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Abstract 
In the wish to replace oil-based chemicals and materials 
with such based on biodegradable and renewable resources, 
this work has been performed. In a biorefinary concept, 
waste birch bark from paper pulp mills and timber 
production has been evaluated as a potential source for 
polyesters. 
 
In the present thesis investigations are made on synthesis of 
epoxy-functionalized polyesters from the birch outer bark 
aliphatic suberin ω-hydroxy fatty acid, cis-9,10-epoxy-18-
hydroxyoctadecanoic acid. Studies of accessibility and 
reactivity of cellulose have been performed as a first step to 
enable covalent attachment or grafting of the epoxy-
functionalized polyesters to cellulose.  
 
Candida antarctica lipase B (Novozym 435) is reported to 
be an efficient catalyst for condensation polymerization of 
cis-9,10-epoxy-18-hydroxyoctadecanoic acid to form 
poly(9,10-epoxy-18-hydroxyoctadecanoic acid) with high 
molecular weight (Mw). Performed in toluene in the 
presence of molecular sieves a Mw of 20000 (reaction time 
68 h, Mw/Mn 2.2) was obtained. Performed in bulk without 
any drying agent a Mw of 15000  was obtained at a much 
shorter reaction time (reaction time 3h, Mw/Mn 2.2). Further 
the same lipase has been used for succesful co-
polymerizations of cis-9,10-epoxy-18-hydroxyoctadecanoic 
acid with lactones. By combining condensation and ring-
opening polymerization, epoxy-functionalized linear poly-
esters and cyclic oligomers have been synthesized. For ex-
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ample, co-polymerization of cis-9,10-epoxy-18-hydroxy-
octadecanoic acid and ε-caprolactone performed in toluene 
in the presence of molecular sieves gave mainly cyclic oli-
gomers, especially at shorter reaction times. Co-
polymerization performed in bulk gave linear polyesters 
with a Mw of 35000 (reaction time 24 h, Mw/Mn 6), 
irrespective molecular sieves were added or not. 
 
The epoxy-functionalized polyesters could be used for sur-
face modification of pulp fibres and cellulose fibrils, which 
further can be used for production of new valuable compos-
ite materials with improved features. Knowledge of how 
different processing conditions affect the structure of cellu-
lose is an important tool in the work to achieve successful 
grafting of produced polyesters to cellulose fibres/fibrils. 
CP/MAS 13C-NMR spectroscopy has been used to study 
structural changes caused by the dissolving pulp process. 
An irreversible increase in average fibril aggregate width 
from raw pulp to final pulp during the process is shown. 
This increase in aggregate width could negatively influence 
the reactivity of the cellulose. 
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Sammanfattning 

Detta arbete har utförts i strävan efter att kunna ersätta olje-
baserade kemikalier och material med sådana som har base-
rats på bionedbrytbara samt förnyelsebara råvaror. Björknä-
ver avskilt som avfall vid massa- och virkesframställning 
har utvärderats som möjlig råvarukälla för polyestrar. 
 

I den presenterade avhandlingen utvärderas möjligheten att 
syntetisera epoxyförsedda polyestrar från den alifatiska ω-
hydroxyfettsyran, cis-9,10-epoxy-18-hydroxyoktadekan-
syra, utvunnen ur suberin från björknäver. Studier av till-
gänglighet och reaktivitet hos cellulosa har utförts som ett 
första steg till att kemiskt kunna binda de epoxyförsedda 
polyestrarna till cellulosa.  
 

Candida antarctica lipas B (Novozym 435) rapporteras vara 
en effektiv katalysator vid kondensationspolymerisation av 
cis-9,10-epoxy-18-hydroxyoktadekansyra till poly(9,10-
epoxy-18-hydroxyoktadekansyra) med hög molekylvikt 
(Mw). Utfört i toluen med molekylsikt tillsatt uppnåddes en 
Mw av 20000 (reaktionstid 68 h, Mw/Mn 2.2). Utfört i bulk 
utan torkmedel uppnåddes en Mw av 15000 efter en mycket 
kortare reaktionstid (reaktionstid 3 h, Mw/Mn 2.2). Vidare 
har samma lipas använts vid sampolymerisation av cis-9,10-
epoxy-18-hydroxyoktadekansyra med laktoner. Genom 
kombination av kondensations- och ringöppnings-
polymerisation har epoxyförsedda linjära polyestrar och 
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cykliska oligomerer syntetiserats. Exempelvis gav sampo-
lymerisation av cis-9,10-epoxy-18-hydroxyoktadekansyra 
och ε-kaprolakton utförd i toluen främst cykliska oligomerer 
när reaktionstiden var kort. Sampolymerisation utförd i bulk 
gav linjära polyestrar med en hög Mw av 35000 (reaktions-
tid 24 h, Mw/Mn 6), oavsett om molekylsikt hade tillsatts 
eller ej. 
 
De epoxyförsedda polyestrarna skulle kunna användas för 
ytmodifiering av cellulosafibrer/-fibriller, vilka vidare skul-
le kunna användas för tillverkning av nya värdefulla kom-
positmaterial med förbättrade egenskaper. Kunskap om hur 
olika processförhållanden påverkar cellulosans struktur är 
ett viktigt instrument i arbetet att möjliggöra en lyckad graf-
ting av de framtagna polyestrarna till cellulosafibrer/-
fibriller. CP/MAS 13C-NMR-spektroskopi visar att proces-
sen för tillverkning av dissolvingmassa ger strukturella för-
ändringar hos cellulosa. Under processen fås en irreversibel 
ökning av medelvärdet hos fibrillaggregatens bredd. Denna 
ökning hos fibrillaggregatens bredd kan påverka cellulosans 
reaktivitet negativt.
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1 Introduction 

1.1 Purpose of the study 

Environmental concerns and increasing oil-prices have 
caused a global growing demand to replace chemicals and 
plastics based on fossil fuels with such based on bio-
degradable and renewable resources. 
 
The purpose of this study is to evaluate birch bark residues 
from the forest industry as a non-petroleum based alterna-
tive starting material for production of valuable epoxy-
functionalized polyesters and new composite materials 
made of polyester grafted cellulose fibres/fibrils.  
 
Beyond the production of valuable products it is of greatest 
importance that such valorisation can be achieved thru the 
use of sustainable technologies which also can be integrated 
in industrial operations in a cost efficient manner.  
 

1.2 Background 

1.2.1 Polyesters 

Polyesters are a group of polymers containing ester linkages 
(RCOOR´) in their main chain. Industrially synthesized 
polyesters are highly versatile materials constantly used in 
the daily life, from interiors, clothing, packaging, fibres, 
films, composites to food additives etc. Large quantities of 
petroleum-based polyesters are industrially produced all 
around the world every year.  
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An alternative renewable and non-toxic source, replacing 
fossil sources, for the industrial manufacturing of polyesters 
is desirable. Wood and other biomass are potential sources 
for a variety of organic chemicals, including naturally-
derived monomers which are useful for the manufacturing 
of new polyesters. 
 
1.2.2 Suberin 

Natural polyesters can be found as structural components in 
higher plants. One of the most abundant naturally-occurring 
polyesters is suberin, a highly hydrophobic polymeric sub-
stance found in plant peels, such as potato peels, and in the 
periderm of woody plants. Another example is the net struc-
ture in the rind of a netted melon, which consists of suberin. 
The main function of suberin is to prevent water from pene-
trating the tissue and to act as a barrier to outside attacks. It 
is also assumed to act as a flame retardant. Suberin has a 
complex structure built up of aromatic and aliphatic do-
mains. Figure 1. The exact qualitative and quantitative 
composition of suberin monomers varies in different 
species. Some common aliphatic monomers are long-chain 
hydroxy fatty acids. Considerable amounts of suberin poly-
ester are found in the outer barks of cork oak (Quercus 

suber L.) and birch (Betula species) [1, 2, 3].
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Figure 1. Tentative structure of birch outer bark suberin, modified 

after Bernads [28].  

 
 
1.2.3 Birch bark as a source of valuable monomers 

As mentioned, the outer bark of birch is especially rich in 
suberin. The ω-hydroxy fatty acid cis-9,10-epoxy-18-
hydroxyoctadecanoic acid is the principal monomer 
amounting to about 100 g/kg dry outer bark and 40% of  
the aliphatic suberin monomers (Betula verrucosa) 
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Large amounts of birch bark are produced in the forest 
industry. Today the bark is a low-value waste product, 
mainly used as fuel for energy production. The high content 
of the attractive epoxy-functionalized monomer cis-9,10-
epoxy-18-hydroxyoctadecanoic acid together with its non-
toxicity and renewability make birch bark residues of 
highest interest. cis-9,10-Epoxy-18-hydroxyoctadecanoic 
acid and other suberin monomers can in a cost efficant 
manner be isolated from outer birch bark. Estimations show 
that a pulp mill producing 200000 t/a of birch pulp has the 
possibility to produce 4000 t/a of suberin-derived fatty ac-
ids. Figure 2 [2]. 
 

Figure 2. Suberin monomers from birch outer bark. 
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1.2.4 Synthesis of suberin-derived polyesters 

Suberin-derived monomers are suitable for the synthesis of 
biodegradable polyesters with tailored reactive functional-
ities giving interesting properties. Epoxy groups can for 
instance be introduced into different kind of co-polyesters. 
 
In this thesis I report homo- and co-polymerization of cis-
9,10-epoxy-18-hydroxyoctadecanoic acid using the immo-
bilized enzyme Candida antarctica lipase B (Novozym 
435) as catalyst to give epoxy-functionalized aliphatic poly-
esters and cyclic macro-monomers. Figure 3 and 4.  

 

Figure 3. Candida antarctica lipase B catalyzed polymerization 

of cis-9,10-epoxy-18-hydroxyoctadecanoic acid (1) to give the 

corresponding aliphatic epoxy-functionalized polyester (2). 
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Figure 4. Candida antarctica lipase B catalyzed co-

polymerization of cis-9,10-epoxy-18-hydroxyoctadecanoic acid 

(1) with ε-caprolactone (2) to give the corresponding epoxy-

functionalized macromonomers (3).  

 
 
1.2.5 Enzymes 

Enzymes play an essential part in the biological carbon 
cycle in nature. They are present in all biological systems 
where they act as very efficient catalysts for biochemical 
reactions, capable to synthesize and break down different 
complex molecules. Enzymes are proteins where the mole-
cules are folded into three-dimensional complex structures. 
Enzymes are in contrast to chemical catalysts usually highly 
selective, catalysing only one specific reaction on one spe-
cific substrate. Their specificities are due to the shapes of 
the folded molecules with active sites of a certain size and 
functionality. In nature enzymes act under environmentally 
friendly conditions and use renewable raw materials as sub-
strates. They come from natural systems and when they are 
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degraded they are readily absorbed back into nature. Some 
enzymes are very useful in organic chemistry where they 
can be used for bio-mimetic polymer synthesis [4, 5]. 
 
1.2.6 Lipases 

Lipases are a group of enzymes with the function to hydro-
lyze or synthesize fatty acid esters. They constitute a class 
of enzymes particularly useful in synthetic polymer science. 
In contrast to other enzymes they have a broad synthetic 
potential since they can accept a wide range of substrates. 
Lipases show high catalytic activity, lack of undesirable 
side reactions, lack of toxicity and ability to function under 
mild conditions. Lipases can also act in organic media at 
fairly high temperatures. They are suitable for straight-
forward synthesis strategies for polyesters, which are diffi-
cult to prepare by more conventional polymerization proc-
esses and have been used for the preparation of polyesters 
from epoxy-containing monomers [6, 7, 27].  
 
1.2.7 Candida antarctica lipase B 

The lipase B produced by the yeast Candida antarctica is a 
versatile biocatalyst with broad applications in industry and 
in organic synthesis. Candida antarctica lipase B catalyzes 
hydrolysis and condensation of esters by a so called bi-bi 
ping-pong mechanism where two substrates enter and two 
products leave the reaction. Figure 5 [26]. 
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Figure 5. Reaction mechanism of Candida antarctica lipase B. 

 
 
1.2.8 Reactive epoxy-functionalized polyesters 

Epoxy groups are cyclic ethers (C-O-C) that form three-
membered atom rings. The internal bond angles are about 
60°, forming an approximately equilateral triangle. The 
strained structure of epoxy groups gives them high energies 
compared to other ethers. Epoxy-containing compounds are 
therefore rather reactive compounds and are for instance 
used as cross-linkers, e.g. in paints and coatings [9]. 
 
The high reactivity of epoxy groups makes cis-9,10-epoxy-
18-hydroxyoctadecanoic acid suitable for experiments on 
covalent attachment or grafting of corresponding polyesters 
to cellulose fibre surfaces and cellulose fibril surfaces. 
Through grafting the cellulose surface is modified, which 
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could enhance the compatibility to a polymeric matrix. This 
could give the opportunity to make a composite of surface 
modified cellulose fibres or a nanocomposite of surface 
modified cellulose fibrils in a matrix of for instance renew-
able polylactic acid (PLA). Figure 6.  Composite materials 
of this type are not only desirable from an environmental 
point of view, they can also enable an increased material 
property span and new product sectors based on celluloses, 
such as packages and barriers etc. 
 
As a first step to enable this kind of grafting in the future, 
this thesis reports how the cellulose structure, and with that 
also the accessibility for reagents, is affected by the dissolv-
ing pulp process.  
 

 

Figure 6. Rough sketch of a conceivable nanocomposite of poly-

ester modified cellulose fibrils in a PLA matrix.  
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1.2.9 Cellulose accessibility and reactivity 

Key parameters for successful grafting to cellulose are the 
accessibility and reactivity of the cellulose. 
 
Cellulose is built up off glucan chains arranged into fibrils. 
The fibrils are further arranged in into larger structural ele-
ments, so-called fibril aggregates. The fibril aggregates are 
surrounded by a matrix of hemicelluloses and lignin. During 
pulping the average width of the cellulose fibril aggregates 
may changes due to removal of the hemicelluloses and the 
lignin. The average width of the cellulose fibril aggregates 
relates to the amount of surface area exposed and could 
therefore be a controlling factor for the chemical reactivity. 
Figure 7.  
 

 
 

Figure 7.  Sketch of how the accessible surface area changes with 

the extent of aggregation of cellulose fibrils. 
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1.2.10 NMR spectroscopy as a key technique for 

structural analysis and characterization of organic 

compounds  

Nuclear magnetic resonance (NMR) was observed for the 
first time by Felix Bloch, Stanford University and Edward 
Purcell, Harvard University in 1945. The first NMR spectra 
were published the year after. In 1952 they received the 
Nobel Prize in Physics for their discovery of NMR. Since 
then NMR spectroscopy has become one of the most impor-
tant techniques for structural analysis and characterization 
of organic compounds [8, 10].  
 
In this thesis 1H and 13C NMR in solution have been used to 
determine the molecular structure of the suberin-derived 
monomer cis-9,10-epoxy-18-hydroxyoctadecanoic acid and 
the corresponding produced suberin-derived epoxy-
containing polyesters.  
 
Solid state CP/MAS 13C NMR spectroscopy studies together 
with spectral fitting of the C4 region have been used to 
study the structural changes in cellulose induced by the 
dissolving pulp process.  
 
Cross-Polarization/Magic Angle Spinning (CP/MAS) is a 
combination of techniques used to improve the spectra re-
corded in solid-state 13C NMR. Thru the use of CP/MAS it 
is possible to eliminate line broadening and enhance the 
intensity of the 13C signals [11, 12] 
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Spectral fitting of the C4 region in CP/MAS 13C NMR spec-
tra is a method used to quantify the different cellulose forms 
found in the fibril.  Signals arising from cellulose Iα, cellu-
lose Iβ, para-crystalline cellulose, cellulose at accessible 
surfaces and cellulose at inaccessible surface can be identi-
fied from the signal clusters. The signals arising from cellu-
lose Iα, cellulose Iβ are sometimes difficult to distinguish 
and may be fitted into one signal of cellulose I(α+β). Figure 
8. Integrated signal intensities can be used to calculate the 
degree of crystallinity, average fibril width and average 
fibril aggregate width [11, 13, 14]. 
 

 

Figure 8. C4 region of CP/MAS 
13

C NMR spectrum with spectral 

fitting recorded for the never dried raw pulp 92α from Eucalyptus 

clone GU W962 high site. The broken line on top represents the 

experimental spectrum and the solid lower lines represent the 

fitted functions.  
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2 Experimental 

An overview of the main materials, experimental proce-
dures and analytical methods are summarized below. Com-
plete details can be found in paper I, II, III and IV. 
 

2.1 Materials 

2.1.1 Enzyme 

Immobilized Candida antarctica lipase B (Novozym 435, 
specific activity 7000 PLU/g) provided by Novozymes 
(Denmark) was used.  
 
2.1.2 cis-9,10-Epoxy-18-hydroxyoctadecanoic acid 

cis-9,10-Epoxy-18-hydroxyoctadecanoic acid was isolated 
from alkali hydrolyzed birch outer bark (Betula verrucosa). 
Isolation was made by extraction followed by precipitation 
thru acidification. The epoxy acid was recrystallized from 
2-propanol to give a light yellow powder [2, 16, 23]. The 
purity of the epoxy acid used was >95%. The low optical 
rotation [α]D 0° indicates a racemic or nearly racemic mix-
ture of 9R, 10S and 9S, 10R enantiomers [15].  
  
2.1.3 Pulps 

Four types of bleached hardwood dissolving pulps were 
used, two commercial and two laboratory made. The two 
commercial Eucalyptus dissolving pulps 92α and 96α were 
obtained from the Sappi Saiccor mill in South Africa. Labo-
ratory pulps were prepared from the Eucalyptus clone GU 
W962 sampled from two different growing sites, high site 
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(mean tree height 23.8 m) and low site (mean tree height 
17.7 m). 
 

2.2 Homo-polymerization of cis-9,10-epoxy-18-

hydroxyoctadecanoic acid  

2.2.1 Solution polymerization 

A series of polymerization experiments using cis-9,10-
epoxy-18-hydroxyoctadecanoic acid were carried out in 
capped reaction vials (5 mL). Toluene, dioxan and acetoni-
trile were examined as solvents for the polymerization reac-
tion. For each sample, a mixture of cis-9,10-epoxy-18-
hydroxyoctadecanoic acid (40 mg, 130 µM) and Novozym 
435 (10 mg) was prepared. To estimate the effect of water 
removal, activated molecular sieves (20 mg, Merck 4 Å) 
were added to some of the samples. Toluene, dioxan or 
acetonitrile (400 µl) was added and the samples were placed 
into a constant temperature oil bath at 75 ºC. The vials were 
shaken at 140 rpm for different periods of time (30 min. to 
48 h). The reactions were terminated through dilution in 
tetrahydrofuran (2 mL), followed by filtration to separate 
enzyme and molecular sieves from the polymer-solvent 
phase (all following reactions were terminated the same 
way). For reference, non-enzymatic reactions were per-
formed the same way as described, but without the addition 
of enzyme.  
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2.2.2 Bulk-polymerization 

Reaction vials (5 mL) containing cis-9,10-epoxy-18-
hydroxyocta-decanoic acid (200 mg, 640 µM) were placed 
into a constant temperature oil bath with a magnetic stirrer 
at 85 ºC until the monomer was melted. When melted, No-
vozym 435 (50 mg) was added. Molecular sieves (50 mg) 
were added to some of the samples to remove water. Reac-
tions in presence of molecular sieves were performed in 
capped vials. Reactions without molecular sieves were per-
formed in uncapped vials. Samples were drawn at different 
periods of time (30 min to 48 h). 
 

2.3 Co-polymerizations of cis-9,10-epoxy-18-

hydroxyoctadecanoic acid with lactones 

2.3.1 Solution polymerization 

Co-polymerization of cis-9,10-epoxy-18-hydroxyocta-
decanoic acid with ε-caprolactone was performed in tolu-
ene. The procedure was very similar to the one for the 
homo-polymerization experiments. Mixtures of cis-9,10-
epoxy-18-hydroxyoctadecanoic acid (50 mg, 160 µM), ε-
caprolactone (50 mg, 440 µM), Novozym 435 (10 mg) and 
molecular sieves (50 mg Merck 4 Å) were prepared in 
capped reaction vials (5 mL). Toluene was added (2 mL) 
and the vials were shaken at 120 rpm in a constant tempera-
ture oil bath at 75 ºC for different periods of time (30 min to 
24 h).  
 
Polymerizations using a mixture of cis-9,10-epoxy-18-
hydroxyocta-decanoic acid (10 mg, 32 mM), pentadecano-
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lide or hexadecanolide (24 mg, 100 µM / 24 mg, 94 µM) ), 
Novozym 435 (10 mg), molecular sieves (50 mg Merck 4 
Å) and toluene (0.4 mL) were performed the same way. 
 

2.3.2 Bulk polymerization 

Co-polymerization of cis-9,10-epoxy-18-hydroxyocta-
decanoic acid with ε-caprolactone was also performed in 
bulk. Again, the procedure was very similar the one for the 
homo-polymerization experiments. Mixtures of cis-9,10-
epoxy-18-hydroxyoctadecanoic acid (50 mg, 160 µM) and 
ε-caprolactone (50 mg, 440 µM ), with or without molecular 
sieves, were heated in capped vials (5 mL) in a constant 
temperature oil-bath at 85 ºC. Novozym 435 (10 mg) was 
added and the samples were shaken at 120 rpm for different 
periods of time. For reference, homo-polymerizations with 
ε-caprolactone (100 mg, 0.88 mM), Novozym 435 (10 mg) 
and molecular sieves (50 mg) were performed in capped 
vials.  
 
Bulk polymerizations using a mixture of cis-9,10-epoxy-18-
hydroxyoctadecanoic acid (10 mg, 32 µM), pentadecanolide 
or hexadecanolide (24 mg, 100 µM / 24 mg, 94 µM), No-
vozym 435 (10 mg) and molecular sieves (50 mg Merck 4 
Å) were performed the same way. 
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2.4 Structural changes in cellulose 

2.4.1 Laboratory cooking of 92α pulp and 96α pulp 

The cooking liquors were prepared by bubbling SO2 (target 
SO2 in slurry: 8.5% for the 92α pulp, 8.0% for the 96α pulp) 
into a MgO slurry (0.75-0.8% for the 92 α pulp, 1.0% for 
the 96 α pulp) and circulated in a digester with chips. The 
temperature was ramped to 140 ºC over approximately 5 h 
and 20 min. The temperature was maintained at maximum 
of 140 ºC for approximately 40 min. At the end of the cook-
ing period, the mixture was allowed to cool down to room 
temperature. The pressure in the digester was kept to 8.5 bar 
during the cooking processes.  
 
2.4.2 Laboratory bleaching 

Following bleaching sequence was used to produce 92α 
pulp:  

1. O NaOH (2%), O2 (1.0%) 
2. D1 ClO2 (0.9%) 
3. E NaOH (3.2%), O2 (0.27%),  
 detergent (0.07%) 
4. D2 ClO2 (0.6%) 
5. Hypo OCl- (0.4%), NaOH (0.25%), pH 10 

 
Following bleaching sequences was used to produce 96α 
pulp:  

1. O NaOH (4%), O2 (1.0%), detergent 
 (0.05%), MgO (1.0%) 

2. D1 ClO2 (2.0%) 
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3. E NaOH (9%), detergent (0.9%), 
 MgO (3.0%) 
4. D2 ClO2 (2.0%) 
5. Peroxide NaOH (0.4%), H2O2 (0.2%) 

 

2.5 Analytical methods 

2.5.1 Matrix Assisted Laser Desorption/Ionization-

Time of Flight-Mass Spectrometry (MALDI-TOF 

MS) 

MALDI-TOF MS was used to analyze the initial progress of 
the polymerizations. The method was used to study whether 
the obtained structures were correct, considering the repeat-
ing molecular weight, and whether the obtained structures 
were cyclic or linear. At higher molecular weights mass 
discrimination effects occur, this discrimination is also seen 
at lower molecular weights. Detection was made in the 
range 500-3000 Da. Two different equipments have been 
used.  
 
For the homo-polymerization experiments mass spectra 
were obtained on a Hewlett Packard G2025 A LD-TOF 
system. Acetonitrile was used as solvent for the matrix 2.5-
dihydroxybenzoic acid (50 mg/mL). Spectra were taken in 
the positive ion mode on mixtures of matrix and samples, 
prepared in the volume ratio 1:1.  
 
For the co-polymerization experiments mass spectra were 
obtained on a Bruker UltraFlex MALDI-TOF MS with a 
SCOUT-MTP ion source (Bruker Daltonics) equipped with 
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a nitrogen laser (337 nm). Tetrahydrofuran was used as 
solvent for the matrix trans-3-indoleacrylic acid (15 
mg/mL) and for the samples (2 mg/mL). NaCl (0.5 µL, 1 
mg/mL) was added to increase the signals of [M+Na]+ ions. 
Spectra were taken in the positive ion mode on mixtures of 
matrix and samples, prepared in the volume ratio 4:1.  
 
2.5.2 Gel Permeation Chromatography (GPC) 

As samples were withdrawn at varying time points in the 
polymerization experiments, GPC was used to determine 
monomer consumption, average molecular weights and 
polydispersity index (PDI) of the polymer products as func-
tions of the reaction time. The used GPC system was 
equipped with a Scantec 625 HPLC pump connected to a 
Waters 410 differential refractometer and a Rheodyne 7125 
injector (20 µL loop). Three columns from Waters (Styragel 
HR2 7.8 x 300mm, Styragel HR1 and Ultrastyragel 104) 
connected in series were used for separation. The GPC ap-
paratus was calibrated using polystyrene standards (Polymer 
Laboratories) in a molecular range from 580 to 19880 Da. 
Tetrahydrofuran was used as eluent at a flow rate of 0.8 
mL/min.  
 
Another chromatographic system was used for determina-
tion of molecular mass distribution when the structural 
changes in cellulose induced by the dissolving pulp process 
were studied. Four columns (Mixed-A 20 µm, 7.5 x 50 mm, 
Polymer Laboratories) connected in series were used for 
separation. The system was equipped with an Optilab DSP 
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RI detector and calibrated using pullulanes. LiCl/N,N-
dimethylacetamide 0.5% (w/v) was used as mobile phase 
 
2.5.3 Nuclear Magnetic Resonance (NMR) spectros-

copy 

NMR spectroscopy was used in the polymerization experi-
ments for characterisation of both monomers and products. 
It was also used for the homo-polymerizations to study the 
degree of polymerization and for the co-polymerizations to 
study the monomer consumption. 1H and 13C NMR spectra 
of the isolated cis-9,10-epoxy-18-hydroxyoctadecanoic acid 
and the polymers/macrocycles formed in the reactions were 
obtained with a Bruker DPX 300 system at room tempera-
ture at a magnetic field strength of 7.04 T (300 MHz 1H 
resonance frequency) using CDCl3 as solvent and tetrame-
thylsilane as reference.  
 
Cross Polarisation/Magic Angle Spinning 13C NMR 
(CP/MAS 13C-NMR) spectroscopy studies together with 
spectral fitting was used as method to study  structural 
changes in cellulose induced by the dissolving pulp process. 
Deionised water was used to wet the samples (40-60% wa-
ter content). Samples were packed into a zirconium oxide 
rotor and spectra were obtained with a Bruker Avance AQS 
300 WB system at room temperature at a magnetic field 
strength of 7.04 T. The used spinning rate was 5 kHz. Ac-
quisition was performed with a CP-sequence using a 4.3 µs 
proton 90° pulse, contact time of 800 µs and 2.5 s delay 
between pulses. Glycine was used to calibrate the instru-
ment. The software for spectral fitting was developed at 
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STFI-Packforsk AB and based on a Levenberg-Marquardt 
algorithm (Larsson et al., 1997) [13, 14]. 
 
2.5.4 Pulp analysis 

Tappi test method T235 M-60 was used to determine the 
solubilities (S10 and S18). The formula 100-(S10 + S18)/2 
was used to calculate the alpha cellulose content of the pulp. 
Tappi test method T206 Os-63 was used to determine vis-
cosities.  
 
In order to measure the relative carbohydrate content of the 
commercial pulps 92α and 96α, the pulp samples were 
milled, extracted and finally hydrolysed in 0.4 M sulphuric 
acid (aq) in an autoclave at 120 -130°C (1.2-1.4 bar pres-
sure). The hydrolysis liquor, containing the dissolved 
monosaccharides, was diluted with deionised water in the 
ratio 1:25. Ion chromatography with pulsed amperometric 
detection was used to measure the monosaccharide content 
of the liquor [24, 25]. 



 22 

3 Results and discussion 

3.1 Synthesis of epoxy containing polyesters 

It has been shown that epoxy-functionalized polyesters with 
high molecular weights can be condensation polymerized 
from the birch outer bark suberin-derived monomer cis-
9,10-epoxy-18-hydroxyoctadecanoic acid, using immobi-
lized Candida antarctica lipase B (Novozym 435) as cata-
lyst. The commercial enzyme Candida antarctica lipase B 
(Novozym 435) was chosen as catalyst since it has been 
shown to be a highly efficient catalyst for polymerization of 
long chain aliphatic ω-hydroxy acids. It has also been re-
ported to polymerize suberin-related long chain 9,10-
epoxidized α,ω-dicarboxylic acid dimethyl esters with diols, 
still keeping the epoxy groups intact [17,18]. In addition, 
commercial availability and recycling possibilities make 
this lipase an ideal tool for the synthesis.1H NMR spectrum 
shows that the polymerization can be performed still keep-
ing the epoxy groups visible at δ 2.9 ppm intact. Figure 9. 
 
The highest molecular weight (Mw 20 000, reaction time 68 
h, Mw/Mn 2.2) was obtained in toluene in the presence of 
molecular sieves. A nearly as high molecular weight (Mw 
15 000, reaction time 3 h, Mw/Mn 2.2) was obtained by bulk 
polymerization in an open vial without any drying agent 
present. Acetonitrile and dioxin resulted in lower molecular 
weights (Mw less than 5000, reaction time 48 h. Figure 10. 
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Figure 9. 
1
H NMR spectrum (CDCl3) of the suberin-derived 

monomer cis-9,10-epoxy-18-hydroxyoctadecanoic acid (a) and 

the corresponding polyester (b) synthesised by Candida antarc-

tica lipase B using toluene as solvent, reaction time 48 h. δ (b): 

1.2 to 1.8 (26 H, bm, -CH2-), 2.3 (2H, t, J=7.5 Hz, -COCH2-), 2.9 

(2H, bs, - CH- cis-epoxide), 3.6 (t, J=7.2 Hz, - CH2OH end 

group), 4.1 (2H, t, J=6.5 Hz, - CH2O-). 

 
 
The polycondensations did not show any signs of enantiose-
lectivity even though cis-9,10-epoxy-18-hydroxy-
octadecanoic acid isolated from birch outer bark probably is 
a mixture of the 9R,10S and 9S,10R enantiomers. 
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Figure 10. Novozym 435 catalyzed polycondensations of cis-9,10-

epoxy-18-hydroxyoctadecanoic acid in solvent (75 ˚C, epoxy acid 

40 mg, enzyme 10 mg, solvent 400 µL, with and without molecular 

sieves 20 mg) and bulk (85 ˚C, epoxy acid 200 mg, enzyme 50 mg, 

with and without molecular sieves 50 mg). Extent of chain growth 

as function of time in the presence of molecular sieves in; toluene 

(♦), acetonitrile (■), dioxane (▲) and monomer melt (●). Extent 

of chain growth without molecular sieves in; toluene (◊) and bulk 

(○). 

 
 

Further it has been shown that the same lipase (Novozym 
435) can be used for succesful co-polymerizations of cis-
9,10-epoxy-18-hydroxyoctadecanoic acid with ε-
caprolactone. By combining condensation and ring-opening 
polymerization, epoxy-functionalized linear polyesters and  
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Figure 11. Molecular weight (Mw) as function of reaction time 

(GPC). Homo-polymerization of ε-caprolactone in bulk with mo-

lecular sieves (•), co-polymerization of ε-caprolactone (0.44 mM) 

and cis-9,10-epoxy-18-hydroxyoctadecanoic acid (0.16 mM) in 

bulk with molecular sieves (♦), in bulk without molecular sieves 

(■) and in toluene with molecular sieves (▲). 

 
 
cyclic oligomers have been synthesized. At low molecular 
weights, up to about 1300 Da, co-polymerization in toluene 
in the presence of molecular sieves gave mainly cyclic oli-
gomers containing up to two epoxy groups. At longer reac-
tion times (24 h) linear oligomers dominate, indicating fur-
ther polymerization of the cycles. Co-polymerization per-
formed in bulk gave linear polyesters (Mw 35000, reaction 
time 24 h, Mw/Mn 6), irrespective molecular sieves were 
added or not. Figure 11.   
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To evaluate the usefulness of the experiment, co-
polymerizations of cis-9,10-epoxy-18-hydroxyoctadecanoic 
acid with pentadecanolide or hexadecanolide were 
performed. By combining condensation and ring-opening 
polymerization co-polymers with molecular weigths in the 
range (Mw 8600-11700, reaction time 3h) were obtained. 
Co-polymerization in bulk gave linear epoxy-functionalized 
co-polyesters while polymerization in toluene gave mainly 
cyclic co-oligomers with molecular weights up to about 
3000 Da.  

 

To minimize side-reactions involving the epoxide ring, a 
fairly high content of Novozym 435 (25% for the homo-
polymerizations, respectively 10% for the co-
polymerizations) was chosen. Nevertheless, in the bulk 
polymerizations insoluble gels were formed at longer reac-
tion times, probably due to water-induced ring-opening of 
the epoxide-group resulting in cross-linking.  
All solvent-polymerizations were performed at a tempera-
ture at 75 ºC, a higher temperature of 85 ºC was chosen for 
the bulk experiments in order to melt the monomer cis-9,10-
epoxy-18-hydroxyoctadecanoic acid (m.p. 79-81 ºC). 
 
To study the effect of water removal, activated molecular 
sieves were added to some samples. For the homo-
polymerizations performed in bulk there were no major 
differences in molecular weights whether molecular sieves 
were added or not. Homo-polymerizations performed in 
solvent with molecular sieves reached higher molecular 
weights compared to the polymerizations performed without 
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molecular sieves. With this in mind the co-polymerizations 
of cis-9,10-epoxy-18-hydroxyoctadecanoic acid with ε-
caprolactone were performed in toluene in the presence of 
molecular sieves and in bulk both with molecular sieves 
being present or not. Again the same molecular weights 
were reached for the bulk polymerizations irrespective if 
molecular sieves were added or not.  
 
In all investigated homo-polymerizations there was a fast 
initial monomer conversion during the first hours, especially 
in toluene in the presence of molecular sieves and in bulk, 
reaching to about 95% conversion. A continued increase in 
molecular weights at longer reactions times indicates chain-
growth through condensation and transesterification of oli-
gomer and polymer chains.  
 
Based on integration of 1H NMR spectra there was a fast 
initial consumption of ε-caprolactone during the first hours 
in all investigated co-polymerizations between cis-9,10-
epoxy-18-hydroxyoctadecanoic acid and ε-caprolactone, 
reaching to about 100%. For the mixed monomer consump-
tion based on GPC (one broad peak containing ε-
caprolactone and cis-9,10-epoxy-18-hydroxyoctadec-anoic 
acid) the monomer consumption in toluene reached to about 
95%, a few percents lower as compared to the bulk polym-
erizations. This indicates that the cis-9,10-epoxy-18-
hydroxyoctadecanoic acid was not fully consumed in the 
co-polymerizations with toluene as solvent.  
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The possibility to direct the synthesis of co-polymers to-
wards either linear polyesters or macrocycles was exam-
ined. Earlier results have shown that polymerizations of ε-
caprolactone performed in bulk mainly result in linear poly-
esters, while polymerizations performed in solvents often 
result in fair amounts of macrocycles [19-22]. MALDI-TOF 
MS spectra show that only linear oligomers were formed in 
the bulk co-polymerizations of cis-9,10-epoxy-18-
hydroxyoctadecanoic acid with ε-caprolactone (reaction 
time up to 5 h). Spectra recorded for the corresponding co-
polymerizations (reaction time 3 h) in toluene show forma-
tion of both cyclic and acyclic co-oligomers, where the con-
tent of cyclic oligomers dominates in the low molecular 
region up to about 1300. 1H NMR spectra also show the 
presence of cyclic products and that the epoxy groups are 
intact. Due to the small amounts of residual cis-9,10-epoxy-
18-hydroxyoctadecanoic acid, contributing to end-groups in 
the 1H NMR spectrum, no attempts were made to quantify 
the amounts of cyclic respectively linear oligomers. For the 
co-polymerizations of cis-9,10-epoxy-18-
hydroxyoctadecanoic acid with penta-decanolide or 
hexadecanolide the same results were seen (reaction time 30 
min). Co-polymerization in bulk gave linear co-oligomers. 
For the co-polymerization performed in toluene both cyclic 
and acyclic co-oligomers where obtained in the molecular 
region up to about 3000 Da. 1H NMR spectra show that 
epoxy groups still are intact. 
 



 29 

3.2 Structural changes in cellulose 

Structural changes in cellulose caused by the dissolving 
pulp process are proved. CP/MAS 13C-NMR studies to-
gether with spectral fitting show an increase in average 
fibril aggregate width from raw pulp to final pulp for the 
laboratory cooked Eucalyptus 92α and 96α pulps. This is 
attributed to the removal of lignin, hemicellulose and de-
graded cellulose during the dissolving pulp process. Small 
differences were observed between the low and high site 
pulps. Further, an irreversible increase in the fibril aggre-
gate width for both laboratory cooked and commercial pulps 
were observed when the samples were freely dried at room 
temperature. Figure 12 and 13. The increase is considered to 
be irreversible since all spectra were recorded on rewetted 
samples. The freely dried 96α pulps were found to be more 
aggregated than the freely dried 92α pulps. Sugar analysis 
of the commercial pulps showed very similar carbohydrate 
compositions, both pulps contained 98% glucose. The 92α 
pulp contained 1.9% xylose and 0.2% mannose and the 96α 
contained 1.8% xylose. Analysis on molecular mass distri-
bution, however, indicates that the content of degraded cel-
lulose differs. The commercial 92α pulp contained larger 
amounts of degraded cellulose (Mw 490, Mw/Mn 10.2) than 
the commercial 96α pulp (Mw 760, Mw/Mn 10.1), which is 
believed to attribute to reduced aggregation and with that 
more accessible surface area is gained. Figure 14. 
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Laboratory pulp type                                                                                          
Average fibril ag-

gregate width (nm) 

Raw pulp for 92α, high site never 
dried 16.6 
Final pulp 92α, high site never dried 18.2 
Final pulp 92α, high site freely dried 20.0 
Raw pulp for 92α, low site never 
dried 18.3 
Final pulp 92α, low site never dried 19.3 
Raw pulp for 96α, high site never 
dried 18.6 
Final pulp 96α, high site never dried 22.8 
Final pulp 96α, high site freely dried 30.3 
Final pulp 96α, low site never dried 21.0 
Final pulp 96α, low site freely dried 28.7 

 

Figure 12. Average fibril aggregate width determined from 

CP/MAS 
13

C-NMR spectra recorded on laboratory prepared dis-

solving pulps made from Eucalyptus clone  

 

 
 

Commercial pulp 

type 

Average fibril 

aggregate width 

(nm) 

92α never dried 18.8 
92α freely dried 23.9 
96α never dried 17.5 
96α freely dried 28.0 

 

Figure 13. Average fibril aggregate width determined from 

CP/MAS 
13

C-NMR spectra recorded from the two Eucalyptus 

commercial dissolving pulps, 92α and 96 α. 
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Alpha  
100-

(S10+S18)/2 Viscosity Mw Mw/Mn 

Relative glu-
cose 

content  Pulp 

(%)  (cPs) (kDa)   (%) 

92α 93 15 490 10.2 98 

96α 95 31 760 10.1 98 
  
Figure 14. Carbohydrate analysis of the commercial 92α and 96α 

pulps. 



 32 

4 Conclusions 
Biomass-derived polymers constitute an important part in 
the development of a sustainable society not relying on 
fossil resources. Attractive polyesters with tailored epoxy 
functionalities can be synthesized in substantial amounts 
from the birch outer bark monomer cis-9,10-epoxy-18-
hydroxyoctadecanoic acid. Polymers like these play a vital 
role in the development of various materials for industrial 
and biomedical applications. cis-9,10-Epoxy-18-hydroxy-
octadecanoic acid and its corresponding epoxy-
functionalized polyesters could be used for surface modifi-
cation of pulp fibres and cellulose fibrils, which further can 
be used for production of new valuable composite materials 
with improved features. Knowledge of how different proc-
essing conditions affect the structure of cellulose is an im-
portant tool in the work to achieve successful grafting of 
produced polyesters to cellulose fibres/fibrils. With the un-
derstanding of how the structure of cellulose can be affected 
it is possible to improve functional properties such as the 
accessibility to reagents. 
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5 Future work 
The possibilities of large-scale production of suberin-
derived polyesters have to been evaluated. To be able to 
graft cis-9,10-epoxy-18-hydroxyoctadecanoic acid and its 
corresponding epoxy-functionalized polyesters to cellulose, 
further analyses on the mechanisms and techniques for 
grafting is necessary. Determination of material properties 
of produced polyesters/cellulose fibre composites/ 
nanocomposites have to be performed.  
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