp was pretreated with kraft lignin - separated from black liquor - prior to refining. 
When compared to the reference pulp and pulp treated with antioxidant (ascorbic acid), the 
kraft lignin impregnated pulp improved the burst strength stability of the refined pulp sheets 
after the hot humid thermal treatment (225 °C and water vapor atmosphere of 75 v/v-%). This 
work is a significant step towards the optimization of paper making processes that influence 
the thermal stability of papers and provides important insights into how the thermal stability 
of kraft pulp in papers can be improved. 

Keywords cellulase, degree of polymerization of cellulose, high-density paper, kraft pulp, 
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Tiivistelmä 

Havupuupohjaisten tuotteiden kehitys parantaa suomalaisen metsäteollisuuden kilpailukykyä 
ja tuottaa uusia mahdollisuuksia ja liikevaihtoa pohjoisen pallonpuoliskon metsäteollisuudelle 
ylipäänsä. Tämä työ tarkasteli jauhetun havusulfaattisellun lämmönkestoa raaka-aineena 
elintarvikepakkauksiin tarkoitetussa tiivispaperissa. 
Sulfaattisellun lämmönkestotutkimuksiin valittiin uuni, jonka on mahdollista saavuttaa korkea 
lämpötila (175 – 300 °C) eri ilmakehän vesihöyryn pitoisuuksissa (1 – 98 v/v-%). Uunin 
suorituskykyä arvioitiin erilaisilla papereilla tutkimalla lämmön aiheuttamia muutoksia 
papereiden kemiallisissa, optisissa ja mekaanisissa ominaisuuksissa kuten viskositeetissä, 
vaaleudessa, ja puhkaisulujuudessa. Tulosten mukaan valittu paperin 
lämpökäsittelymenetelmä oli luotettava tutkituissa lämpötiloissa ja ilmakehän vesihöyryn 
pitoisuuksissa. 
Entsyymikäsittelyn ja jauhatuksen vaikutusta tutkittiin myös paperin lämmönkestoon. 
Entsyymikäsittely huononsi paperin kemiallisia ja fysikaalisia ominaisuuksia, kuten 
selluloosan polymerisaatioastetta ja vetolujuutta, jotka edelleen vaikuttivat alentavasti paperin 
lujuuden pysyvyyteen lämpökäsittelyn jälkeen. 
Ultraviolettiresonanssi-Raman-spektrien ja valon absorptiokertoimien perusteella kuitujen 
jäännösligniinin todettiin estävän vesihöyryn kiihdyttämää paperin lämpöhajoamista. Lisäksi 
jäännösligniinin roolia jauhetun paperin lämmönkestossa tutkittiin valkaisemattomilla ja 
happidelignifioiduilla selluarkeilla. Selluloosan polymerisaatioaste osoitti, että jäännösligniini 
hidastaa hiilihydraattien lämpöhajoamista. 
Ligniinin roolia sellun jauhatuksessa ja edelleen jauhetun sellun lämmönkestossa tutkittiin 
impregnoimalla valkaistua sellua mustalipeästä erotetulla ligniinillä ennen jauhatusta. 
Ligniinikäsiteltyä massaa verrattiin antioksidanttikäsiteltyyn (askorbiinihappo) massaan. 
Verrattuna referenssimassaan ja askorbiinihappokäsiteltyyn massaan ligniinikäsittely paransi 
jauhettujen selluarkkien puhkaisulujuuden pysyvyyttä kuuman ja kostean lämpökäsittelyn 
(225 °C ja ilmakehän vesihöyryn pitoisuus75 v/v-%) jälkeen. 
Tämä työ tarjoaa uusia näkökulmia niiden paperinvalmistusprosessien optimoimiseksi, jotka 
vaikuttavat paperin lämmönkestoon ja tuo uutta tietoa siitä kuinka sulfaattisellun 
lämmönkestoa papereissa voitaisiin parantaa. 
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1. Introduction 

The Finnish forest industry, largely based on gymnosperm wood, i.e., pine and 

spruce, is under pressure to increase profitability and needs to broaden its fields 

of  applications.  Although  global  wood  consumption  is  increasing,  the 

digitalization  of  media  has  led  to  a  drastically  reduced  demand  for  the 

production  of  printing  paper.  At  the  same  time,  the  fast  growing  hardwood 

species  of  the  southern  hemisphere  tend  to  provide  a  more  economic  raw 

material  source  for  diverse  wood-based  products.  Considering  that  forest 

industry  products  constitute  approximately  20%  of  Finland’s  export  trade 

(€11.2 billion in 2014) (Finnish customs trade statistics 2014), this combination 

of factors has a detrimental effect on the overall Finnish economy. 

 

More  extensive  research  in  the  field  of  natural  fiber-based  packaging  is  also 

crucial, since the environmental issues of plastic packaging are becoming more 

prevalent  globally.  Environmental  concern  regarding  plastic  packages  is  not 

only related to the unresolved issues due to the non-renewable nature of their 

precursors, but also to the lack of recycling methodologies. For example, up to 

12.7  million  tonnes  of  plastic  waste  from  the  almost  300  Mtons  of  plastics 

produced in the world annually, ends up in the ocean (Jambeck et al. 2015) and 

this pollution is now being considered, in some quarters, to be a much bigger 

threat than global warming. 

 

This thesis represents an ambitious effort to increase understanding on how to 

improve the thermal stability of softwood kraft fibers in an attempt to increase 

the  use  of  natural  fibers  in  future  food  packaging  applications.  The 

unambiguous  objectives  of  this  thesis  are:  (i)  to  establish  an  approach  that 

allows the systematic study of the thermal degradation of fibers at temperatures 

used for food processing (~200 °C) in the presence of water vapor atmosphere, 

(ii) to determine those factors affecting the thermal stability of kraft fibers in 

high-density paper application, and (iii) to propose a sustainable approach to 

improve  the  thermal stability  of  softwood  kraft  fibers  in  high-density  papers. 

One  of  the  factors  that  distinguish this  work  from  many  other  thermal 

degradation  studies  is  the  attempt  to improve  the  thermal  stability  of  paper 

through  a  fiber’s  own  residual  lignin,  without  using  additional  coatings  or 

chemicals – an innovative approach that has not been outlined previously. 
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Thermal  degradation  of  paper  is  a  challenging  research  area;  the  staggering 

amount of variety that comes with pulp fibers and the chemistry of these fibers 

at  the  bulk  and  molecular  level  are  pertinent  to  a  combination  of  scientific 

disciplines,  from  physics  to  engineering.  Thus,  throughout  this  work,  the 

thermal degradation of softwood kraft pulp from a well-known source has been 

evaluated with optical and mechanical methods that are typically used by paper 

producers. In addition, more chemistry-based analytical approaches have been 

adapted to further enhance the findings of this work. 

 

In  this  work,  a  thermal  treatment  device  suitable  for  thermal  degradation 

studies of paper at food processing temperatures was introduced. In contrast to 

conventional heat treatments, e.g., used in paper pyrolysis, thermal treatments 

were performed at high temperatures and ambient atmosphere with designated 

water vapor contents (PublicationI). 

 

The sensitivity of the thermal treatment device and the factors that effect the 

thermal degradation of fibers were tested via accelerated thermal degradation 

reactions in paper sheets. The fibers used in these tests were: (i) hypochlorous 

acid  pretreated,  (ii)  intensively  refined,  and  (iii)  enzyme  hydrolysed  fully 

bleached (FB) kraft pulps. Studying these samples facilitated the understanding 

of  the  dependence  of  paper  thermal  stability  on  fundamental  paper  making 

processes and the chemical environment of kraft pulp fibers (PublicationsIand

II). 

 

The impact of lignin on the thermal durability of paper was investigated by heat 

treating residual lignin containing pulps with varying degrees of delignification 

(PublicationsIandIII). The observed delay in the depolymerization of cellulose in 

residual lignin containing kraft pulp sheets was an important result that had not 

been previously reported. The improved thermal stability of lignin containing 

papers is a significant finding with the potential to be used industrially in order 

to widen the end-use applications of unbleached (UB) pulps. 

 

Finally,  the  antioxidant  capacity  of  kraft  lignin  (KL)  in  pulp  refining  was 

examined  by  comparing  a  KL  impregnated  pulp  to  a  known  antioxidant, 

ascorbic  acid  (AA),  impregnated  pulp  (PublicationIV).  With  this  approach,  a 

novel way to utilize purified KL, separated from black liquor, was introduced. It 

is not only the emerging natural fibers based packaging technologies that can 

benefit from a  better  understanding  of  the  antioxidant  properties of lignin in 

pulp but bio-refining can also rely on the side-products of KL by increasing the 

value chain of forest industry products. 
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2. Background 

2.1  Softwood fibers 

 Fiber constituents 

Cellulose chains comprise of β-D-glucopyranosyl units that are linked together 

with 1,4-glycosidic bonds and these cellulose chains interact with each other via 

hydrogen bonds forming 2–4 nm wide microfibrils (Guerriero et al. 2010). In 

addition  to  cellulose,  softwood  fibers  also  contain  hemicelluloses,  like 

arabinoglucuronoxylan  and  galactoglucomannan  (Pu  et  al.  2011),  and 

covalently linked lignin (Minor 1986; Lawoko et al. 2005). The location of fiber 

constituents in the wood cell wall is illustrated in Figure 1. 

 

 

Figure 1. Fiber constituents in a cell wall (Kontturi 2005). S1 (secondary cell wall outer layer), S2 
(secondary cell wall middle layer), S3 (secondary cell wall inner layer). 

Lignin  in  fibers  not  only  contributes  to  the  mechanical  strength  and  the 

regulation of wood water uptake, but it also protects wood from biodegradation 

(Martínez et al. 2005). Lignin is closely associated to carbohydrates in a fiber 

wall structure already during the biosynthesis of wood (Vanholme et al. 2008) 

and  these  precursor  combinations  of  wood  are  known  as  lignin-carbohydrate 

complexes (Björkman 1957). 
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Softwood lignin is mainly composed of coniferyl alcohol units linked together 

with β-O-4 aryl ether linkages (45–50%). The other common linkages between 

coniferyl alcohol units in native softwood lignin are 5–5, β-5, and β-1, with the 

abundances  18–25,  9–12,  and  7–10%,  respectively  (Chakar  and  Ragauskas 

2004). 

 

The  ability  of  lignin  to  crosslink  with the  rest  of  the  cell  wall  components, 

together  with  the  complexity  of  its  molecular  structure  and  its  highly 

hydrophobic nature creates a challenge for its removal in pulping and bleaching 

processes. 

 Fibers after pulping and bleaching 

Hydroxide  and  hydrosulfide  anions  of  white  liquor  combined  with  the  high 

temperature  of  kraft  pulping  removes  over  90%  of  native  lignin  (Chakar  and 

Ragauskas  2004)  and  undesirably  some  part  of  carbohydrates,  i.e.,  mainly 

glucomannans in softwood pulping (Buchert et al. 1995; Lawoko et al. 2004). In 

addition,  4-O-methylglucuronic  acid  sidegroups  have  been  shown  to  react 

further  to  form  xylan-bound  4-deoxy-hex-4-enuronic  acid  (HexA)  upon  kraft 

pulping (Buchert et al. 1995; Lawoko et al. 2004). After pulping, softwood pulp 

contains still 3–4% of residual lignin (Buchert et al. 1997; Mooney et al. 1998; 

Chakar and Ragauskas 2004; Lahtinen et al. 2014). 

 

The fragmentation of lignin due to pulping results in the formation of phenolic 

hydroxyl  (PhOH)  groups  within  the  residual  lignin  structures  (Chakar  and 

Ragauskas  2004)  with  the typical  PhOH  group  content  in the phenylpropane 

units of residual lignin approximately 30/100 (Gellerstedt and Lindfors 1984). 

However, the structure and the amount of residual lignin, as well as the number 

of functional groups depend on individual fiber processing conditions (Pan et 

al. 2006). The common functional groups in lignin are depicted in Figure 2. 
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Figure 2. Common functional groups of lignin (Dimmel 2010). R (hydrocarbon group). 

A target for pulp bleaching is to increase pulp brightness and stabilize the pulp 

towards  brightness  reversion  upon  paper  storage,  by  removing  the  residual 

lignin  of  fibers  (Rapson  1963b).  Prior  to  actual  bleaching  process  oxygen 

delignification  is  used  to  reduce  the amount  of  required  bleaching  chemicals 

and  thereby  provide  an  economical  step  to  enhance  lignin  removal  without 

major carbohydrate losses (Suchy and Argyropoulos 2002). This oxygen stage 

removes approximately 50% of residual lignin (van Heiningen and Ji 2012) after 

which, depending on the subsequent steps used, residual lignin content can be 

reduced to approximately 0.4 percentage by mass (wt.%) upon bleaching (Ohra-

aho et al. 2005). 

2.2  Lignin as a radical scavenger 

Lignin has been recently shown to possess a beneficial effect in several cellulosic 

fiber related applications such as nanopaper (Rojo et al. 2015) and fiberboard 

(Mancera  et  al.  2011).  In  addition,  Selli  et  al.  (1998)  demonstrated  the  lower 

thermal degradation rate of cellulose in UB than FB flax due to the protective 
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effect of lignin on cellulose, although no detailed explanation behind this finding 

was given. In an attempt to elucidate the role of lignin on the cellulose fibrils, 

Spence et al. (2010) demonstrated that microfibrillated cellulose (MFC) films 

produced from UB pulp were stronger than corresponding films originated from 

FB fibers, though no further effort was made to explain this effect. Ferrer et al. 

(2012)  also  found  that  UB  nanopaper made  from  nanofibrillated  cellulose 

(NFC) had a denser sheet structure than the corresponding nanopaper obtained 

from FB NFC. Ferrer et al. (2012) suggested that the finding was related to finer 

nanofibrils produced upon the microfluidization of UB pulp and although they 

speculated the presence of mechanoradicals in the microfluidization of pulp and 

the antioxidant nature of lignin against mechanoradicals, no clear evidence was 

offered for the lignin radical scavenger capacity. However, Solala et al. (2012) 

confirmed  that  UB  pulps  were  easier  to  fibrillate  and  contained  more  stable 

radicals  than  FB  pulp.  In  the  study  of  residual  lignin  containing  nanopapers 

(Rojo  et  al.  2015),  produced  from  SO2–ethanol–water  pulp  via 

microfluidization, fibril diameters were also shown to decrease with the residual 

lignin  content.  Furthermore,  improved  sheet  density  and  reduced  polarity 

accompanying low hydrophilicity were demonstrated for the desired properties 

of nanopapers. Once again mechanoradicals and the antioxidant properties of 

lignin  were  considered  without  direct  radical  determination  and,  thus,  the 

complete  explanation  for  the  superior  properties  of  the  residual  lignin 

containing nanopapers still requires some clarification. 

 

Some of the first evidence on the antioxidant properties of lignin was provided 

by Hon (1975) who was able to prove with electron spin resonance spectroscopy 

that lignin protects cellulose from ultraviolet radiation. Furthermore, Hon and 

Glasser  (1979)  showed  that  lignin  was  scavenging  mechanoradicals  by 

subsequently forming phenoxy and peroxy radicals. Schmidt et al. (1995) also 

showed that, contrary to FB pulp, the degree of polymerizarion (DP) of cellulose 

and strength of mechanical pulp remain almost stable upon radical autoxidative 

attack, properties that were ascribed to the antioxidant capacity of lignin. 

 

Additional proof on the antioxidant properties of lignin using model compounds 

was  provided  by  Barclay  et  al.  (1997)  who  studied  the  trapping  of  peroxyl 

radicals.  The  authors  found  that  4-propylguaiacol,  eugenol,  isoeugenol, 

coniferyl  alcohol,  coniferyl  aldehyde,  and  4-allyl-2,6-dimethoxyphenol  were 

better  antioxidants  than  the commercial  inhibitor  2,6-di-tert-butyl-4-

methylphenol (BHT) that is also commonly used as a food additive (Valoti et al. 

1989). Furthermore, Dizhbite et al. (2004) showed the radical scavenger effect 

of lignin monomeric compounds against 1,1-diphenyl-2-picrylhydrazyl radical 

by electron spin resonance technique. In addition, Perez-Perez and Rodríguez-

Malaver (2005) examined the effect of the black liquor from kraft pulping on 

the lipid peroxidation of rat homogenatas from different organs. Their results 

showed that black liquor possesses antioxidant activity against the formation of 

lipid hydroperoxides and thiobarbituric acid reactive substances. 
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According to several studies, the most important radical scavenger structure in 

lignin is the PhOH group (Barclay et al. 1997; Dizhbite et al. 2004; Pan et al. 

2006). PhOH groups can trap the peroxyl radicals of cellulose as outlined in 

Figure  3.  During  the  initiation  stage  (Figure  3)  an  oxidative  process,  e.g.,  a 

mechanical  treatment,  leads  to  the  formation  of  peroxyl  radicals  within  the 

cellulose  chains  (Hon  1979;  Hon  and Glasser  1979).  In  the  subsequent 

propagation stage newly formed radicals oxidize the PhOH group in lignin to 

phenoxy radicals by hydrogen abstraction. The termination stage reactions of 

the phenoxy radicals initiate chromophore formation resulting in the observed 

colored  products  (Hon  1983;  Schmidt  et  al.  1995).  In  addition  to  the  PhOH 

groups,  the  guaiacylglycerol β-aryl  ether  linkages  of  lignin  have  also  been 

suggested as structures that can trap free radicals and generate phenoxy radicals 

(Schmidt et al. 1995) as represented in Figure 4. 

 

 

Figure  3. Phenolic  hydroxyl  groups  in  lignin  react  with  the  free  radicals  of  cellulose.  The 
subsequent reactions of phenoxy radicals yield non-radical colored products (Hon 1983; Schmidt 
et al. 1995). 

 

 

Figure 4. Formation of phenoxy radical in guaiacylglycerol β-aryl ether linkage of lignin via a ketyl 
radical intermediate (Schmidt et al. 1995). 

The double bond between C and C atoms in the phenyl propane units of lignin 

has also been suggested to increase radical scavenger activity. In contrast, the 

heterogeneity of chemical  compositions,  high molecular mass,  polydispersity, 

and aliphatic hydroxyl groups in lignin may decrease the antioxidant properties 

(Dizhbite et al. 2004; Pan et al. 2006). 
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2.3  Refining of chemical pulp 

 Effect of refining on fiber properties 

The refining of pulp constitutes a fundamental process step in the production of 

high-density paper (Kjellgren and Engström 2005) and the refining of chemical 

pulps  has  been  exhaustively  studied  over  the  past  eighty  years  or  more 

(Harrison 1934; Fuentes et al. 1981; Kerekes 2005; Gharehkhani  et al. 2015). 

During chemical pulp refining, the fibers are exposed for the compression and 

shearing forces of a refiner in aqueous media (Cui et al. 2014; Gharehkhani et 

al. 2015). This is an energy-demanding mechanical process that improves fiber 

bonding and contributes to the strength and density of paper through external 

and  internal  fibrillation  of  fibers.  External  fibrillation  contributes  to  the 

strength of the fiber web by increasing the bonded area of fibers, while internal 

fibrillation  increases  fiber  swelling  and  flexibility.  In  addition,  mechanical 

treatment  delaminates  the  fiber  surface,  forms  fines,  and  shortens  fibers 

(Fardim and Durán 2003; Bhardwaj et al. 2004; Vainio and Paulapuro 2005; 

2007; Kang 2007; Banavath et al. 2011; Chaussy et al. 2011; Cui et al. 2014). The 

refining of fibers does not only increase the amount of bonded area, but also the 

bonding  strength  between  fibers  (Vainio  and  Paulapuro  2007).  A  schematic 

illustration  of  the  morphological  changes  that  occur  on  the  fiber  surface  is 

shown in Figure 5. 

 

 
Figure 5. A schematic illustration of the morphological changes on the fiber upon refining (Kang 

2007). 

 

Hernadi (1976) observed that the refining of kraft pulp led to a decrease in the 

tensile strength of paper upon ageing. The author suggested that the strength of 

the  fiber  web,  induced  by refining,  was  vulnerable  to  extensive  strength  loss 

upon  thermal  ageing,  however,  no  evidence  of  a  clear  relation  between  the 

refining degree and ageing was found. Although refining has been also shown to 

remove surface lignin of fibers, separate hemicelluloses from the fiber matrix 

(Sjöström et al. 2000; Banavath et al. 2011) and increase the surface charge of 

fibers,  mechanically  induced  chemical  changes  in  fibers  (Gharehkhani  et  al. 

2015) and their exact impact on the thermal durability of paper are still far from 

being fully determined (Page 1969; Hernadi 1977). 
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 Mechanoradicals 

Commonly, radicals (or free radicals) are defined as chemical species with an 

unpaired valence electron (Pawelec et al. 2014). When the stress concentrations 

exceed  the  cellulose  chain  bond  strength  during  mechanical  treatment, 

homolytic  cellulose  degradation  takes  place  leading  to  the  formation  of 

mechanoradicals  (Hon  1983).  The  plausibility  of  this  mechanism  has  been 

demonstrated by the presence of mechanoradicals in the pulp refining process 

(Hon  and  Glasser  1979;  Hon  1979;  Solala  et  al.  2012).  Free  radicals  are  also 

produced  in  several  pulping  and  bleaching  processes  (Mikhailov  et  al.  1998; 

Savolainen  2003;  Kuitunen  et  al.  2011),  as  well  as  in  the  thermal  treatments 

(Strlič et al. 2000; Kolar et al. 2001; Cui et al. 2013) of cellulosic fibers. 

 

One of the most extensive investigations of mechanoradicals has been carried 

out by Hon and his co-authors already as early as the seventies (Hon 1979; 1983; 

Hon and Glasser 1979; Hon and Srinivasan 1983). This previous research on the 

role of mechanoradicals in the homolytic rupture of cellulosic materials (Figure 

6) could be reviewed at length, however, the exact nature of the mechanism is 

still  currently  being  both  investigated  and  actively  discussed  (Kuzuya  1999; 

Sasai et al. 2004; Polizzi et al. 2008; Sakaguchi et al. 2010; Solala et al. 2012). 

The  prevailing  consensus  is  that  mechanoradicals  are  generated  during  the 

various types of mechanical processes of cellulosic materials via, for example, 

homolytic cellulose chain scission illustrated by Figure 6. 

 

 
Figure 6. Cellulose chain scission illustrated by Polvi (2013). 

 Enzymes in refining 

Since the 1980s, a wide variety of enzymes have been commercially utilized in 

the pulp and paper production for purposes as diverse as the bleaching of pulp 

(Bajpai 1999; Ravalason et al. 2012), the reduction of refining energy (Bhardwaj 

et  al.  1996;  García  et  al.  2002;  Lecourt et  al.  2010a,b;  Cui  et  al.  2014),  water 

removal enhancement (Pala et al. 2001), sheet density improvement (Pala et al. 

2002), and increment in hydrophobicity (Reynaud et al. 2013) to name just a 

few.  Enzymes  work  as  catalysts  for  a  specific  reaction,  like  hydrolysis  and 

cellulases,  for  example,  are  typically  utilized  in  pulp  refining  (Lecourt  et  al. 

2010a; Cui et al. 2014). These enzymes can be subdivided into endoglucanases 

(EGs), cellobiohydrolases (CBHs), and glucosidases (Maurer et al. 2012). EGs 

cleave cellulose chains randomly, while CBHs cut cellobiose from the cellulose 

chain ends (Henrissat 1994; Pala et al. 2002; Ubhayasekera 2005; Lecourt et al. 
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2010b; Maurer et al. 2012). In contrast, glucosidases degrade the reaction 

products of cellulose completely into glucose monomers. EG and CBH activities 

on cellulose are illustrated in Figure 7. 

 

 
Figure 7. A schematic illustration of the cellulose active enzymes, introduced by Ubhayasekera 

(2005).  

 

On the whole, the performance of the enzymes on the pulp properties is – as 

always  -  strongly  dependent  on  the  initial  fiber  material  and  treatment 

conditions of pulp. 

2.4  Thermal degradation of cellulosic fibers 

 Thermal degradation mechanism 

The thermal degradation of cellulosic materials has caught the attention of the 

global scientific community since the rise of natural fiber-based applications. 

When paper is exposed to heat, the temperature increase initiates the random 

degradation of cellulose  chains throughout the  bulk of the  paper  sheet  (Fung 

1969; Hernadi 1976; Zou et al. 1994; Łojewska et al. 2005). Thus, the thermal 

degradation of paper is defined as a process which leads to a deterioration of the 

optical,  mechanical,  physical,  and  chemical  properties  of  fibers  (Kačík  et  al. 

2009;  Castro  et  al.  2011).  These  properties  have  been  extensively  studied  by 

several  research  groups,  due  to  the  practical  importance  of  the  thermal 

properties of cellulosic fibers in a considerable number of applications including 

paper drying (Vainio and Paulapuro 2007) and stability of electronic insulation 

papers (Emsley and Stevens 1994; Hill et al. 1995; Liao et al. 2008). In addition, 

artificial ageing tests are typically utilized to predict the long-term endurance of 
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cellulosic materials like those found in historical papers and books (Barrow and 

Sproull 1959; Wilson and Hebert 1969; Kolar et al. 2001; Malesic et al. 2002; 

Zervos  2007; Łojewski  et  al.  2010)  and  fiber-based  composites  (Mohr  et  al. 

2005; Dariea et al. 2015). Studies that have attempted to elucidate the thermal 

degradation of cellulosic fibers at higher temperatures are often related to the 

pyrolysis (Antal and Varhegyi 1995; Yang et al.  2007;  Nhuchhen et al. 2014). 

When considering the different applications of cellulose-based materials, there 

are  a  significant  number  of  different  temperature  regions,  thus  the  thermal 

degradation of cellulosic materials can be variously referred to as drying, ageing, 

weathering, heating, torrefaction, burning, annealing, or pyrolysis. An example 

of  the  relevant  temperatures  and  treatment  times  in  these  treatments  are 

illustrated in Figure 8. 

 

 
Figure 8. A few example of possible combinations of temperature and treatment time used to study 

the thermal degradation of cellulosic materials in the literature reviewed in this thesis; the time 

scale is logarithmic. 

 

Major  (1958)  summarized  the  work  of  many  researchers  in  the  field  of  the 

thermal  degradation  of  cellulose  by  concluding  that  the  main  thermal 

degradation  reactions  are  the  oxidation  and  hydrolysis  prior  to  the  complete 

pyrolysis  of  cellulose.  Major  and  his  colleagues  have  established  the  reaction 

mechanisms  of  depolymerization  of  cellulose  upon  heating  that  are  widely 

accepted  today.  These  early  studies,  conducted  mainly  with  cotton,  already 

showed that the heating of cellulosic materials results in decreased viscosity and 

subsequent strength, while water, carbon monoxide (CO), and carbon dioxide 

(CO2) are all released from the material (Major 1958). By far the most abundant 

literature on the thermal degradation of cellulose deals with the brightness loss 

of  cellulosic  materials  (Spinner  1962;  Rapson  1963a;  Gagné  et  al.  1990; 
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McLellan et al. 1990). These and several other landmark studies on the thermal 

discoloring of papers have been vital for providing the basis for pulps with high 

brightness  stability.  In  contrast  researchers  have  seldom  focussed  their 

attention on the heat induced physical failures of cellulosic materials (Barrow 

and Sproull 1959; Wilson and Hebert 1969; Page 1969; Hernadi 1976). 

 

Differential scanning calorimetry (DSC) is typically utilized for measuring the 

physiochemical  changes  that  occur  in  a  material  when  subjected  to  heat, 

whereas, thermogravimetric analysis (TGA)  determinates  mass change  in the 

material  as  a  function  of  time  and  temperature.  These  techniques  are  widely 

employed  to  investigate  the  thermal  degradation  rates  of  cellulosic  materials 

under  a  variety  of  experimental  conditions,  e.g.,  in  vacuo,  nitrogen,  air,  and 

oxygen (Várhegyi et al. 1993; Soares et al. 1995; Princi et al. 2008). Nonetheless, 

research  that  relies  purely  upon  gravimetric  methods  needs  to  be  considered 

with caution, since material loss is not the only factor involved in the thermal 

degradation of cellulosic materials. 

 

The chemistry of the thermal  degradation of cellulose is  exceedingly complex 

but it can be simplified as the hydrolysis of glycosidic bond and the oxidation of 

glucopyranose ring by the presence of oxygen in the atmosphere (Łojewska et 

al.  2005;  Kačík  et  al.  2009).  The  carbon  atoms  of  the  glycopyranose  rings  in 

cellulose chain that are most susceptible to oxidation reactions are at the 2, 3, 

and 6 positions (Łojewska et al. 2005), whilst the carbon atoms at the 1 and 4 

positions  of  the  terminal  rings  are  also  prone  to  oxidation.  These  oxidation 

reactions  of  cellulose  may  form  a  variety  of  functional  groups,  as  depicted  in 

Figure 9. 

 

 

Figure 9. Carbon atoms prone to thermal oxidation and variety of oxidized groups in cellobiose 
unit (Łojewska et al. 2005). 

The oxidation of carbohydrates also results in hydroperoxides that decompose 

to hydroxyl radicals, which can subsequently release water from cellulose after 

hydrogen abstraction. This evolved water further accelerates the hydrolysis of 

the glucosidic bonds, thus highlighting the interaction between oxidation and 

hydrolysis reactions (Scheirs et al. 2001). 
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It is accepted that the rate of thermal degradation can be described as the 

number of glucosidic bonds broken per unit time due to the scission of cellulose 

chains. Numerous kinetic studies have highlighted the importance of treatment 

time and temperature on the extent of thermal degradation rate of cellulose, as 

a result the degradation of cellulose has been described with a first order kinetic 

model  (Fung  1969;  Rubtsov  et  al.  1994;  Antal  and  Varhegyi  1995;  Zou  et  al. 

1996; Jandura et al. 2000; Calvini et al. 2008). In addition, zero order kinetic 

degradation  equations  have  been  reported,  suggesting  that  the  number  of β-

glucosidic  bonds  broken  in  cellulose  per  unit  time  is  not  affected  by  time 

(Hernadi  1976;  Hill  et  al.  1995;  Selli  et  al.  1998).  In  general,  due  to  the 

differences between the crystalline and amorphous structures of cellulose, the 

entire  course  of  cellulose  depolymerization  can  be  best  represented  by  the 

combination of several terms with different rates of reaction (Ding and Wang 

2008). 

 

Extensive  lists  of  effect  of  the  thermal  treatment  conditions,  e.g.,  treatment 

time,  temperature,  gaseous  atmosphere,  and  humidity  on  the  degradation  of 

cellulosic fibers have been investigated by various groups (Várhegyi et al. 1993; 

Strlič et al. 2001; Granström et al.  2001; Beyer et al. 2006; Silva  et al. 2011). 

Although the thermal degradation of cellulosic materials is strongly dependent 

on these experimental conditions, estimations of degradation temperatures for 

individual fiber constituents can be elucidated. Firstly, the physically adsorbed 

water  on  the  fibers  disappears  approximately  at  110  °C  due  to  the  water 

evaporation  (Scheirs  et  al.  2001)  and  this  common  phenomenon  is  well 

established  in  the  drying  studies  of  cellulosic  materials  (Quiévy  et  al.  2010). 

Secondly,  the  individual  fiber  constituents  start  to  degrade  and  first 

hemicelluloses decompose at 200–400 °C (Nhuchhen et al. 2014), mainly as a 

result of the amorphous and branched structure of hemicelluloses (Yang et al. 

2007). Higher decomposition temperatures of 275–435 °C have been found for 

more ordered cellulose structures (Soares et al. 1995; Yang et al. 2007; Princi et 

al. 2008; Nhuchhen et al. 2014), although cellulose degradation has been also 

indicated to start as low as at 250 °C (Łojewska et al. 2005). In addition, the loss 

of chemically bound water in carbohydrates is found to occur at approximately 

300 °C (Scheirs et al. 2001). 

 

Even  though  the  thermal  degradation  of lignin  has  been  reported  to  start  at 

temperatures as low as 200–275 °C (Brebu and Vasile 2010), the presence of 

the aromatic structures and the wide variety of functional groups give rise to a 

wide  temperature  range  of  100–900  °C  for  lignin  decomposition  (Yang  et  al. 

2007; Brebu and Vasile 2010; Nhuchhen et al. 2014). The thermal degradation 

of lignin results in a variety of small compounds such as aromatic hydrocarbons, 

phenols,  and  polyphenols  (Brebu  and  Vasile  2010).  However,  in  practice,  the 

thermal degradation mechanisms overlap and are particularly dependant on the 

chemistry  of  the  studied  material  and  heat  treatment  conditions.  As  a 

consequence the literature review of the previous findings related to the thermal 

degradation of paper within this thesis is primarily limited to the temperature 
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zone relevant to food processing and these temperature regions for individual 

fiber constituents are outlined in Figure 10. 

 

 

Figure  10. Thermal  degradation  temperature  regions  for  cellulose,  hemicelluloses,  and  lignin 
(Soares et al. 1995; Beyer et al. 1999; Scheirs et al. 2001; Łojewska et al. 2005; Yang et al. 2007; 
Brebu  and  Vasile  2010;  Cui  et  al.  2013;  Nhuchhen  et  al.  2014).  Physically  adsorbed  water  is 
released  at  approximately  110  °C,  hemicelluloses  degradation  starts  at  200  °C,  and  cellulose 
degradation starts at 250 °C. 

 Variables affecting thermal degradation 

Previous  studies  have  comprehensively  describe  how  lignin  (Schmidt  et  al. 

1995; Beyer et al. 2006), hemicelluloses (Buchert et al. 1997; Beyer et al. 2006; 

Zhou et al. 2011), HexA (Granström et al. 2001; Maltha et al. 2011; Silva et al. 

2011), carbonyl (C=O) and carboxyl groups (COOH) (Buchert et al. 1997; Beyer 

et  al.  1999;  Oliveira  et  al.  2006;  Zhou  et  al.  2011),  reducing  end  groups 

(Matsuoka et al. 2011), metals (Beyer et al. 1999; Granström et al. 2001; Strlič 

et al. 2001; Sělih et al. 2007; Logenius et al. 2008), and either the low or high 

pH of fibers (Rapson 1963a; Wilson and Hebert 1969; Arney and Novak 1982; 

Malesic  et  al.  2002;  Oliveira  et  al.  2006;  Silva  et  al.  2011) accelerate  thermal 

degradation reactions. In addition, volatile carbohydrate degradation products, 

e.g., CO, CO2, and methanol have been shown to accelerate secondary thermal 

degradation reactions (Hernadi 1976; Várhegyi et al. 1993; Antal and Varhegyi 

1995; Yang et al. 2007). In addition, the effect of the bleaching sequences on the 

thermal  discoloration  of  paper  has  been well  documented  in  the  literature 

(Beyer et al. 1999; Chirat and De La Chapelle 1999; El-Sakhawy 2005; Oliveira 

et al. 2006; Silva et al. 2011). Nevertheless, despite the countless studies of the 
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variables  that  impact  on  the  thermal  degradation  of  cellulosic  materials,  the 

underlying thermal degradation mechanisms are still somewhat uncertain. 

 Heat induced chemical changes 

The  heating  of  cellulosic  fibers  leads  to  a  variety  of  effects  such  as 

depolymerization and dehydration of cellulose (Rubtsov et al. 1994; Selli et al. 

1998; Quiévy et al. 2010), degradation of hemicelluloses and HexA (Jablonský 

et al. 2011; Silva et al. 2011), crosslinking of neighbouring cellulose chains (Back 

1967;  Page  1969;  Scheirs  et  al.  2001;  Kačík  et  al.  2009),  hornification 

(Klungness  and  Caulfield  1982;  Kato  and  Cameron  1999),  production  of 

chromophores,  carbonyl  and  carboxyl  groups  (Hernadi  1976;  Hernadi  1977; 

Shafizadeh  and  Bradbury  1979;  Soares  et  al.  1995;  Proniewicz  et  al.  2002; 

Potthast et al. 2003; Rosenau et al. 2004; Castro et al. 2011; Silva et al. 2011), 

the  evolution  of  water  (Rubtsov  et  al.  1994;  Scheirs  et  al.  2001),  and  the 

reduction  of  pH  (Beyer  et  al.  2006).  These  are  just  some  of  the  possible 

outcomes.  In  addition,  countless  volatiles,  e.g.,  levoglucosan,  furanic 

compounds, and char (Várhegyi et  al. 1993; Rubtsov et al.  1994; Soares et al. 

1995;  Ball  et  al.  1999)  have  been  reported  to  be  released  from  cellulosic 

materials at temperatures over 300 °C (Simoneit et al. 1999). 

 

Initial  carbohydrate  degradation  products  are  colorless,  but  they  yield 

chromophores,  e.g.,  furan  derivatives  and  quinones  in  subsequent  reactions 

(Beyer et al. 1999), which are known to result in the brightness loss of paper. 

Logenius et al. (2008) identified 5-(hydroxymethyl)furfural and 2-furaldehyde 

as the main degradation products of cellulose by using gas chromatography and 

mass  spectrometry.  Recently,  Korntner  et  al.  (2015)  suggested  that 

approximately 80% of the isolated chromophores in lignin free cellulosic fibers 

originate from carbohydrates and belong to one of three compound classes: (i) 

2,5-dihydroxy-[1,4]-benzoquinone,  (ii)  2,5-dihydroxy-acetophenone,  and  (iii) 

5,8-dihydroxy-[1,4]-naphthoquinone  (Figure  11).  According  to  their  results 

compounds  (i)  and  (ii)  derive  from  oxidatively  damaged  cellulose  and  xylan, 

whereas  the  source  for  compound  (iii)  is  oxidatively  damaged  cellulose  only. 

These so called primary chromophores consist wholly of carbon, hydrogen, and 

oxygen, as shown in Figure 11.  
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Figure 11. Structures that have been suggested to cover 80% of chromophores that originate from 
oxidatively damaged carbohydrates (Korntner et al. 2015). i (2,5-dihydroxy-[1,4]-benzoquinone), 
ii (2,5-dihydroxy-acetophenone), iii (5,8-dihydroxy-[1,4]-naphthoquinone). 

 Heat induced strength loss 

Page (1969) and Luner (1988) suggested that the loss of strength in aged pulp 

was  connected  to  both  individual  fiber  strength  and  interfiber  bonding. 

Furthermore, Kato and Cameron (1999) proposed that the thermal degradation 

of  paper  involves  rearrangement  of  hydrogen  bonding,  similar  to  the 

hornification effect. In contrast to these observations, other groups (Zou et al. 

1994; Hill et al. 1995; Emsley et al. 2000) have suggested that the loss in tensile 

strength of the thermally treated paper is primarily due to the depolymerization 

of cellulose, while hydrogen bonding was postulated to remain intact to some 

degree upon heating (Hill et al. 1995). This idea is at variance with the results of 

Liao  et  al.  (2008),  who  showed  that  the  hydrogen  bonds  between  molecular 

chains  of  aged  pressboard  were  disrupted  with  AFM  high-resolution  surface 

topographic images. Thus, to summarize previous research in this area, it can 

be concluded that the heat induced mechanical rupture of paper can be viewed 

as the combination of cellulose chain shortening and the changes in hydrogen 

bonds. An example of the mechanical rupture of cellulose chains at atomic level 

can be found in Paavilainen et al. (2012) and is also illustrated in Figure 12.  
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Figure 12. (a). Atomic level illustration of cellulose chains upon mechanical stress (Paavilainen et 
al. 2012). (b). Due to the increased stress hydrogen bonds between cellulose chains disconnect. 
(c) The final broken structure of fiber is caused by withdrawal of the connecting chains. 

 Attempts to control thermal degradation 

In the development of cellulosic food packages the major emphasis has been on 

the  development  of  barrier  properties  against  the  seepage  of  water  vapor, 

oxygen,  and  CO2  (Rhim  et  al.  2007;  Lahtinen  et  al.  2009).  Although  being  a 

critical parameter in the development natural fiber-based packaging materials, 

extending  the  temperature  resistance  of  fibers  themselves  has  been 

considerable overlooked. 

 

There has been some limited work, however, where the thermal stability of fiber 

constituents has been improved to a minor extent, for example, Matsuoka et al. 

(2011) treated filter paper with glycerol in order to convert the reducing ends of 

cellulose  into  glycosides  in  order  to  stabilize  the  paper  against  thermal 

discoloration.  Furthermore,  Fukuzumi  et  al.  (2010)  improved  the  thermal 

stability of the fibrous 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized 

cellulose by methyl esterification of the sodium carboxylate groups present in 

the cellulose, while Cui et al. (2013) promoted the thermal stability of softwood 

KL  by  methylating  and  oxypropylating  PhOH  groups  of  lignin  to  produce 

thermoplastics with KL as a single-component. Commercial applications related 

to the modification of natural fibers to withstand heat are generally found in the 

area  of  fire-retardant  materials  such  as  paper  treated  with  brominated  lignin 

sulfonate and brominated KL (Zeigerson and Bloch 1976). 
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The capability of AA to increase the brightness stability of mechanical pulp upon 

accelerated ageing has been investigated quite extensively (Schmidt and Heitner 

1991;  Ragauskas  1994;  Pan  et  al.  1996),  however  evidence  of  the  brightness 

stability  of  pulps  has  been  equivocal. In  addition,  the  significance  of  other 

natural antioxidants in the accelerated ageing of cellulosic materials have also 

been reported (Fagerlund et al. 2003; Peng et al. 2015).  
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3. Materials and methods 

3.1  Experimental layout 

In the present work, it was necessary to perform a broad analytical study of well-

defined raw materials under strictly controlled thermal treatment conditions, in 

order to understand the thermal degradation of paper and improve the thermal 

stability  of  kraft  pulp  fibers.  To  this  end,  different  fibers  obtained  from  filter 

paper  (Whatman),  high-density  papers,  and  pulps  with  varying  degree  of 

delignification  were  selected  for  thermal  treatments  and  several  physical  and 

chemical  methods  like  strength  and  viscosity  measurements  were  adopted  to 

perform  the  analysis.  In  addition,  the  thermal  durability  of  kraft  pulp  was 

investigated  after  the  pulps  were  pretreated  via  different  methodologies  like 

refining,  cellulase,  hypochlorous  acid,  AA,  and  purified  KL.  An  outline  of  the 

experimental steps conducted in the thesis is shown in Figure 13 and depicts the 

various routes utilized to investigate the thermal degradation of paper. 

 

 

Figure 13. Outline of the experimental setup of the thesis. For abbreviations, see the text below. 
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3.2  Thermal treatment method 

 Thermal treatment device 

The development of the approach to improve the thermal stability of kraft fibers 

was initiated by first introducing a new thermal treatment device that is able to 

perform  the  heat  treatments  of  papers both  reproducibly  and  reliably,  in  the 

temperature  zone  associated  with  food  processing.  The  selected  device  was  a 

commercial  Electrolux  air-o-steam  -  Touchline  Combi  LW  6  GN  1/1-electric 

oven that is mainly intended for professional cooking. The oven with a typical 

temperature profile inside the oven chamber during a 20 minute experimental 

run is illustrated in Figure 14. 

 

 

Figure 14. Steam oven utilized for the heat treatments of papers in the thesis together with the 
temperature stages of the oven during a 20 minute thermal treatment. 

The  maximum temperature allowed  by the device  is  300  °C while  a 6-sensor 

probe, in the oven chamber, ensures explicit and accurate temperature control. 

Additionally the oven automatically preheats the incoming air and contains a 

fan  that  provides  a  uniform  heat  distribution.  Due  to  air  exchange,  the  oven 

chamber can be considered as an unsealed vessel that enables the ventilation of 

the  volatile  paper  degradation  products.  Steam  is  provided  by  an  automatic 

steam  generator  and  the  continuous  control  of  the  volume  fraction  of  water 

vapor ranges from 1 to 98%. A lambda sensor measures the proportion of oxygen 

in  the  oven  and  transfers  it  into  the  water  vapor  atmosphere  (v/v-%)  of  the 

chamber. Thus, the presence of oxygen can be regarded to be negligible at high 

v/v-%, while an oxygen-rich atmosphere will predominate at low v/v-%. Such 

water  vapor  enriched  atmospheres  are  known  to  accelerate  the  hydrolysis  of 

glycosidic  bonds  and  oxygen-rich  atmosphere  the  oxidation  reactions  of 

cellulose (Łojewska et al. 2005). 

 Thermal treatment parameters 

Several premilinary thermal treatment tests were performed with pure alpha-

cellulose papers (Whatman no. 1 filter paper) in order to select suitable thermal 

treatment conditions which would be able to simulate the temperature zone of 

food  processing.  The  objective  of  these  premilinary  tests  was  to  find  those 
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optimal  parameters  that  would  accurately  reflect  differences  in  the  thermal 

yellowing  behaviour  of  various  papers  as  demonstrated  by  changes  to  their 

brightness  values.  The  individual  thermal  treatment  parameters  for  each 

publication are shown in Table 1. 

 

Table 1. Thermal treatment parameters selected for the thermal degradation studies of papers. 

Publication I  II III IV 
Temperature (°C) 175–300  225  225  225 
Treatment time (min) 5–180  20 and 60  20 and 60  30 
Water vapor atmosphere (v/v-%)  1–98  1 and 75  1 and 75  1 and 75 

3.3  Kraft pulps 

In this work, the source of kraft fibers came mainly from pine softwood, both 

because it is commonly available and is one of the primary source materials used 

in the northern hemisphere by the paper industry. UB high-density paper used 

in  this  work  was  a  commercially  available  baking  paper,  while  the  bleached 

high-density  paper  was  obtained  from  Metsä  Tissue  GmbH,  Düren  mill 

(Germany). An industrially refined bleached pulp was produced by an industrial 

refining  process  of  softwood  kraft  pulp  in  Metsä  Tissue  Oyj,  Mänttä  mill 

(Finland)  (PublicationI).Unrefined  pulps  for  different  laboratory  refining 

specifications  and  subsequent  thermal  treatments  were  obtained  as  three 

different delignification degrees: (i) UB, (ii) oxygen delignified (OD), and (iii) 

FB pulp from two different kraft cooking processes. The bleaching sequences of 

the FB pulps consisted of chlorine dioxide, alkali extraction, chlorine dioxide, 

and peroxide (DEDP) stages. In the case of the material used in PublicationI, OD 

and  FB  pulps  for  PFI  refining  were  provided  by  Metsä  Fibre  Oy,  Kemi  mill 

(Finland). The OD pulp was received as a spin-dried pulp, while the FB pulp was 

in  the  form  of  commercially  dried  pulp  sheets.  Metsä  Fibre  Oy,  Rauma  mill 

(Finland)  delivered  the  UB,  OD,  and  FB  pulps  used  for  the  conical  refining 

detailed in PublicationsII and III, and for the Hollander laboratory refining for 

PublicationIV. A summary of the pulps used in this work can be found in Table 

2. 

 

Table 2. Kraft fibers investigated in the thesis. 

Description Method Publication 
UB high-density paper 
(~45 g m-2) 

from a retail trade, Espoo (Finland) I 

Bleached high-density paper 
(~46 g m-2) 

Metsä Tissue GmbH, Düren (Germany) I 

Industrially refined bleached pulp 
(Schopper-Riegler number, °SR, 84) 

Metsä Tissue Oyj, Mänttä (Finland) I 

OD kraft pulp 
(kappa number ~17) 

Metsä Fibre Oy, Kemi (Finland) I 

FB kraft pulp 
(DEDP) 

Metsä Fibre Oy, Kemi (Finland) I 

UB kraft pulp 
(kappa number ~25) 

Metsä Fibre Oy, Rauma (Finland) III 

OD kraft pulp 
(kappa number ~16) 

Metsä Fibre Oy, Rauma (Finland) III 

FB kraft pulp 
(DEDP) 

Metsä Fibre Oy, Rauma (Finland) I–IV 
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3.4  Pulp treatments 

 Hypochlorous acid pretreatment 

The amount of carbonyl groups in the FB pulp (from Metsä Fibre Oy, Kemi mill) 

was  increased  by  the  hypochlorous  acid  oxidation  described  by  Zhou  et  al. 

(2011). After wet disintegration of the pulp, the suspension was heated at 100 °C 

and  sodium  acetate  buffer  was  added  to  adjust  the  suspension  pH  to 

approximately  5,  prior  to  the  mixing  of  the  pulp  with  sodium  hypochlorite 

(NaOCl) solution (0.4% as active chlorine) in a medium consistency mixer. The 

oxidation  reaction  time  for  the  pulp in  10%  consistency  and  at  50 °C  was 

one hour. After the treatment, the hypochlorous acid modified (FBH) FB pulp 

was washed with deionized water in order to terminate the reaction (Publication

I). 

 Cellulase pretreatment 

A typical target for enzymatic pulp hydrolysis is the reduction of energy required 

for pulp refining through enhanced fiber fibrillation (Lecourt et al. 2010b). The 

aim of the cellulase pretreatment was to investigate the impact of the enzyme 

on  kraft  pulp  and  the  subsequent  thermal  stability  of  paper,  using  cellulase 

treatment followed by conical refining. For this, a mixture of commercial endo-

1,4-β-D-glucanase and CBH enzymes, supplied by Oy Banmark AB (Finland), 

was  used  for  the  enzymatic  treatment  prior  to  mechanical  refining.  In  the 

enzymatic hydrolysis the cellulase solution was mixed with the FB pulp (Metsä 

Fibre Oy, Rauma mill) suspension and left to incubate at approximately 60 °C 

for  90  minutes  prior  to  the  refining  of  the  cellulase  pretreated  (EFB)  pulp 

(PublicationII). 

 Kraft lignin and ascorbic acid impregnations 

A novel attempt to improve the thermal durability of the FB pulp (Metsä Fibre 

Oy, Rauma mill) by impregnating the pulp with AA and purified KL prior to the 

refining was introduced in PublicationIV. Metsä Fibre Oy, Rauma mill provided 

black liquor from a bulk delignification stage (Alekhina et al. 2015), which after 

purification, allowed KL to be diluted in an alkali solution at pH 13. The FB pulp 

was then dispersed into this caustic solution of alkali lignin and the pH of the 

pulp  suspension  was  reduced  to  approximately  6,  using  H2SO4,  in  order  to 

precipitate the lignin onto the surface of the fibers. Finally, the KL impregnated 

fully bleached pulp (FBP+L) was refined for 90 minutes in a Hollander refiner 

before preparing FBP+L laboratory sheets. AA was dissolved in water prior to 

the FB pulp impregnation. The AA impregnation of the FB pulp (FBP+A) was 

processed in a similar fashion as the KL impregnation, with the exception of the 

addition of alkali, KL, and pH adjustments. The concentration of KL and AA in 

FBP+L and FBP+A suspensions was approximately 0.08% and an identical FB 

pulp was refined in the same manner without the pulp pretreatments so as to 

provide a reference. 
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 Refining 

The refining of fibers is an essential process step in paper production, especially 

in  the  case  of  high-density  papers,  where  a  high  sheet  density  is  required 

(Kjellgren  et  al.  2006).  As  fiber  deformation,  the  structure  of  bonds  between 

individual fibers, and final fiber network strength are all strongly dependent on 

the  refining  specification  used  (Kerekes  2005;  Vainio  and  Paulapuro  2007; 

Zeng  et  al.  2013),  several  different  refining  methods and  refining  degrees (as 

shown  in  Table  3)  were  applied  to  the  kraft  pulps  prior  to  the  thermal 

degradation studies of the papers. 

 

Table 3. Different refining specifications applied in the thesis. 

Description Publication 
I 

Publications 
II and III 

Publication 
III 

Publication 
IV 

Refining method  PFI Conical refiner Hollander refiner 
Pulp type OD, FB, FBH  EFB, FB  UB, OD  FBP, FBP+A, FBP+L 
Pulp amount (oven dry)  ~30 g  ~310 kg  ~270 kg  ~360 g 
Refining consistency  10% 3.5% 3.0–3.5%  1.6% 
Refining degree  °SR 54–66  °SR 14–94  °SR 13–94 °SR 13–92 
pH 5.0–5.5  ~5 5–6 5.7–7.4 

 

The PFI is one of the most widely used laboratory refiner (Gharehkhani et al. 

2015)  and  in  this  work  the  refining  (15,000  revolutions)  of  OD,  FB  and  FBH 

pulps (from Metsä Fibre, Kemi mill) was performed according to the ISO 5264-

2 standard. Prior to the refining process, each pulp was placed over the rotating 

disk  wall.  After  the  refining  action  between  the  disk  and  a  stainless  steel  roll 

with bars, the extent of refining of the pulps was verified by the °SR technique 

according to the ISO 5267-1 standard (PublicationI).

 

A conical refiner (Metso Optifiner RF-1) in KCL, Espoo (Finland) was adapted 

to mimic industrial refining conditions (PublicationsIIandIII). The acidity of the 

never dried UB and OD pulps (from Metsä Fibre, Rauma mill) was adjusted to 

approximately pH 5 with H2SO4 prior to the refining. All pulps (FB, EFB, UB, 

and OD) were  refined  to  comparable °SRs  and the  extent  of the  refining was 

determined after each refining degree according to the ISO 5267-1 standard at 

KCL. 

 

In PublicationIV  the  pulps,  FBP,  FBP+A,  and  FBP+L,  were  refined  for  90 

minutes in a laboratory-scale Hollander refiner that consisted of roll bars and a 

bedplate. Compared to  the PFI,  the Hollander  refiner  is  a  rougher  laboratory 

refining  method  with  substantial  fiber  cutting  and  fines  production 

(Gharehkhani  et  al.  2015).  The  refining  level  of  the  pulps  was  once  again 

determined by °SRs according to the ISO 5267-1 standard. 

3.5  Characterization of pulp sheets 

This chapter presents an overview of the analytical procedures used in this work 

and a more detailed description of the experimental parameters is available in 

PublicationsI–IV. 
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 Laboratory sheet preparation 

In the case of PublicationI, both paper sheets, those that were refined using the 

PFI (OD, FB, and FBH) and those made with industrial refiner (Metsä Tissue 

Oyj, Mänttä mill), were prepared using deionized water according to the SCAN-

C 26:76 standard. Additional wet pressing (4 min at 490 kPa) and drum drying 

(120 min, at 65 °C) procedure were also applied. The grammages of the paper 

sheets (~46.0 g m-2) were measured according to the SCAN-P 6:75 standard. 

 

Fully bleached paper (FBP) and cellulase pretreated paper (EFBP) sheets, with 

a  target  basis  weight  of  65  g  m-2,  were  produced  by  following  the  ISO  5269-

1:2005  standard  in  Labtium  Oy,  Espoo  (Finland).  The  basis  weight  and 

thickness of the sheets were measured according to the ISO 5270:1998 and ISO 

534:2005  standards,  respectively  (PublicationsIandII).  The  OD  and  UB  pulp 

sheets  and  FBP,  FBP+A,  and  FBP+L  sheets  were  also  produced  via  a  similar 

protocol (PublicationsIIIandIV). All pulp sheets were die-cut (141 x 141 mm2) and 

stored  in  a  room  with  controlled  conditions  (SCAN-P  2:75)  before  further 

testing. The apparent bulk density of the sheets was calculated by dividing the 

sample basis weight by the thickness according to the ISO standard 5270 (1998). 

 Analytical procedures for paper characterization 

Since  thermal  degradation  is  not  a  quantity  that  can  be  directly  measured,  a 

combination of various analytical techniques were carefully chosen and utilized 

to  indirectly  study  the  thermal  degradation  of  fibers.  An  overview  of  the 

analytical procedures utilized in the thesis is summarized in Table 4 and a more 

detailed  list  of  the  relevant  literature  references  are  contained  within  the 

original publications (PublicationsI–IV). 
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Table 4. Analytical methods of the thesis. 

Technique or standard 
method 

Variable measured Indirect property 
evaluated 

Publication 

Schopper-Riegler number 
(°SR) 

Drainability of pulp Extent of refining I–IV 

Water retention value (WRV)  The capacity of fibers to hold 
water under centrifugal force 
and filtration pressure 

Effects of 
pretreatments on 
fiber swelling 

II and IV 

Sheet grammage divided by 
thickness 

Sheet density Sheet structure II, III, and IV 

Light scattering coefficient (s)  Reflectance of light Bonding of fibers II and III 
Atomic force microscopy 
(AFM) 

Surface morphology Morphological 
changes 

III 

Gurley air resistance Air resistance Barrier 
properties 

II and III 
Bentsen porosity III 
Oxygen transmission rate 
(OTR) 

Oxygen barrier III 

Intrinsic viscosity DP Depolymerization 
of cellulose 

I–IV 

Dissolve fibers in LiCl/N,N- 
dimethylacetamide (DMAc) 
and gel permeation 
chromatography (GPC) 

Molecular mass distribution 
(MMD) 

Degradation of 
paper 

II 

ISO brightness  Reflectance of light Thermal 
discoloring 

I, II, and III 
Light absorption coefficient (k) I and III 
CIE L*a*b color coordinates IV 
Total color difference (ΔE*) IV 
Ultraviolet resonance Raman 
spectroscopy (UVRR) 

Unsaturated structures Formation of 
chromophores 

I and IV 

Tensile strength divided by 
grammage 

Fiber and fiber web strength Heat induced 
strength loss 

II, III, and IV 

Tensile stretch divided by 
grammage 

Elongation II 

Burst strength divided by 
grammage 

Fiber web strength I, II, and IV 

Acid hydrolysis and high- 
pressure anion exchange 
chromatography with pulsed 
amperometric detection 
(HPAEC-PAD) 

Amount of individual 
monosaccharides 

Heat induced 
chemical 
changes 

II, III, and IV 

Gravimetric quantification after 
acid hydrolysis 

Acid insoluble lignin III and IV 

Spectroscopic quantification 
after acid hydrolysis 

Acid soluble lignin III and IV 

X-ray photoelectron 
microscopy (XPS) 

Elemental composition IV 

Scanning electron microscopy 
(SEM) 

Surface morphology Morphological 
changes 

II, III, and IV 

 Depolymerization of cellulose 

The depolymerization of cellulose has been widely utilized in order to describe 

the degradation of cellulose upon heating (Hernadi 1976; Hill et al. 1995; Selli 

et al. 1998; Strlič et al. 2001; Ding and Wang 2008; Liao et al. 2008; Kačík et al. 

2009; Łojewski et al. 2010; Castro et al. 2011; Jablonský et al. 2011). 

 

Degree of polymerization of cellulose. In order to monitor the DP of cellulose, 

the  viscosity  of  the  FBP  and  EFBP  sheets  was  determined  before  and  after 

thermal  treatments  in  accordance  with  the  ISO  5351:2004  standard 

(PublicationsIandII). The corresponding viscosity measurements of the UB and 

OD pulp sheets and FBP, FBP+A, and FBP+L sheets were measured according 

to the SCAN-CM 15:99 standard (PublicationsIIIandIV). A minor deviation from 

the stated standards used was that all pulp sheets were disintegrated with a blunt 

blade grinder (approximately 30 seconds) prior to the viscosity measurements in 
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order to promote the dissolution of the pulps into the copper  (II) 

ethylenediamine (CED) solvent. The  viscosity-based  (η)  average  DPv  of 

cellulose was calculated with the Mark-Houwink-Sakurada (MHS) equation: 

 

,    (Eq. 1) 

 

Where the constants Kp = 1.7 ml g-1 and a = 0.8 where chosen as suggested for 

the 0.5 M CED solvent by Kasaai (2002). 

 

Molecular mass distribution (MMD). MMD can provide usefull information of 

the  thermal  degradation  of  paper  through  the  measurement  of  the 

polymerization  degree  of  carbohydrates  (Potthast  et  al.  2003; Łojewski  et  al. 

2010).  The  analyses  were  performed  by  dissolving  paper  samples  in  90  g  l-1 

LiCl/DMAc (Borrega et al. 2013) and the MMDs were calculated from refractive 

index (RI) detector signals based on a Pullulan calibration (PublicationII). 

 Optical properties 

Brightness. As noted above, the most traditional method used for studying the 

thermal  degradation  mechanism  of  paper  is  the  brightness  assessment  as  a 

measurement of the amount of heat induced chromophore formation in fibers. 

The  ISO  brightness  describes  the  reflectance  of  light  in  the  blue  area  of  the 

visible spectrum (Boehm 1963) at a wavelength of 457 nm. ISO brightness was 

measured by using a Lorentzen & Wettre SE 070R Elrepho spectrophotometer 

(SCAN-G 1:75) according to the ISO 2470 standard (PublicationsI,II,andIII). 

 

Light absorption coefficient (k). The amount of light absorbed by a paper sheet 

can be characterized by analysing k. The discoloring of the papers was evaluated 

using k, during the ISO brightness measurements, according to the ISO 9416 

standard (PublicationsIandIII).

 

CIE L*a*b* color coordinates. The thermal discoloring of the FBP, FBP+L, and 

FBP+A  sheets  was  also  evaluated  with  CIE L*a*b*  color  coordinates  that 

describe  brightness  (L*),  red/green  (a*),  and  yellow/blue  (b*)  color, 

respectively  (Castro et  al. 2011).  The  color  coordinates were  measured with  a 

Lorentzen & Wettre SE 070R Elrepho spectrophotometer at a wavelength of 457 

nm according to the ISO 5631 standard. The total color difference (ΔE*) of the 

pulp  sheets  after  the  thermal  treatments  was  calculated  according  to  the 

following equation: 

 

   (Eq. 2) 

 Unsatured structures of fibers 

Ultraviolet resonance Raman (UVRR) spectroscopy. Resonance  Raman 

spectroscopy is known to display sensitivity towards residual lignin (Halttunen 

et al. 2001) and other unsaturated structures (Nuopponen et al. 2004). These 
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structures  absorb  light  in  ultraviolet  regions  to  produce  resonantly  enhanced 

Raman signals, whereas saturated carbohydrates do not contribute to Raman 

scattering.  In  this  work,  the  analysis  of  unsaturated  structures  enhanced  the 

current  knowledge  of  the  thermal  degradation  of  residual  lignin  containing 

papers  (PublicationI).  In  addition,  the  results  from  UVRR  spectroscopy  also 

increased the understanding of the chemical changes that can occur during pulp 

refining (PublicationIV). 

 

The  UVRR  spectra  were  obtained  with  a  Renishaw  1000  UV  Raman 

spectrometer  at  40-times  magnification,  a  laser  power  of  10  mW,  and  an 

excitation  wavelength  of  244 nm.  The  UVRR  spectra  of  all  the  sample  sheets 

measured were baseline corrected and normalized to a cellulose band (~1093 

cm-1) and the data were processed with GRAMS AI software. 

 Mechanical properties 

From a high-density paper application point of view and in order to extend the 

knowledge  gained  from  the  thermal  degradation  studies,  the  mechanical 

properties of the papers were also examined. 

 

Tensile strength. The most commonly measured mechanical property of paper 

is  tensile  strength  and  a  relationship  between  the  strength  and  the  DP  of 

cellulose  of  thermally  treated  paper  has  been  reported  previously  (Hill  et  al. 

1995; Emsley et al. 2000; Castro et al. 2011). In PublicationsIII and IV the tensile 

strengths of the UB and OD pulp sheets, and FBP, FBP+A, and FBP+L sheets 

were  assessed  according  the  ISO  1924-2:1994  standard.  The  comparable 

analyses of the FBP and EFBP sheets were measured at Labtium Oy according 

to  the  ISO  5270:1998  and  ISO  1924-2:1994  standards  (PublicationII).  All  the 

results  obtained  were  described  using a  tensile  index,  normalized  to  basis 

weight. 

 

Burst strength. Although burst strength depends on several variables and is a 

difficult parameter to interpret (Hood 1975), it is still widely utilized as a quality 

parameter for paper production. In PublicationsI and IV the strength properties 

of  the  papers  were  estimated  using  burst  strength  measurements  performed 

using an L&W PMA burst tester according to the SCAN-P 24:99 standard. The 

burst strength for EFBP and FBP sheets were determined in Labtium Oy based 

on  the  ISO  5270:1998  and  ISO  1924-2:1994  standards  (PublicationII).The 

obtained  results  were  described  as  a  burst  index,  normalized  to  basis  weight 

(PublicationsIIandIV). 

 

Elongation. Elongation describes the capability of paper to increase its linear 

strength under the mechanical force (Zeng et al. 2013). The elongation for EFBP 

and FBP sheets were determined in Labtium Oy based on the ISO 5270:1998 

and ISO 1924-2:1994 standards (PublicationII). 
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 Morphology of fibers 

Scanning electron microscopy (SEM).  SEM  was  utilized  to  observe 

morphological  changes  occurring  to  the  papers  upon  thermal  treatments 

(PublicationII) and to verify the existence of KL on the pulp fibers (Publication

IV). To this end, paper samples were vacuum coated with a thin layer of gold 

prior to SEM imaging to mitigate any effects of surface charging. 

 

Atomic force microscopy (AFM). AFM imaging was employed in this work to 

characterize  the  morphological  differences  between  the  untreated  and 

thermally treated pulp sheets (PublicationIII). The AFM method provides a three 

dimensional  topographical  map  (height  image)  with  nanoscale  resolution 

(Binnig et al. 1986) which was utilized in order to complement the optical and 

mechanical observations carried out on the papers studied. 

 

Optical microscopy. Optical microscopy was used in order to characterize the 

morphological  differences  between  refined  cellulase  pretreated  and  reference 

fibers. Prior to analysis the fibers were dyed with Simon’s Stain red color to aid 

the determination of differences between samples (Yu et al. 1995).
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4. Results and discussion 

4.1  Thermal treatment device parametrization 

In order to determine the ability of the thermal treatment device to perform the 

heat treatments of papers, the brightness loss of a bleached high-density paper 

was monitored over time at different temperatures and humidities (Publication

I).  The  effect  of  the  thermal  treatment  conditions  of  the  device  on  the  ISO 

brightness of the paper at four different temperatures and four different water 

vapor atmospheres is shown in Figure 15. 

 

 

Figure 15. Changes in observed ISO brightness as a result of changes in temperature (175 °C = 
squares; 225 °C = circles; 250 °C = triangles; and 300 °C = diamonds) and atmospheric water 
vapor content (1 v/v-% = filled symbols; 50 v/v-% = open symbols; 75 v/v-% = split symbols; and 
98 v/v-% = half open symbols) for a bleached high-density paper (Publication I). 

It was observed that the brightness decreased with prolonged treatment time 

and  higher  temperatures.  Additionally,  the  time  taken  for  the  brightness  to 

reach  a  distinctive  equilibrium  was  shown  to  be  strongly  dependent  on 

treatment  temperature  (Figure  15).  Preliminary  tests  also  indicated  that  the 

temperature range between 250–300 °C was too high to clearly observe changes 
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between dry and humid conditions, whereas the thermal treatments at 175 °C 

took too long to generate any observable brightness loss of the paper. 

 

In contrast, thermal treatments of 20–60 (± 1) minutes at 225 °C demonstrated 

a  significant  and  clear  impact  on  the  brightness  loss  of  paper.  Moreover,  the 

significant  brightness  loss  in  the  presence  of  water  vapor  at  this  temperature 

indicated that an  atmospheric water  vapor content of  75  v/v-% was the most 

appropriate  to  use  as  the  governing  parameter.  This  thermal  degradation 

dependency on the accelerated hydrolysis reactions of cellulose is in line with 

earlier findings detailed in the literature (Várhegyi et al. 1993; Zou et al. 1996; 

Jakab 1997; Beyer et al. 1999; Granström et al. 2001; Strlič et al. 2001; Logenius 

et al. 2008; Silva et al. 2011). As a result of these preliminary investigations a 

protocol that used a temperature of 225 °C and water vapor atmosphere of 75 

v/v-% were adopted as the operational conditions for the thermal degradation 

research  detailed  in  this  thesis.  A  more  in-depth  study  of  the  thermal  device 

parameters  (PublicationI)  clearly  demonstrated  the  repeatability  of  these 

thermal treatment studies. As a result a novel thermal treatment methodology 

for  the  study  of  the  thermal  degradation  of  paper  at  varying  water  vapor 

atmospheres was established. 

4.2  Accelerated thermal degradation of paper 

In  this  chapter,  the  effect  of  the  different  variables  relevant  to  accelerated 

thermal degradation of paper will be discussed(PublicationsIandII). 

 Carbonyl groups 

The  functionality  of  the  thermal  treatment  device  was  further  tested  by 

accelerating the thermal degradation reactions in bleached softwood kraft pulp. 

Zhou  et  al.  (2011)  showed  that  hypochlorous  acid  treatment  increases  the 

carbonyl group content of kraft pulp, which is  one of the  reasons for thermal 

yellowing of paper (Chirat and De La Chapelle 1999; Zhou et al. 2011). The effect 

of the  hypochlorous  acid pretreatment of pulp on the thermal degradation of 

paper was examined with UVRR spectroscopy and brightness measurements of 

FBH and FB papers, the results of which are shown in Figure 16 (PublicationI). 
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Figure  16. (a)  UVRR  spectra  of  hypochlorous  acid  modified  (FBH)  and  reference  (FB)  papers 
treated for 60 min at 225 °C in water vapor atmosphere of 75 v/v-%. (b) Comparison of the FBH 
and  FB  in  respect  to  brightness  loss  upon  the  thermal  treatment  at  225  °C  in  water  vapor 
atmosphere of 75 v/v-% (Publication I). 

As can be seen in Figure 16, the thermal treatment of the paper sheets increased 

the intensity of the Raman band at ~1620 cm-1 significantly. This change can be 

assigned to the formation of carbohydrate-derived chromophores, which were 

recently classified by Korntner et al. (2015). Moreover, the hypochlorous acid 

pretreatment also led to an enhancement of the Raman scattering at 1620 cm-1 

after thermal treatment, probably as a result of the increased carbonyl content 

of the pulp. The response in the conjugated double bond region of UVRR spectra 

showed  a  good correlation  with the brightness  loss of  the  papers  (Figure 16), 

and  a  clear  demonstration  the  device’s  effectiveness  to  detect  changes  in  the 

papers’ thermal stability caused by the hypochlorous acid modification of fibers 

(Zhou et al. 2011). 

 Intensive refining 

The effect of refining on the thermal durability of paper was evaluated with the 

viscosity  based  average  DP  of  cellulose  of  the  FB  pulp  at  different  refining 

degrees  (Figure  17)  (PublicationII).  Additional  information  was  obtained  by 

studying the morphology of the untreated and thermally treated FB pulp sheets 

by AFM (unpublisheddata).
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Figure 17. The DP of cellulose in unrefined (°SR 14) and refined (°SR 94) bleached pulp upon a 
thermal treatment (60 min, 225 °C, 75 v/v-%) (Publication II). 5 x 5 μm2 AFM images show the 
surface of fibers before and after refining and the thermal treatment (unpublished data). 

The refining process led to a noticeable diminution of the cellulose DP (Figure 

17); under the mechanical stress at °SR 94, the surface of the refined FB pulp 

sheet had undergone distinct changes evidenced by the substantial formation of 

fines shown in the AFM image. The intensive processing with the conical refiner 

was considered to induce excessive mechanical stress into the pulp, leading to 

the  breakdown  of  the  cellulose  chain  and  the  production  of  mechanoradicals 

(Hon 1983). These radicals are hypothesized to take part in further reactions in 

the  presence  of  oxygen  resulting  in  further  decrease  in  the  cellulose  DP. 

However a more detailed study into the possible formation of mechanoradicals 

upon refining was not performed as it was beyond the scope of this work. 

 

The thermal treatment had profound impact on the DP of cellulose in paper as 

has been previously reported in the literature (Fung 1969; Hernadi 1976; Hill et 

al. 1995; Selli et al. 1998; Strlič et al. 2000; Strlič et al. 2001; Liao et al. 2008; 

Kačík et al. 2009; Łojewski et al. 2010; Castro et al. 2011; Jablonský et al. 2011). 

This is clearly reflected by the AFM images in Figure 17, which show a dramatic 

change in the surface of the unrefined FB pulp and that the fibrils of the fiber 

wall  become  almost  invisible.  When compared  to  the  unrefined  case,  the 

thermal treatment of the refined FB pulp sheets caused an  unmistakable and 

profound degradation that is reflected both by the reduced DP of cellulose and 

AFM image of the fiber surface. 

 Combining enzymatic hydrolysis and refining 

The effect of an enzymatic pretreatment, using cellulase, of the FB pulp on the 

corresponding pulp properties and thermal stability of paper was evaluated. As 
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revealed by optical microscopy images of the refined bleached kraft pulp fibers 

before  and  after  enzyme  pretreatment  (Figure  18),  cellulases  facilitate  the 

fibrillation  of  fibers  upon  refining by  breaking  down  the  fiber  structure 

(PublicationIIandunpublisheddata). 

 

 

Figure  18. Optical  microscopy  image  of  (a)  refined  (°SR  91)  and  (b)  cellulase  pretreated  and 
refined bleached kraft pulp (FB) fibers (°SR 89) (unpublished data). 

Optical microscopy  image of cellulase  pretreated and  refined fibers  (°SR  89), 

revealed  brush-like  fiber  ends  with  a substantial  amount  of  fibrils,  when 

compared to refined reference pulp. This was in good agreement with previous 

findings  where  a  cellulase  treatment  accelerated  the  surface  modification  of 

refined fibers due to intensified peeling and increased flake formation (García 

et al. 2002). In most cases, however, the improved fibrillation of fibers is 

obtained at the expense of paper strength (Mansfield et al. 1997; Pala et al. 2001; 

García et al. 2002; Suchy et al. 2009), which is especially undesirable from the 

high-density paper application point of view. The impact on the DP of cellulose 

of the cellulase pretreated FB pulp is shown in Figure 19, and discussed in more 

detail in PublicationII.
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Figure  19. The  degree  of  polymerization  (DP)  of  cellulose  in  enzyme  pretreated  paper  (EFBP) 
compared  to  reference  paper  (FBP)  upon  refining  (Publication  II).  SEM  images  show  the 
structure of pulp sheets before and after refining. 

As  indictated  by  the  cellulose  DP,  the  depolymerization  of  cellulose  proceeds 

rapidly in the pulp after the introduction of cellulase (Figure 19). In addition, 

the  cellulase  pretreatment  significantly  accelerated  the  DP  loss  of  cellulose 

during refining due to the fact that the mechanical process was able to fracture 

the  fiber  cell  walls  more  easily  when  they  had  been  already  weakened  by 

cellulase (illustrated below in Figure 23). 

 

The thermal durability of the FBP and EFBP was further investigated through 

tensile strength and elongation measurements (see Figure 20) (PublicationII). 
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Figure 20. (a) Tensile strength and (b) elongation of cellulase pretreated paper (EFBP) compared 
to reference paper (FBP) before and after thermal treatments (20 min, 225 °C, in  water vapor 
atmospheres of 1 and 75 v/v-%) (Publication II). 

The tensile strength of the EFBP was shown to deteriorate when compared to 

the FBP as it was expected from the lower values observed for DP of cellulose 

(Figure 19). Suprisingly, the tensile strengths of FBP and EFBP increased from 

their initial values during the 20 minutes of dry thermal treatment (at 225 °C 

and  water  vapor  atmosphere  of  1  v/v-%),  which  correlates  with  similar 

observations that have been previously reported for aged papers (Emsley et al. 

2000). This phenomenon has been explained by the enhanced crosslinking of 

fibers induced by accelerated ageing (Zou et al. 1994). In contrast, after the hot 

humid  treatment  (at  225  °C  and  water  vapor  atmosphere  of  75  v/v-%),  the 

tensile strength of the EFBP was clearly lower than in the case of the reference 

paper, especially at the highest  refining degree (°SR 89). The  higher strength 

loss of EFBP compared to FBP during thermal treatment was attributed to the 

loss of the DP of  cellulose  and reduced  elongation as  clearly shown in  Figure 

20b. 

 

In order to shed light on the depolymerization of cellulose in EFBP, the thermal 

degradation  of  the  paper  was  further  assessed  by  MMD  and  brightness  loss 

analyses (Figure 21) (PublicationII). 

 

 

Figure 21. (a) The MMD of a refined cellulose pretreated paper (EFBP) upon thermal treatments 
(20 min, 225 °C, in water vapor atmospheres of 1 and 75 v/v-%) (Publication II). (b) Comparison 
of the EFBP and reference (FBP) upon refining with respect to brightness loss before and after 
thermal treatments (20 min, 225 °C, in water vapor atmospheres of 1 and 75 v/v-%). 

500 600 700 800 900 1000
20

40

60

80

100

120

0 1 2 3 4 5

SR 14

b

Density (kg m-3)

SR 94

 FBP    untreated
 FBP,   20 min,   1 v/v-%
 FBP,   20 min, 75 v/v-%
 EFBP  untreated
 EFBP, 20 min,   1 v/v-%
 EFBP, 20 min, 75 v/v-%

T
e
n
sil
e i
n
d
e
x 
(
N
m 
g
-
1 )

cellulase

water vapor
content
increases

water vapor
content increases

heat

 

Elongation (%)

r
efi
ni
n
g i
nc
r
e
as
es

a

cellulase

3 4 5 6 7

0,0

0,2

0,4

0,6

0,8

500 600 700 800 900 1000
20

30

40

50

70

80

90
 EFBP untreated
 EFBP   1 v/v-%
 EFBP 75 v/v-%

 

 

Di
ff
er
e
nt
i
al
 
m
as
s 
fr
a
ct
i
o
n

Log molar mass

water vapor
content
increases

heat

a b

heat

water vapor
content
increases

 FBP,   untreated
 FBP,   20 min,   1 v/v-%
 FBP,   20 min, 75 v/v-%
 EFBP, untreated
 EFBP, 20 min,   1 v/v-%
 EFBP, 20 min, 75 v/v-%

Br
i
g
ht
n
es
s 
(
%)

Density (kg m-3)

refining increases

cellulase



48

The  weight  average  molar  mass  ( )  of  EFBP,  calculated  from  the  MMD 

curves, decreased approximately 23% after the 20 minutes thermal treatment, 

while the increase in water vapor atmosphere (75 v/v-%) reduced the initial  

by over 45% (Figure 21). Although the shift of MMD to lower values as a direct 

result of heating has been previously discussed in the literature (Potthast et al. 

2003; Łojewski  et  al.  2010)  an  additional  strong  correlation  between  the 

depolymerization of cellulose and brightness loss in the paper sheets was also 

observed. It is generally accepted that refining processes increase the bonding 

of fibers and reduces the scattering of light and the brightness of paper (Boehm 

1963). In contrast, the pronounced, heat induced, depolymerization of cellulose 

in  the  EFBP  upon  refining  (Figure  19)  correlated  with  the  brightness  loss  of 

refined  EFBP.  This  finding  can  be  explained  by  the  accelerated  carbohydrate 

degradation  through  the  combination  of  refining  and  enzymatic  hydrolysis 

(PublicationII). 

 

After the 20 minutes of thermal treatment, the formation of chromophores was 

detectable in the LiCl/DMAc solutions as shown by Figure 22 which presents 

different EFBP and FBP samples dissolved in LiCl/DMAc. 

 

 

Figure  22. Color  deviation  between  a  cellulase  pretreated  paper  (EFBP)  and  reference  (FBP) 
samples after dissolution in LiCl/DMAc (unpublished data). The unrefined and refined FBP (°SR 
14 and 91, respectively) and EFBP (°SR 22 and 89, respectively) samples before and after 20 
minutes thermal treatments at 225 °C in water vapor atmospheres 1 and 75 v/v-%. 

It is very likely that the color development in LiCl/DMAc solutions of the EFBP 

and  FBP  samples  results  from  the  thermal  degradation  of  carbohydrates  and 

agrees with recent findings by Korntner et al. (2015). MMD together with the 

DP of cellulose, strength, and brightness results confirmed that the final thermal 

stability  of  paper  is  influenced  by  each  individual  treatment  step,  namely 

cellulase  pretreatment  of  pulp;  refining;  and  thermal  treatments.  The 

degradation of cellulose chains after these three steps is summarized below in 

Figure 23.  
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Figure  23. Schematic  representation  of  the  cellulase  pretreatment  of  the  bleached  fibers  to 
degrade the cellulose chains (blue = EGs break hydrogen bonds; red = CBHs hydrolyze the end 
of cellulose backbone), followed by refining and thermal treatment, and subsequent water vapor 
increase (unpublished data). 

In this process, EGs first hydrolyze cellulose chains by a two-step mechanism: 

EGs breakdown the hydrogen bonds between microfibrils and randomly cleave 

the  glucosidic  bonds  along  the  cellulose  chains.  Simultaneously,  CBHs 

hydrolyze glycosidic bonds from the end of the cellulose backbone (Figure 23). 

In the refining step, the mechanical process increases the accessibility of the cell 

wall – a process which has already been facilitated by cellulase - resulting in the 

accelerated  interaction  between  heat  and  cellulose.  In  addition,  considerable 

depolymerization (Figure 19) and brightness loss (Figure 21b) of the cellulase 

pretreated pulp was observed when compared to the reference pulp, indicating 

the presence of more severe thermal degradation reactions as a consequence of 

enzyme-assisted refining. These combinations led to a significant reduction in 

the strength stability of the paper after the thermal treatment (Figure 20). 

4.3  The role of residual lignin on thermal stability of paper 

 Stability of lignin in heat treatments 

Previous  studies  have  revealed  that  the  presence  of  residual  lignin  in  pulp 

increases the refining energy consumption (Giertz 1957) and color reversion of 

paper  (Schmidt  et  al.  1995).  However,  new  production  technologies  and  the 

currently  actively  studied  bio-refinery  concept  have  also  introduced  residual 

lignin  containing  fiber  products  as  a potential  raw  material  for  commercial 

paper applications (Rojo et al. 2015). The effect of residual lignin in fibers on 

the  thermal  stability  of  paper  was  first  investigated  by  UVRR  spectroscopy 

(Figure 24) (PublicationI). 

 

refining 225 °C 75 v/v-%
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Figure 24. (a) UVRR spectra of a lignin containing paper (OD) remain relatively unchanged during 
a thermal treatment (60 min at 225 °C in water vapor atmosphere of 75 v/v-%) compared to a 
lignin free paper (FB) (Publication I). (b) Comparison of the OD and FB papers with respect to 
the increase of light absorption coefficient, k, upon the thermal treatments (at 225 °C in water 
vapor atmospheres of 1 and 75 v/v-%). 

While the thermal treatments of FB papers contributed markedly to the Raman 

scattering  of  the  sheets,  the  shape  of  the  Raman  band  for  the  residual  lignin 

containing  paper  was  only  slightly  modified  (Figure  24).  The  Raman  band  at 

1660 cm−1  originates  from  xylan  bound  hexenuronic  acid  which  is  formed 

during kraft pulping (Buchert et al. 1995). In the thermally treated OD paper 

this band was no longer present as hexenuronic acid is known to degrade during 

the heat treatment of pulp as outlined previously (Granström et al. 2001; Silva 

et  al.  2011).  Moreover,  the  OD  paper showed  resistance  against  water  vapor 

induced  discoloration  when  evaluated  with k  (Figure  24).  According  to  these 

results,  the  thermal  degradation  of  lignin  seemed  to  proceed  slowly  under 

oxygen  deficient  conditions,  i.e.,  in  the  presence  of  water  vapor  (75  v/v-%). 

However, the exact mechanisms that lead to the improved stability of the OD 

paper are still yet to be determined. 

 Inhibition of depolymerization of cellulose by lignin 

As shown in Figure 24, OD paper exhibits a unique thermal stability upon hot 

humid treatment (at 225 °C and water vapor atmosphere of 75 v/v-%). In order 

to elucidate the role of residual lignin on the thermal durability of paper, two 

additional residual lignin containing pulps (UB and OD from Metsä Fibre Oy, 

Rauma mill) were examined and compared to lignin free pulp (FB). Firstly, the 

DP  of  cellulose  in  the  pulp  sheets  was  determined  via  intrinsic  viscosity 

measurements during the thermal treatments and second the tensile strengths 

of the heat treated pulp sheets were compared to initial sheet strengths (Figure 

25) (PublicationIII).
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Figure 25. (a) The depolymerization of cellulose of the fully bleached (FB), oxygen delignified (OD), 
and unbleached (UB) unrefined pulp sheets as a result of thermal treatment time at 225 °C, in 
water vapor atmospheres of 1 and 75 v/v-% (Publication III). (b) Strength loss of the refined FB 
and UB pulp sheets upon 20 min thermal treatments at 225 °C, in water vapor atmospheres of 1 
and 75 v/v-%.  

The DP of cellulose results clearly showed that cellulose degradation was most 

prominent in the FB pulp sheets upon heat treatment (Figure 25). In addition, 

the  discrepancy  in  the  depolymerization  of  cellulose  between  dry  and  humid 

thermal treatments (1 and 75 v/v-%, respectively) was also most apparent for 

the  FB  pulp  sheets.  This  finding  correlates  with  the  results  from  the  tensile 

strength tests (Figure 25), that demonstrate an inhibited strength loss for UB 

pulp sheets in the hot humid treatment (at 225 °C and water vapor atmosphere 

of  75  v/v-%).  It  is  reasonable  to  conclude  that  these  findings  result  from  the 

fibers’  residual  lignin  hindering  the  carbohydrate  degradation  during  the 

thermal treatments. 

 Heat induced structural changes in paper sheets 

The  impact  of  the  thermal  treatment  on  the  structure  of  UB  pulp  sheets  was 

evaluated by AFM and is shown in Figure 26 (PublicationIII). 
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Figure 26. AFM images and height profiles of unbleached (UB) pulp sheets (a) before and (b) after 
a 60 min thermal treatment at 225 °C, in a water vapor atmosphere 75 v/v-% (Publication III). 

AFM  height  profiles  of  the  UB  pulp  sheet  surfaces  indicated  that  root-mean-

square (RMS) roughness over the 5 x 5 μm2 sheet areas decreased 40% after the 

hot humid treatment (at 225 °C and water vapor atmosphere of 75 v/v-%) and 

indicate  the  melting  of  residual  lignin  at  225  °C.  Lignin  has  previously  been 

shown to soften and smooth on the surface of nanopapers obtained from lignin 

containing nanocellulose at temperatures low as 100 °C (Rojo et al. 2015). 

 

Bearing  in  mind  that  the  depolymerization  of  cellulose  in  OD  and  UB  pulp 

sheets was less pronounced than in FB pulp upon thermal treatments and the 

following  possible  mechanism  has  been  suggested  for  the  observed  enhanced 

strength  stability  of  residual  lignin  containing  pulp  sheets  (Figure  25).  The 

presence of the residual lignin may have the ability to act as a radical scavenger 

during  intensive  refining  (Hon  and  Glasser  1979),  preventing  the  homolytic 

degradation  of  cellulose,  and  subsequently  improving  the  thermal  stability  of 

refined lignin containing paper. 

4.4  Promoting thermal durability of refined paper 

One of the important findings of this thesis, in the context of FB pulp refining, 

was that the refining process decreases the DP of cellulose in pulp (Figure 17). 

According to earlier studies, lignin can work as radical scavenger in processes 

involving radical species (Hon and Glasser 1979; Barclay et al. 1997; Dizhbite et 

al. 2004) and based on the thermal stability results of refined residual lignin 

containing pulps (Figure 25), the possibility to increase the thermal durability 
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of bleached paper by utilization lignin as radical scavenger upon refining was 

evaluated. 

 

The radical scavenging capacity of purified KL in pulp (FBP+L) upon intensive 

pulp  refining  was  compared  to  a  reference  pulp  (FBP)  and  a  pulp  which  was 

refined in the presence of a known antioxidant (FBP+A), AA. The impregnation 

of wood chips with AA prior to refining has been previously shown to increase 

the  brightness  of  thermomechanical  pulp  (Van  Der  Zee  and  Sierra-Alvarez 

1996).  The  depolymerization  of  cellulose  upon  the  refining  and  thermal 

treatments  was  monitored  via  viscosity  measurements  and  the  results  are 

shown in Figure 27 (PublicationIV).

 

 

Figure 27. The depolymerization of cellulose in bleached (FBP), KL impregnated (FBP+L), and AA 
impregnated (FBP+A) pulps upon laboratory refining and thermal treatments (30 min, 225 °C, in 
water vapor atmospheres of 1 and 75 v/v-%) (Publication IV). 

As can be seen from the results, the added lignin had a minimal impact on the 

DP  of  cellulose  upon  the  FBP+L  refining  and  the  discrepancy  between  lignin 

pretreated  and  reference  (FBP)  pulps  remained  constant  during  the  thermal 

treatments (Figure 27). Surprisingly, in contrast to what was presumed about 

the antioxidant capacity of AA, this pretreatment actually decreased the stability 

of  cellulose  prior  to  the  mechanical  process  (Figure  27).  Furthermore,  the 

depolymerization of cellulose in FBP+A pulp was clearly accelerated during the 

refining process, another unexpected outcome of the AA treatment. 

 

The mechanism of action of AA in pulp refining could result from its effect on 

mechanoradicals at the recombination phase. First, random cleavage of the C–

C  bond  of  the  cellulose  occurs  due  to  the  intensive  mechanical  action  and 

hydrocarbon radicals are produced as a result. These hydrocarbon radicals can 

then abstract H from AA or other hydrocarbons to generate further hydrocarbon 
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radicals. Finally, the recombination of two radicals occurs, but in the presence 

of  AA,  these  radicals  are  hydrogenated  and  therefore  recombination  may  be 

suppressed. As a consequence of this reaction sequence, the DP of cellulose is 

decreased. Thus, the oxidation of AA followed by the hindered recombination 

reactions  of  cellulose  is  postulated  as  the  cause  of  the  FBP+A  pulp’s  high 

susceptibility towards the mechanical degradation. 

 

Due  to  the  practical  importance  of  the  mechanical  properties  of  thermally 

treated  fibers  in  high-density  paper  application,  the  mechanical  properties, 

including  burst  strength  measurements,  were  further  investigated  and  the 

results are shown in Figure 28. 

 

 

Figure 28. Burst strength loss of bleached (FBP), lignin pretreated (FBP+L), and AA pretreated 
(FBP+A) sheets upon thermal treatments (30 min, 225 °C, in water vapor atmospheres of 1 and 
75 v/v-%) (Publication IV). 

Burst strength loss of FBP+L sheets in the hot humid treatment (at 225 °C and 

water vapor atmosphere of 75 v/v-%) was much lower than the corresponding 

reduction  for  the  reference  (FBP)  and  AA  pretreated  (FBP+A)  sheets.  This 

finding  is  in  line  with  the  enhanced  strength  stability  of  the  residual  lignin 

containing pulp sheets upon the hot humid treatment (Figure 25). 

 

Although lignin is known to enhance brightness loss of fibers upon accelerated 

ageing (Castro et al. 2011), the results in Table 5 indicate that the presence of 

lignin actually slightly decreased the total color difference (ΔE*) of the FBP+L 

sheets after the thermal treatments. 
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Table  5. Total  color difference (ΔE*) of the  fully  bleached (FBP), ascorbic acid (AA) pretreated 
(FBP+A), and kraft lignin (KL) pretreated (FBP+L) pulp sheets after the 30 min thermal treatments 
at 225 °C in water vapor atmospheres 1 and 75 v/v-%. 

Pulp 1 v/v-% 75 v/v-% 
Unrefined FBP 28.6 28.0 
Refined FBP 32.3 33.2 
Unrefined FBP+A 27.9 29.9 
Refined FBP+A 32.9 34.6 
Unrefined FBP+L 27.8 27.0 
Refined FBP+L 28.7 29.6 

 

The  heat  treatments  showed  most  prominent  effect  on  the ΔE*  of  the  AA 

pretreated pulp (FBP+A) and these results conclusively demonstrate that use of 

the antioxidant AA was unfavourable in the mechanical and thermal treatments 

of FB pulp. 
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5. Conclusions 

Although several thermal treatment devices have been successfully adapted in 

previous  thermal  degradation  studies,  the  device  introduced  in  this  work 

provides  new  and  enhanced  characteristics  that  allow  studies  at  both  high 

temperatures (175–300 °C) and different water vapor atmospheres (1–98 v/v-

%).  This  new  thermal  treatment  method  proved  to  possess  advantages  over 

other techniques, because it provides information from a relatively large sample 

amount  and  allows  the  observation  of  material  changes  under  controlled 

atmospheric  conditions.  The  high  repeatability  and  good  predictability  of  the 

brightness  results  demonstrated  the possibility  to  study  the  thermal 

degradation  of  papers  using  the  new  device  and  a  result  this  method  was 

adopted as the standard for the thermal treatments of papers in this research. 

 

This  thesis  covers  the  chemical,  physical,  and  optical  changes  occurring  in 

softwood  kraft fibers throughout  the thermal  treatments  of  papers.  The work 

included a detailed study on the correlation between the thermal degradation of 

paper and the changes in a wide range of molecular and macroscopic properties 

of fibers. The findings of this study showed how the pretreatment of fibers in 

terms  of  hypochlorous  acid  treatment,  cellulase  treatment,  refining,  KL 

treatment,  and  ascorbic  acid  treatment  of  kraft  pulp  fibers  can  all  affect  the 

thermal durability of paper made from these fibers. A detailed discussion with 

respect to the individual fiber sources and pulp pretreatments, both chemical 

and mechanical, clearly demonstrated the versatility of such a study approach. 

 

Pulp  refining  and  the  thermal  durability  of  refined  papers  received  special 

attention  in  this  work.  Despite  its  ostensibly  physical  nature,  refined  sheets 

showed  significant  chemical  differences,  i.e.,  the  reduced  DP  of  cellulose  and 

chromophore  induced  brightness  changes,  compared  to  unrefined  sheets.  In 

addition, the refining combined with the enzymatic hydrolysis of pulp decreased 

the thermal stability of paper. The effect of conventional pulp refining on the 

chemical  environment  of  fibers  and  thermal  durability  of  paper  is  rarely 

discussed and based on the findings outlined in this thesis should be the subject 

of further investigation. Furthermore, to the best of the author’s knowledge, the 

impact of enzyme assisted refining on the thermal degradation of paper itself 

has also not been reported earlier. The insight gained into pulp modification by 

mechanical processing and enzymatic hydrolysis studied as part of this research 

is of high practical importance especially for in the area of high-density paper 

production. 
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A  primary  emphasis  of  this  work  was  on  lignin  containing  papers  due  to  the 

theoretical interest of the bio-refinery concepts that rely on the side products of 

residual lignin. As a matter of fact, the variety of residual lignin containing pulps 

highlighted the impact that lignin has on the thermal stability of papers. For the 

first time, the residual lignin content of kraft pulp was shown to correlate with 

the depolymerization degree of pulp upon the thermal treatments. It was also 

evident that the residual lignin containing papers were less susceptible towards 

hot humid treatments than lignin free paper. Due to enhanced thermal stability 

and recently reported improved barrier properties of unbleached papers, lignin 

has major applications in food packaging industries where it can enhance the 

shelf life of food materials. 

 

An interesting approach to obtain refined pulp with improved thermal stability 

was to perform refining for KL impregnated FB pulp. The lignin impregnated 

pulp  was  compared  to  antioxidant, AA,  impregnated  pulp  and  somewhat 

surprisingly, the desired antioxidant activity of AA in the refining stage was not 

observed. Instead, AA enhanced the depolymerization of cellulose in pulp upon 

mechanical  and  thermal  treatments  when  compared  to  both  reference  and 

lignin pretreated pulps. However, the accelerated depolymerisation of cellulose 

in AA impregnated pulp did provide evidence for the radical scavenger activity 

of AA. Although no clear evidence on the antioxidant properties of KL in pulp 

refining  was  observed,  the  precipitation  of  the  purified  KL  on  the  surface  of 

fibers in combination with intensive refining was a novel approach that had not 

been investigated previously. 

 

Overall,  the  research  detailed  in  this  thesis  highlights  how  a  more  detailed 

understanding of thermal degradation mechanisms can go a long way in helping 

researchers and engineers define new methodolgies to produce more thermally 

stable natural fibers for different types of applications. For example, the thermal 

stability  may  be  enhanced  with  residual  lignin  and  this  knowledge  can  be 

potentially  exploited  to  replace  plastics  with  cellulosic  fibers  in  several 

packaging applications where processing temperatures currently limit the use 

of natural fibers. 
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6. Outlook 

The  findings  detailed  here  have  revealed  the  importance  of  residual  lignin  in 

kraft pulps on the diminution of the thermal degradation rate of paper and the 

use  of  mechanical  pulp  could  improve  the  thermal  stability  of  papers,  when 

compared  to  kraft  pulps,  due  to  their  higher  lignin  content.  However,  any 

commitment to use mechanical pulps in high-density papers intended for food 

contact  would  require  further  detailed  investigation  before  it  can  deliver  real 

commercial benefit. Such a decision should be based on a good understanding 

of  how  lignin  will  degrade  during  heating  and  recognizing  and  minimizing 

possible lignin migration issues. 

 

This work has also demonstrated the potential for using UVRR spectroscopy in 

the  thermal  degradation  analysis  of  paper.  This  method  is  promising  for 

illuminating  phenomena  that  have  mainly  previously  been  observable  by 

traditional optical measurements, such as brightness. With UVRR spectroscopy 

it  is  possible  to  obtain  valuable  information  on  the  oxidative  damage  of 

carbohydrates related with the reactivity of lignin, however, the uncertainty in 

normalizing  the  spectra  at  the  relatively  small  cellulose  band  still  offers  the 

prospect for further development. Moreover, from the analytical point of view, 

molecular  mass  and  MMD  provide  useful  information  of  the  thermal 

degradation of cellulosic fibers. The primary obstacle however, is that in order 

to  measure  these  parameters  for  softwood  fibers,  it  is  necessary  to  able  to 

dissolve them. Thus the selection of an appropriate solvent system that allows 

for accurate GPC analysis will require additional attention. 

 

In terms of processes, the radical scavenger capacity of lignin upon mechanical 

stress had been previously shown by a number of studies and results obtained 

as part of this work have also indicated the presence of mechanoradicals as a 

consequence  of  pulp  refining.  However,  the  direct  measurement  of  the 

mechanoradicals has remained elusive and needs to be determined in order to 

more  fully  understand  the  homolytic  degradation  of  cellulose,  as  well  as  the 

possible antioxidant capacity of lignin upon refining. 

 

One of the future prospects of this work could be also to attain the required high 

sheet  density  of  high-density  papers  through  carboxymethyl  cellulose  (CMC) 

treatment  of  pulp.  This  CMC  treatment  could  replace  the  required  intensive 

refining  step  of  high-density  paper  production  and the  subsequent  homolytic 

depolymerization of cellulose. It is plausible that CMC addition could increase 
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the thermal stability of paper due to the reduction of carbohydrate degradation 

as a result of milder refining conditions. 

 

The origin of pulp and individual process steps – pulping, bleaching, and paper 

making – all have an undeniable impact on the final thermal stability of paper. 

The challenge for researchers studying this area is to identify pulping and paper 

making conditions that will improve thermal stability of kraft fibers in different 

paper applications. One way to circumvent this challenge is to develop optimal 

enzyme cocktails for a thermally stable high-density paper and such enzymatic 

studies would provide the basis to improve the thermal stability of paper already 

during the fiber processing stages.  

 

Advances  in  bleaching  technologies  over  the  past  50  years  have  led  to  the 

introduction of a large number of bleached pulps with different properties and 

applications. As a result, lignin in black liquor is mainly converted to energy in 

pulp mills with low value. However, lignin has recently seen increasing interest 

and  promising  application  developments.  In  the  near  future,  the  genetic 

engineering  of  wood might become  a  reality  and could significantly  influence 

the next generation of pulp and paper production. The promising antioxidant 

properties of lignin could be enhanced through the genetic-redesigning of the 

biosynthetic pathways of lignin to help not only a multitude of fiber processing 

steps but also the stability of cellulosic fibers. 

 

This work reflects the wide development potential of the thermal durability of 

cellulosic  fibers  when  considered  as  a  combination  of  raw  material  and  pulp 

processing prior to paper production. In the future, it is likely that instead of 

plastics,  most  conventional  packages  will  involve  cellulosic  fibers  that  utilize 

lignin as a source for new thermally durable, renewable, and biobased packages.
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