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ABSTRACT 

Today’s society is based on the use of fossil fuels, where oil is used as 
transportation fuel and as raw material in the petrochemical industry. Efforts 
are made to increase the use of bio-based materials, since oil is a non-
renewable source and a greenhouse gas contributor. 

The raw materials used in this thesis are agricultural and forestry by-
products. Alkaline extraction was used to isolate the hemicellulose 
arabinoxylan (AX) from barley husk, while the hemicellulose 
galactoglucomannan (GGM) was obtained through concentration of pulp 
process water. Hemicelluloses can be used to produce materials. One way to 
increase the processability of the hemicellulose is to perform chemical 
modifications on it. By doing so, the properties of hemicellulose can be 
altered, such as decreased glass transition temperature (Tg), which will 
change the ability to process the hemicellulose into material.  

Two chemical modifications are described in this work; PEGylation of AX 
and etherification with butyl glycidyl ether (BGE) on GGM. PEG was 
successfully coupled to AX, acting as an internal plasticiser, resulting in a 
decreased Tg. The degree of molar substitution of BGE on GGM affected the 
thermal and mechanical properties of the modified raw materials. The 
modified raw materials were investigated for the production of new 
materials with altered properties compared to the starting materials. 

Keywords: Hemicellulose, Isolation, Modification, PEGylation, 
Etherification, Material properties, Films, Tg 
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CHAPTER 1 

Introduction 

 

Today’s society is based on the use of fossil fuels, where oil is fractionated in 
an oil refinery before use as transportation fuels or as raw material in the 
petrochemical industry. Oil is a non-renewable source and a greenhouse gas 
contributor. To minimize human environmental impact on the planet we 
need to make a shift from today’s petrol-based economy to a bio-based 
economy [1].  

Biomass is a renewable, relatively cheap, and abundantly available potential 
source for tomorrow’s products and chemicals. According to the European 
Parliament directive 2009/28/EC biomass is defined as a “biodegradable 
fraction of products, waste and residues from biological origin from 
agriculture (including vegetal and animal substances), forestry and related 
industry” [2]. Polysaccharides represent around 75% of the renewable 
biomass, 20% is lignin and 5% are other natural compounds such as fats and 
proteins [3].  

Plant polysaccharides are cellulose, hemicelluloses, starch, and pectins. 
Wood has been used to build houses for several hundred years and cellulose 
has long been used to make paper. Although hemicelluloses are the second 
most abundant polysaccharide on Earth after cellulose, they are 
underutilized and are not as widely studied as cellulose [4]. The two main 
hemicelluloses on Earth are xylans and mannans. Xylans are the most 
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common hemicellulose in hardwood and annual plants, such as crops and 
grasses [5]. A great portion of the xylans are found in agricultural by-
products and are burnt or used as animal feedstock today. The other main 
hemicelluloses are mannans, which are the predominant hemicelluloses in 
softwood [5]. During thermomechanical pulping hemicelluloses are released 
into the process water. The process water contains less than 1 wt.% total 
solids [6]. The process water is however available in high quantities and the 
hemicelluloses in the process water can be recovered by membrane filtration 
[7, 8]. 

Hemicelluloses can be used to produce chemicals and materials. One way to 
increase the processability of hemicelluloses is to perform chemical 
modifications on it. By doing so, the properties of hemicellulose can be 
altered, such as decreased glass transition temperature (Tg) or increased 
thermal stability.  

1.1 Aim and outline of thesis 

The main objective of the research presented in this thesis was to evaluate if 
hemicelluloses can be used for value added products, such as films and 
foams from modified hemicelluloses. To accommodate that objective, there 
is a need for supply of raw material. The raw materials used in this thesis are 
agricultural and forestry by-products. This can be achieved by isolation of 
hemicellulose from barley husk or by use of the hemicellulose that is released 
in the thermomechanical pulp (TMP) process water. From a sustainability 
perspective it is relevant to make use of the different side streams in the 
extraction process, therefore the possibility of producing nanocellulose from 
the cellulose fraction isolated during the extraction was looked into.  

One specific aim of the work was to investigate the effect of reducing agent 
on the separation of cellulose and hemicellulose during the alkaline 
extraction. Also of interest was to determine if the isolation method could be 
scaled up, since the possibility of having large quantities of extracted 
hemicellulose is of importance. Efficient ways to concentrate the 
hemicellulose, which is separated from the cellulose, are of interest for both 
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the agricultural and the forestry industry. The possibility of increasing the 
concentration of a hemicellulose and at the same time obtain a modified raw 
material suitable for production of materials was investigated. 

Another aim of the thesis was to reduce the Tg of hemicelluloses and to alter 
the mechanical properties. This was achieved by studying the effects of 
internal versus external plasticisation via PEGylation of arabinoxylan. An 
etherification reaction with an epoxide was employed to reduce the Tg as a 
function of the degree of molar substitution. The modified raw materials 
were investigated for the production of new materials with altered 
properties. 

The work summarized in this thesis has been conducted within the research 
project SmartFoam. The thesis includes four appended papers. Paper I 
compares the effect of reducing agent on extraction efficiency and 
composition of the extracted arabinoxylan. Paper II describes PEGylation of 
arabinoxylan and how it influences the thermal and mechanical properties of 
the extracted arabinoxylan. In Papers III and IV galactoglucomannan was 
modified by an etherification reaction with butyl glycidyl ether and the effect 
on the material properties was investigated.  

The outline of the thesis is that Chapter 2 provides a background and in 
Chapter 3 a short experimental section is presented. The results from the 
appended papers are presented and discussed in Chapters 4-6; Chapter 4 
presents the results from hemicellulose isolation, Chapter 5 deals with 
chemical modification of arabinoxylan and in Chapter 6 chemical 
modification of galactoglucomannan is discussed. In Chapter 7 concluding 
remarks and future work is discussed. 
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CHAPTER 2 

Background 

 

2.1 The plant cell wall 

Plant biomass primarily consists of cellulose, hemicelluloses, lignin, and 
proteins [9]. The cell walls are the major source of biomass in plants and 
therefore the most important renewable resource. It gives support to the 
plant so that the plant can stand upright. The plant cell wall is composed of 
different layers; the middle lamella, the primary cell wall layer, and the 
secondary cell wall layers which consist of an outer layer (S1), a middle layer 
(S2), and an inner layer (S3) [10]. The cell wall is a composite material where 
cellulose acts as fibre reinforcement giving the plant stiffness and rigidity, 
while the hemicelluloses and lignin together form a matrix surrounding the 
cellulose [11]. 

2.1.1 Cellulose 

Cellulose was first described by the French chemist Payen in 1838 as a fibrous 
material that remained after acid treatment of wood. Cellulose is the most 
abundant biopolymer in the world and can be considered an almost 
inexhaustible raw material since it is regularly regenerated on Earth. 
Cellulose is e.g. found in wood, grass, and annual plants, where around 35-
40% of the dry weight is cellulose. The cellulose molecule is a linear 
polysaccharide consisting of D-glucopyranose units linked by β-1,4-
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glycosidic bonds formed between carbon atom C1 and C4 of an adjacent unit. 
The hydroxyl groups are positioned in the equatorial plane at the C2, C3 and 
C6 atoms and the hydrogen atoms positioned in the axial plane. The degree 
of polymerisation (DP) of cellulose depends on origin and pre-treatment and 
varies between 600 and 12 000 [12, 13]. 

The cellulose chains form microfibrils, which aggregate into macrofibrils. In 
the microfibrils the cellulose can be arranged in a highly ordered manner, 
termed crystalline cellulose, and in a less ordered manner, called amorphous 
cellulose or para-crystalline cellulose [13]. The cell wall in wood has cellulose 
macrofibrils as the main component and their organization makes up the 
hierarchical structure of wood as illustrated in Figure 1. 

 
Figure 1. Hierarchical structure of wood [14]. © University of Canterbury, 1996. Artwork by 
Mark Harrington. 
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Nanocellulose 

Cellulose with one dimension in the nanometre range is termed 
nanocellulose. It is produced by mechanical treatments, enzymes, or 
hydrolysis of cellulose pulp into e.g. nanofibrils or nanocrystals [15, 16]. The 
cellulose nanofibrils are often termed CNF and the cellulose nanocrystals, 
CNC [15]. The cellulose nanocrystals consist mainly of the crystalline parts 
that remain after acid treatment of cellulose. Different cellulose sources and 
hydrolysis techniques will yield cellulose nanocrystals with various 
dimensions [17]. 

Nanocellulose receives a lot of attention as reinforcement in composites due 
to its unique properties such as high strength and stiffness together with low 
density, biodegradability, and renewability. These properties can be 
beneficial in the manufacturing of lighter, stronger materials with improved 
durability. 

2.1.2 Hemicelluloses 

Almost half a century later than cellulose, hemicellulose was discovered. In 
1891 Schulze termed this group of polysaccharides hemicelluloses and they 
were considered to be structurally and chemically related to cellulose [18]. 
Nowadays the term hemicellulose is used for non-starch polysaccharides 
found in the cell wall of plants [5]. Hemicelluloses are built up of various 
monosaccharides, the most common of which are D-xylose, D-mannose, D-
galactose, D-glucose, and L-arabinose [19]. The molecular composition of 
hemicelluloses varies and depends on plant source as well as isolation 
method. Many hemicelluloses are branched polymer structures with a DP of 
around 100-200 [9]. The two hemicelluloses used in this thesis are 
arabinoxylan (AX) and galactoglucomannan (GGM). 

Arabinoxylan 

AX has a linear backbone of D-xylopyranosyl (Xylp) linked by β-1,4-
glycosidic bonds where L-arabinofuranosyl (Araf) side groups are attached 
with β-1,3-glycosidic bonds [20]. The substituted side groups are situated at 
positions C2, C3 or both. Arabinoxylans also contain other substituents such 
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as phenolic acids and acetyl groups [21]. An example of the chemical 
structure of AX is shown in Figure 2. The structure of AX differs between 
different species and also depends on where in the plant it is located.  

Figure 2. Example of a chemical structure of arabinoxylan [21]. 

The arabinose side groups reduce the interactions between the xylan chains. 
However, sections of the xylan backbone might be unsubstituted which 
could cause the chains to interact and aggregate thereby becoming more 
densely packed [22]. In 1951, Perlin proposed that the solubility of AX was 
influenced by the amount of arabinose side groups present on the xylan 
backbone [23]. Andrewartha and co-workers confirmed that a decrease in 
solubility was seen as the amount of arabinose side groups decreased [24]. 
The structural features of AX, such as arabinose to xylose ratio, depend on 
the biomass source but also on the extraction method used [25-27]. The 
structural characteristics of AX from e.g. wheat, rye, and barley, have been 
studied in detail by several research groups [28-34].  

Galactoglucomannan 

GGM has a linear backbone of D-mannopyranose (Manp) and D-
glucopyranose (Glcp) linked by β-1,4-glycosidic bonds randomly distributed 
where D-galactopyranose (Galp) side groups are attached with α-1,6-
glycosidic bonds [19]. The mannose units are partially acetylated at the C2 
and C3 positions [35, 36]. An example of the chemical structure of GGM is 
shown in Figure 3. 
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Figure 3. Example of a chemical structure of galactoglucomannan [9]. 

Depending on galactose content GGMs are divided into two fractions with 
low and high galactose content, respectively [9]. The molar ratio between the 
galactose : glucose : mannose units differs between species, usually 0.5-1.1 : 1 
: 3.5-4.5 for water soluble GGM from softwood [8, 9]. The isolation method 
and starting material will affect the ratios between the sugar monomers [37]. 
If the galactose side groups are removed the solubility of the GGM is 
decreased. The acetyl groups also affect the solubility, with more acetyl 
groups rendering the polymer more soluble in water. Alkaline conditions 
cleave the galactose groups and the acetyl groups, decreasing the solubility 
[9, 38]. 

2.1.3 Lignin 

The third major component in the cell wall is lignin, where its role is to 
provide strength by functioning as a glue in the cell wall. It is a complex 
amorphous polymer network consisting of substituted phenolic units 
randomly linked to each other. Lignin and carbohydrates form lignin 
carbohydrate complexes, LCC, which makes it difficult to separate the 
hemicellulose from the lignin during the isolation process [9, 39, 40].  

2.2 New materials from biomass 

There are several techniques for producing films and foams industrially. In a 
lab scale environment one of the easiest ways to produce a film is solution 
casting. The polymer is dissolved in a solvent and the solvent is evaporated 
leaving a casted film. Larger scale film production is often done with 
extrusion [41]. Foams can, for example, be produced by freeze drying or 
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extrusion [42, 43]. Extrusion of foams requires large volumes of raw 
materials. Small scale techniques, however, such as freeze drying or batch 
foaming, can be used at lab scale to minimise the amount of material needed. 

Synthetic polymer foams have been widely used and were developed in the 
1930s and 1940s [44]. Today they are found everywhere in our daily lives e.g. 
in disposable packaging, wound care products, furniture, and insulation [45]. 
In recent years, interest in biodegradable foams has increased along with 
awareness of the finiteness of our planet’s resources [46]. For production of 
bio-based products it would be highly beneficial if crude or unrefined 
streams of raw materials can be utilized [47, 48]. 

Processing of thermoplastics is a significant industrial and research area. In 
general, there are three phases during processing of thermoplastics; first the 
polymer is softened or melted, then it is formed into a shape and then cooled 
to retain its shape. A variety of processes are used industrially to produce 
thermoplastic materials where e.g. a low glass transition temperature is 
important. To exemplify; polyethylene terephtalate (PET) which is used to 
produce plastic bottles has a Tg of 75°C [49] and polylactic acid (PLA) used in 
packaging material has a Tg of 60°C [50].  

The drawback with processing e.g. the hemicelluloses AX and GGM into new 
materials is that the native hemicelluloses are difficult to process. To increase 
the processability, a plasticiser can be added to the polymer matrix or the 
polymer can be modified chemically. External plasticisers are usually added 
to decrease the interactions between the polymer chains thereby increasing 
the flexibility. The plasticisers can also be internal plasticisers, meaning that 
they are attached to the polymer chains [51].  

2.3 Chemical modifications 

Chemical modifications of polysaccharides can be performed by numerous 
chemical reactions, such as esterification, acetylation, etherification, and 
oxidation, to name a few [52-54]. The action of attaching polyethylene glycol 
(PEG) to various molecules is termed PEGylation and has been used 
extensively in pharmaceutical production [55, 56]. Hydrophilic PEG has also 
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been used as an external plasticiser to plasticise several compounds, such as 
chitosan films [57], polylactic acid films [58], and polyvinyl alcohol 
membranes [59], in order to alter material properties such as elasticity and 
ductility.  

A variety of chemical modifications of GGM have been performed, for 
example, GGM has been modified using enzymatic crosslinking to produce 
hydrogels [60]. Oxygen barrier materials have been produced from GGM 
films [61] and hydrophobic GGM derivatives have been synthesised with 
esters for barrier applications [62]. Nypelö and co-workers have shown that 
GGM modified with butyl glycidyl ether (BGE) increased the hydrophobicity 
of GGM [63]. GGM in wood hydrolysate together with carboxymethyl 
cellulose (CMC) has been used for production of barrier films with improved 
oxygen permeability [47, 64, 65]. 
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CHAPTER 3 

Experimental section 

 

In this chapter a short experimental section is given with more detailed 
descriptions provided in the appended papers. 

3.1 Isolation of AX from barley husk 

In Paper I, AX was extracted from barley husk and a schematic picture of an 
example of the extraction process starting from 1000 g barley husk is shown 
in Figure 4. Extractives in the husks were removed with a 0.05 M HCl pre-
treatment [66]. Delignification, at 80°C for 3h, was done with NaClO2 and the 
pH was adjusted to 3.1 with HCl. This step was optimized in previous work 
by Claesson et al. [67] in which the pH, amount of NaClO2, and temperature 
were varied. The separation of cellulose and hemicellulose was performed in 
a 1 M NaOH solution containing a reducing agent. Two reducing agents were 
compared, NaBH4, the most commonly used for extractions and the less toxic 
and lower-cost alternative, Na2S2O4. As a reference, extraction without any 
reducing agent was performed using only a 1 M NaOH solution. 

After the alkaline extraction neutralisation was done with HCl, which 
resulted in two phases. One water soluble phase, rich in hemicelluloses, and 
one insoluble phase, rich in cellulose. Centrifugation was used to separate the 
two phases and the solid phase, the cellulose, was washed with deionized 
water and air-dried for nanocellulose production. The liquid phase was 
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precipitated by dropwise addition to a double volume of ethanol. The 
hemicellulose was separated through centrifugation followed by air-drying. 

 
Figure 4. Schematic example of an extraction process of cellulose and hemicellulose from barley 
husks starting at 1000 g milled barley husk. The masses given in the schematic are dry weight. 

3.2 PEGylation of AX 

In Paper II, AX was reacted with PEG. In the first step of the PEGylation 
reaction, the PEG was converted to its chloride derivative by replacing the 
terminal hydroxyl groups with chloride. This was performed by reacting 
PEG with HCl, with zinc chloride used as a catalyst for the reaction. NaOH 
was shown by Jain et al. to affect the reactivity of hydroxyl groups [68], 
therefore, to increase the reactivity of the hydroxyl groups in the AX polymer, 
the AX was dissolved in a NaOH solution. The PEGylation reaction was done 
by mixing pre-treated PEG with AX in an alkaline solution with stirring 
overnight. A proposed reaction mechanism is shown in Figure 5. After 
neutralisation the PEGylated AX was precipitated by dropwise addition to a 
double volume of ethanol. The solid material was separated by centrifugation 
followed by air-drying.  
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Figure 5. Proposed reaction scheme of the PEGylation procedure. 

 
PEG is produced in a variety of molecular weights. It is a mass produced bulk 
chemical with a low price. Within pharmaceutical science click chemistry has 
been used for PEGylation reactions [69]. Click chemistry is often performed 
with expensive chemicals. PEGylation of various compounds have been 
shown to plasticise and alter the properties of the material [57-59]. The 
PEGylation reaction employed in Paper II had previously been shown to 
successfully react PEG with microcrystalline cellulose (MCC) [70]. In this 
thesis the reaction was adopted to react PEG chains to the AX polymer. 

The AX isolated from barley husk was reacted with PEG of two molecular 
weights, 400 and 1500. The PEG 400 was added at a molar ratio of 1:1 between 
moles of AX monomer used and moles of PEG 400 used (sample AX-
PEG400). Due to practical lab limitations, the PEG 1500 was added at a molar 
ratio of 1:0.5 to AX monomers (sample AX-PEG1500). A sample was also 
prepared with 20 wt.% PEG 400 blended with 80 wt.% AX to evaluate if the 
PEG chains act as an external plasticiser (sample AX + PEG400). Unmodified 
AX was used as a reference sample (sample AX).  

3.2.1 Foaming of AX 

Films were produced from all four samples by using a hot-press at 130°C with 
a pressure of 10 MPa for three minutes. To evaluate if the modified AX could 
produce a stabile solid foam structure, a batch foaming process, with 
supercritical CO2 (scCO2) as the foaming agent, was used. The foaming 
procedure, described by Marrazzo et al. [71], is such that the samples are 
inserted into a sealed cylinder, the set foaming temperature and pressure is 
applied, and the gas, which acts as a foaming agent, is added during the 
solubilisation time. During this time the gas, here CO2, diffuses into the 
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polymer matrix and when the pressure is released, with a high pressure drop 
rate, bubbles form within the material. The pressure and temperature applied 
during the foaming experiments convert the gas to supercritical CO2. The 
foam structure is determined by several factors, e.g. the amount of gas 
dissolved in the polymer matrix, temperature, and pressure [46].  

3.3 Etherification reaction with GGM 

In Papers III and IV, GGM was modified by an etherification reaction with 
BGE. A proposed reaction scheme is shown in Figure 6. The etherification 
reaction was performed under alkaline conditions to increase the reactivity 
of the epoxide. The BGE was added via dropwise addition under nitrogen 
atmosphere and stirred overnight. After neutralisation, dialysis was 
performed to remove excess BGE and salt.  

 

Figure 6. The figure shows one proposed etherification reaction scheme of GGM with BGE. 

Films were produced by solution casting. 2 wt.% modified GGM was 
dissolved in a solvent, poured into a polystyrene petri dish with an inner 
diameter of 8.7 cm and left to dry at 50% RH and at 23°C until a film was 
produced. 
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CHAPTER 4 

Isolation of hemicelluloses 

 

4.1 Isolation methods 

The most common process for extraction of hemicellulose from annual plants 
is alkaline extraction [72-78] using sodium hydroxide, potassium hydroxide, 
or barium hydroxide solutions. Alternative methods, such as water 
extraction [66, 79], dimethyl sulfoxide extraction [80], microwave treatment 
[81, 82], enzymatic treatment [83, 84], and extrusion [85], have also been 
explored. Alkaline treatment causes the cellulose to swell, which results in 
increased hemicellulose solubility [28]. However, although water extraction 
of hemicellulose preserves the structure of hemicellulose better than alkaline 
solutions, it has the drawback of relatively low yields of the isolated 
hemicellulose [26].  

The waste water from TMP mills contains less than 1 wt.% total solids, of 
which 0.2 wt.% is hemicellulose [6], with the main components being: 
suspended colloidal matter, extractives, hemicelluloses, and aromatic 
compounds (mainly lignin). By using different fractionation methods, each 
of these components can be recovered [86]. For example, the suspended 
colloidal matter can be separated using drum filtration and microfiltration, 
the extractives can be obtained by microfiltration, the GGM can be recovered 
via ultrafiltration, and the aromatic compounds can be obtained by 
nanofiltration [7].  
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In this work the alkaline extraction of AX from the agricultural by-product 
barley husk is studied. The effect of reducing agent on hemicellulose yield 
and composition is investigated. The potential of using GGM from waste 
streams of TMP mills, the process water, as raw material is also investigated. 
Four different types of GGM have been used in this thesis: (i) GGM from TMP 
process water filtered with a 75 µm strainer, (ii) GGM from TMP process 
water microfiltered and ultrafiltered with 10 kDa membranes, (iii) GGM from 
TMP process water with additional ultrafiltration with 5 kDa membranes, 
and (iv) GGM from TMP process water that had been chain-extended and 
spray dried. The composition of the raw materials, e.g. the monosaccharide 
composition and lignin content, were determined. 

4.2 Effect of reducing agent during extraction of AX from 
barley husk 

In Paper I, the effect of reducing agent on extraction efficiency and 
composition of extracted AX was evaluated. The process was also evaluated 
for extracting a cellulose fraction of sufficient quality to be used in further 
hydrolysis into nanocellulose. To protect the hemicellulose from 
depolymerisation during alkaline extraction a reducing agent can be added. 
The role of the reducing agent is to minimize the occurrence of peeling 
reactions [87]. NaBH4 is commonly used as reducing agent in small-scale 
reactions, however, due to its relatively high cost it is seldom used 
industrially [88]. The lower cost and less toxic Na2S2O4 has been shown to 
reduce aldehydes [89] and has been used in the pulping process to obtain a 
pulp with higher yield and higher carbohydrate content [88].  

In this study, NaBH4 and Na2S2O4 were used as reducing agents during 
alkaline extraction of AX from barley husk. As a reference, an extraction 
without reducing agent was also performed. During the neutralisation step, 
which is done to stop the extraction, addition of NaBH4 resulted in foaming, 
causing this neutralisation step to be delayed. Industrially, NaBH4 has been 
used as a blowing agent for plastics and rubber in many applications [90]. 
Foaming during the neutralisation step could require larger reaction vessels, 
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making NaBH4 unsuitable for industrialisation. This negative aspect was not 
seen for Na2S2O4 during the neutralisation step. 

The yields from the alkaline extractions are shown in Table 1. The table also 
shows the Klason lignin content measured in the hemicellulose fraction and 
the molar ratios between arabinose and xylose in the hemicellulose. When 
alkaline extraction is performed without a reducing agent the yield of the 
hemicellulose fraction is reduced. Regarding the two reducing agents, NaBH4 
and Na2S2O4, the hemicellulose and the cellulose yields are similar, with a 
small increase in yield for both the hemicellulose fraction and the cellulose 
fraction when Na2S2O4 is used. Carbohydrate analysis was employed to 
determine the monosaccharide composition in the hemicellulose fraction. 
The main carbohydrates present in all samples were arabinose and xylose, 
confirming that arabinoxylan is the hemicellulose. The molar ratio between 
arabinose and xylose were similar for all extractions, as seen in Table 1. To 
compare, carbohydrate analysis was also performed on the starting material, 
the barley husk. The results showed that the molar ratio between arabinose 
and xylose was 0.5:1 in the barley husk, which is similar to the molar ratio 
determined for arabinoxylan in the hemicellulose fractions. The extraction 
performed with Na2S2O4 as reducing agent resulted in a somewhat lower 
lignin content compared to when NaBH4 was used. In a thesis presented by 
Wang, where pre-treatment of spruce was investigated, she also saw that 
Na2S2O4 had a positive outcome on the hemicellulose yield and a lower lignin 
content [88]. 

Table 1. Yield of cellulose and hemicellulose fractions, Ara:Xyl molar ratio and Klason lignin. 
Reducing 

agent 
Yield cellulose 

fraction 
Yield hemicellulose 

fraction 
Ara:Xyl Klason lignin in 

hemicellulose fraction 
NaBH4 35% 35% 0.46 : 1 4.0% 
Na2S2O4 37% 38% 0.48 : 1 3.1% 
None 39% 22% 0.46 : 1 2.9% 

The Klason lignin is obtained from the hydrolysis of the hemicellulose fraction [91] and is presented in relation 
to the starting material barley husk. 

The thermal stability of the arabinoxylan fractions were analysed using 
thermogravimetric analysis (TGA) and the decomposition temperatures are 
illustrated in Figure 7. It has previously been shown that the amount of 
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arabinose groups on the xylan backbone affected the thermal stability, where 
a higher arabinose content resulted in a higher decomposition temperature 
[92, 93]. The chemical composition of a sample will influence the 
decomposition temperature and differences can be seen in the onset 
temperature (TO), which is an extrapolated value. Results from the TGA 
measurements concluded that when extraction was performed without a 
reducing agent the onset temperature was 240°C. When NaBH4 was used the 
onset temperature increased to 251°C and increased further to 256°C when 
Na2S2O4 was used. The slightly higher TO for Na2S2O4 compared to NaBH4 
might be related to the small increase in arabinose content and lower lignin 
content in the sample when Na2S2O4 was used. 

 
Figure 7. Partial TGA curves for the hemicellulose fractions isolated from the alkaline extraction. 

To accommodate the aim of obtaining large quantities of extracted 
hemicellulose, several large extraction batches were prepared with Na2S2O4 
as reducing agent. Starting from 1000 g milled barley husk around 250 g of 
AX was obtained, which gives a yield of 25% for the hemicellulose fraction 
when performed at larger scale. Pilot scale extraction of arabinoxylan from 
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wheat bran starting from 81 kg and 5 kg batches resulted in 13% yield and 
16% yield, respectively [76, 94]. 

In summary, alkaline extraction was performed to extract AX from barley 
husk, where an alternative reducing agent was evaluated. The less toxic and 
lower cost alternative Na2S2O4 resulted in higher yields for the extraction, 
higher arabinose to xylose ratio for the AX, lower lignin content, higher 
thermal stability, and less foaming at the neutralisation step during the 
extraction. All combined shows that NaBH4 can be replaced with Na2S2O4.  

4.2.1 Nanocellulose from barley husk 

MCC and cotton are two common material sources for the production of 
nanocellulose [15, 16, 95]. The applications for nanocellulose are e.g. as 
reinforcement in renewable nanomaterials. Using barley husk cellulose as the 
material source would add value, as more side streams generated during the 
extraction process of AX from barley husk is used for materials production. 
Previously Espino et al. produced nanocellulose from barley husk where 
alkali combined with a bleaching treatment were used for the isolation of the 
cellulose, and concluded that the nanocellulose prepared from barley husks 
gives longer fibrils with a higher aspect ratio than nanocellulose prepared 
from MCC [96].  

In Paper I, the nanocellulose was produced from barley husk cellulose 
isolated with Na2S2O4 as reducing agent. Nanocellulose prepared from MCC 
was used as a comparison and the nanocelluloses were analysed with atomic 
force microscopy (AFM), see Figure 8. The AFM images showed differences 
in size and shape of the two different types of nanocelluloses, with diameters 
in the nanometer range for both types. The nanocellulose produced from 
barley husk cellulose isolated with alkaline extraction where Na2S2O4 was 
used as reducing agent gives nanocellulose with longer fibres than 
nanocellulose from MCC. However, different cellulose sources are known to 
give differences in the size and shape of the nanocelluloses [97].  
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Figure 8. AFM images of nanocellulose prepared using sulfuric acid hydrolysis from a) MCC 
and b) barley husk cellulose. 

4.3 Extraction of GGM from TMP process water 

4.3.1 TMP process water 

The process water used in Paper IV was received as a gift from a Swedish 
TMP mill, where spruce is used as the primary raw material. The GGM in the 
process water was purified and concentrated as described in Thuvander et al. 
[98]. Ultrafiltration was used to remove colloidal extractives. Concentration 
was performed with membranes with a molecular weight cut-off of 10 kDa 
and the volume of the GGM solution was reduced by 98%. The hemicellulose 
solution was further concentrated with membranes with a molecular weight 
cut-off of 5 kDa and here the volume of the GGM solution was reduced by an 
additional 66%. This purification and concentration of GGM was performed 
by colleagues at Lund University and three GGM fractions of varying purity 
and concentration were received. The dry matter content of the three GGM 
solutions was determined by drying in an oven until constant weight was 
achieved, which resulted in 1 wt.%, 4 wt.%, and 10 wt.%. For simplification 
these fractions are hereafter named Ref 1, Ref 4, and Ref 10 in this thesis.  

The dry matter content of the three GGM fractions were characterized with 
carbohydrate analysis to analyse their respective monosaccharide 
composition. Sulfuric acid hydrolysis was employed to hydrolyse the 
samples which were analysed with high-performance anion-exchange 
chromatography with pulsed amperometric detection (HPAEC-PAD) and 
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the relative carbohydrate composition is shown in Figure 9. The results show 
that the three samples are similar in carbohydrate composition. Their main 
carbohydrates are galactose, glucose, and mannose, at an average molar ratio 
of 0.8 : 1 : 3.5. The molar ratio is in line with what others have determined for 
water soluble GGM [8, 9]. The total lignin content in the samples was also 
analysed and the results are shown in Table 2, which shows that the process 
water contains more lignin than the two membrane filtered fractions i.e. 
33 wt.% for Ref 1 compared to 9 wt.% and 8 wt.% for sample Ref 4 and Ref 10, 
respectively. Molar mass was determined by size exclusion chromatography 
(SEC) to 20 kDa, which gives a DP of 125. Reported DP value for softwood 
GGM in the literature is 100-200 [9].  

 

 
Figure 9. Relative carbohydrate composition of the three GGM fractions. 

Table 2. Lignin content in the three GGM fractions. 
Sample Ref 1 Ref 4 Ref 10 
Klason lignin (wt. %) 24.9 4.9 5.3 
Acid soluble lignin (wt. %) 8.1 4.0 2.9 
Total lignin content (wt. %) 33.0 8.9 8.2 

 

4.3.2 Spray dried GGM 

Spray dried GGM was kindly provided by Stora Enso AB (Karlstad, Sweden) 
and was used as the starting material in Paper III. The GGM had been 
recovered from a TMP mill and ultrafiltered and enzymatically treated with 
laccase, resulting in a chain-extended GGM where the polymer chains 
connect via a lignin functionality [99]. The chain-extended GGM was finally 
spray dried to yield a dry, solid product. 
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The molar mass of the chain-extended GGM was determined to be 36.5 kDa, 
which gives a DP of 225. Carbohydrate analysis showed that the molar ratio 
for the monosaccharides galactose, glucose, and mannose, were 0.8 : 1 : 4.1, 
which, as for the process water fractions, is in line with previous 
determinations [8, 9]. The relative carbohydrate composition for the chain-
extended spray dried GGM is shown in Figure 10. The Klason lignin was 
14 wt.% and the acid soluble lignin 3 wt.%, which gives a total lignin content 
of 17 wt.%.  

 

Figure 10. Relative carbohydrate composition of the chain-extended spray dried GGM. 

Comparing the TMP process water fractions and the chain-extended spray 
dried GGM, some similarities and differences can be seen. The relative 
carbohydrate composition for spray dried chain-extended GGM is 
comparable to the ultrafiltered TMP process water with a dry content of 
10 wt.%. The lignin content of the spray dried GGM is also higher than both 
ultrafiltered fractions, however, this is explained by the fact that the spray 
dried GGM is chain extended via a lignin functionality. This chain-extension 
also contributes to a higher DP, 225 for the spray dried chain-extended GGM 
compared to 125 for the GGM in the TMP process water.  
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CHAPTER 5 

Chemical modifications of arabinoxylan 

 

5.1 PEGylation of AX 

In paper II, PEGylation was performed on AX to study the role of external 
versus internal plasticiser and its effect on Tg. An example of a PEGylated AX 
is shown in Figure 11. 

 

Figure 11. Example of a chemical structure of PEGylated arabinoxylan. 

To investigate if PEG was linked to the AX, Fourier-transform infrared (FTIR) 
analysis was performed, see Figure 12. PEG is linked with CH2 bonds and the 
bonds in the sugar monomers also contain CH2 bonds. However, an increase 
in the intensity of the absorption bands corresponding to CH2 stretching, 
relative to unmodified AX, would indicate that the number of CH2 bonds, 
and thus PEG units, have increased. The absorption bands at 2922 and 
2853 cm–1 correspond to CH2 stretching and show that unmodified AX has 
the least pronounced absorption bands (Figure 12d). For the sample with 
PEG 400 blended with AX, the absorption bands have increased (Figure 12c) 
and the absorption bands for the two PEGylated samples are the most 
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pronounced (Figure 12a and b), indicating an increased amount of CH2 bonds 
in these samples. The hydroxyl group at the end of the PEG molecule is 
oxidised into an aldehyde which is seen as carbonyl groups in FTIR [100]. For 
the three samples containing PEG, an absorption band at 1733 cm-1 attributed 
to carbonyl groups, is seen, also verifying that PEG molecules are present in 
the samples. This absorption band is not seen in the AX sample, which does 
not contain any PEG molecules. To distinguish between PEG coupled to AX, 
which is expected to give internal plasticisation, and PEG blended with AX, 
expected to give external plasticisation, absorption bands corresponding to 
ether bonds were evaluated. The absorption band at 1560 cm–1 corresponds 
to ether bonds and is clearly seen for the two samples with PEG coupled to 
AX (Figure 12a and 12b). 

 
Figure 12. FTIR spectra of a) AX-PEG1500, b) AX-PEG400, c) AX + PEG400, and d) AX. 

To test the thermal and mechanical properties of the films, dynamic 
mechanical analysis (DMA) was employed and the results are shown in 
Figure 13. As seen in the graphs, all samples display insignificant 
temperature dependence up to around 160–180°C. 
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Figure 13. Thermal and mechanical properties of a) AX, b) AX-PEG400, c) AX-PEG1500, and d) 
AX + PEG400. Storage modulus (black line), loss modulus (red line), and tan δ (blue line). 

Tg was defined as where tan δ reaches a maximum and was determined for 
all samples. The unmodified AX displayed a Tg of around 220°C and the 
sample where PEG was blended with AX showed a similar transition 
temperature with a Tg of around 220°C, however, with decreased moduli 
compared to the unmodified AX. The sample with 20 wt.% PEG blended with 
AX consists of 80 wt.% of AX, compared to unmodified AX that constitutes 
100 wt.% AX, which could affect the material properties and contribute to 
decrease in storage and loss moduli. When PLA was externally plasticised 
with 20 wt.% PEG 400 the storage modulus decreased by half the amount 
[101].  

The Tg for AX internally plasticised with PEG displayed a reduction in Tg 
compared to the unmodified AX and the AX blended with PEG 400. Internal 
plasticisation with PEG 400 reduced the Tg to around 190°C and for PEG 1500 
to around 205°C. The reduction in Tg is greatest when PEG 400 is used, 
compared to when PEG 1500 is used. This could be related to the higher 
molar ratio during the PEGylation reaction with PEG 400 which could give a 
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higher substitution of PEG 400 compared to PEG 1500, since a lower amount 
of PEG 1500 was added. It could also be due to the PEG 400 having a shorter 
chain than PEG 1500 and therefore a higher reactivity, since the probability 
of the PEG chain end groups finding an AX polymer to react with is larger.  

5.2 Foaming of AX and PEGylated AX 

Batch foaming with scCO2 was performed to evaluate if foams could be 
produced from AX and PEGylated AX. After the foaming was performed the 
samples were evaluated by their volume expansion during foaming and the 
results are presented in Table 3. Scanning electron microscopy (SEM) was 
used to investigate the cross-sectional area of the foamed samples and their 
foamability was ranked on a scale of 1-5, where 1 represents samples unable 
to produce foams (represented by the grey background in Table 3). A 
representative sample of class 1 is shown in Figure 14a. These samples 
displayed no signs of foamability, instead exhibiting a compact structure and 
very low to negligible volume expansion. Class 2 is represented by the red 
background in Table 3, and a representative sample is shown in Figure 14b. 
These samples started to display some initial small pores but with low 
volume expansion. In class 3, represented by the orange background in Table 
3, a foamed structure is observed in which small pores appear in the samples, 
as illustrated in Figure 14c. In class 4, represented by the yellow background 
in Table 3, more and larger pores are seen, as illustrated in Figure 14d. The 
sample that produced the best foam is represented by the green background 
in Table 3 and Figure 14e shows a representative sample. Foaming 
experiments could not be performed at temperatures higher than 170°C. 

Table 3. Foamability and volume expansion (in percent) of foamed samples conducted at 
different foaming temperatures. 

Sample 120°C 130°C 140°C 150°C 160°C 170°C 
AX 0 10 0 50* 170** 300*** 
AX-PEG400 130** 10 0 80 120** 50 
AX-PEG1500 0 5 0 0 40* 20 
AX + PEG400 0 10 0 30 30 50 

*: One initial bubble in centre of sample 
**: One large bubble in centre of sample 
***: One very large bubble in centre of sample 
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Figure 14. Classification of foamability: a) class 1, AX + PEG400, 150°C; b) class 2, AX-PEG1500, 
150°C; c) class 3, AX, 150°C; d) class 4, AX + PEG400, 170°C; and e) class 5, AX, 170°C. 

From the classification of the foamability and the morphology of the foamed 
structures visualised by SEM, it could be concluded that unmodified AX 
produced the foam with the best foam structure, as illustrated in Figure 14e. 
When comparing the foamability of unmodified AX with AX blended with 
PEG, it is the unmodified AX that produces the better foam structure and at 
a lower processing temperature. This can be due to the interaction of the CO2 
dissolved in the polymer matrix  with the PEG molecules instead of it creating 
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nucleation sites within the polymer [102]. This likely interaction between the 
CO2 and the PEG reduces the bubble formation as fewer CO2 molecules are 
able to nucleate when the foaming occurs as the pressure is released. This 
hindering of nucleation sites also seems to happen for the internally 
plasticised AX, explaining why those samples display a lower foamability 
than the unmodified AX. However, for the internally plasticised AX with 
PEG 400, foams with better foamed structure were produced at a lower 
foaming temperature compared to those for the unmodified AX. This could 
indicate that foaming can occur at a lower processing temperature when PEG 
is used as an internal plasticiser and reduces the Tg. The CO2 in the process 
also acts as a plasticiser, for all samples, and lowers the Tg further, explaining 
why the foaming can be conducted at temperatures lower than the 
determined Tg of the samples. 
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CHAPTER 6 

Chemical modification of 
galactoglucomannan 

 

6.1 Etherification of GGM 

In Paper III, the etherification reaction was employed to reduce the Tg in 
relation to degree of molar substitution and the modified GGM was 
investigated for production of new materials with altered properties. GGM 
was modified with BGE at three molar ratios, i.e. 1:1.3, 1:4, and 1:6.7, of moles 
of GGM monomers used to moles of BGE used.  

To determine the molar substitution (MS) for the three reactions performed, 
nuclear magnetic resonance (NMR) was used. For the two samples with 
highest theoretical substitution the MS was found to be 1.9 and 2.5, 
respectively, measured on polymeric samples with 13C NMR. The polymeric 
sample with the lowest theoretical substitution did not dissolve sufficiently 
in the solvent, here DMSO-d6, so the sample was hydrolysed in order to 
determine the molar substitution by 1H NMR and the MS was found to be 
1.1. To simplify, the three samples are referred to as GGM1.1, GGM1.9, and 
GGM2.5, where the subscript refers to their respective MSs.  

Previously, mass spectrometry has been used to elucidate the fragmentation 
pattern of spruce GGM [103]. To analyse the mass of the modified samples 
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liquid chromatography-mass spectrometry (LC-MS) with electrospray 
ionization (ESI) was used here. The analysis was performed on hydrolysed 
samples to estimate a degree of substitution. The BGE substituents attached 
to the monomers would increase the mass and yield a higher mass-to-charge 
ratio (m/z) than monomers without any substituents, which could be used to 
estimate a degree of substitution via mass spectrometry. 

The results from the mass spectrometry analysis is shown in Figure 15. It 
shows that m/z up to around 900 was detected in samples. GGM monomers 
are hexoses with a m/z of 149. Due to the isomeric structure of the monomers 
in GGM i.e. galactose, glucose, and mannose, they cannot be distinguished 
from each other and therefore they are all detected at the same m/z. However, 
monomers substituted with BGE will increase its m/z by 130 for each 
substituent that is substituted on the monomer. 

Figure 15 shows that GGM monomers are detected ([M]+) and monomers 
substituted with BGE i.e. [M+BGE]+, [M+BGE2]+, [M+BGE3]+, and [M+BGE4]+ is 
also detected in the analysis. During ionization, ions are formed by adduction 
of alkali metal to the molecule that is analysed. These ions are known as 
adduct ions and is the reason why there are several peaks detected in close 
range of the investigated molecules, e.g. [M+BGE2]+ [104].  

The different masses detected for the samples were used to calculate an 
alternative molar substitution. The molar substitution determined by NMR 
was found to be 1.1, 1.9, and 2.5 for the three modified samples. When HPLC-
MS data was used, molar substitution values of 1.0, 2.0, and 2.2 were 
obtained, which are fairly consistent with the MS values determined by 
NMR. 
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Figure 15. Mass-to-charge ratio [m/z] on hydrolysed samples. For illustrative purposes the 
relative intensities are doubled for sample GGM and GGM1.1, compared to the other two.    

6.1.1 Films produced from modified GGM 

Films were produced from the chain-extended GGM modified with BGE in 
order to determine the thermal and mechanical properties of the modified 
materials. The material with the lowest MS (GGM1.1) could not produce any 
films and the results from that material is lacking from the results that follow. 
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The reason behind this was that the GGM1.1 sample could not dissolve 
sufficiently in water, DMSO, or ethanol, and solution casting from the 
dispersions resulted in cracked pieces instead of films. Hot-pressing was also 
attempted but that was unsuccessful. The unmodified GGM is water soluble 
therefore solution casted films were produced. However, the solution casted 
films were brittle and difficult to handle. Hot-pressing was also unsuccessful 
for unmodified GGM since it burned before melting or softening was 
observed. Solution casted films were prepared from the GGM1.9 sample, 
where a mixture of 75% ethanol and 25% water was determined to be the best 
solvent for this sample when solution casted. Hot-pressing conducted at 
110°C directly on the modified material produced a film but better film 
formation was achieved when the solution casted film was thereafter hot-
pressed. The material with the highest MS (GGM2.5) dissolves easily in 100% 
ethanol and films could either be solution casted from ethanol or it could be 
hot-pressed into films at a temperature of 110°C.  

The solubility of a polymer is affected by several parameters [105]. The 
material with a low MS was insoluble in solvents, such as water, ethanol, and 
DMSO, which could be related to the acetyl groups and galactose groups 
being cleaved off during the etherification reaction and the amount of BGE 
substituted not being enough for it to dissolve in organic solvents. For the 
other two materials, with a higher MS, dissolution was possible with an 
ethanol/water solution or ethanol. Nypelö and co-workers noticed a similar 
behaviour where a low degree of substitution resulted in water solubility and 
a high degree of substitution decreased the water solubility of the BGE 
modified GGM [66].  

Films were produced from unmodified GGM, GGM1.9, and GGM2.5, and 
examples of the films are shown in Figure 16. The unmodified GGM film has 
sharp edges and is brittle and difficult to manufacture into a specific shape. 
The films produced from GGM1.9 and GGM2.5 can easily be cut into circular 
shapes. The small colour difference in the samples is due to the different 
thickness of the films (300-500 µm).The transparency of films indicates that 
no large-scale aggregations have occurred. 
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Figure 16. Films produced from GGM, GGM1.9, and GGM2.5.    

Thermal and mechanical properties 

The produced films were analysed with DMA to evaluate their material 
properties and the results are shown in Figure 17. The material softens as the 
degree of substitution of BGE increases. The unmodified GGM does not 
display any transitions and the moduli do not change until the material starts 
to decompose at 220-230°C. When GGM is substituted with BGE the moduli 
decreases as the temperature increases. The Tg is usually defined as a peak in 
tan δ but a peak in tan δ is not seen in the modified samples. The Tg was 
instead determined to be the intersection of two tangent lines from the 
storage modulus (Eʹ) [106], which is the temperature where the stiffness 
changes rapidly. The GGM2.5 sample softens rapidly with the increased 
temperature. What is seen is a continuous reduction in Eʹ and Eʺ, which could 
be related to the increase in mobility of the polymer chains [107]. The Tg was 
determined to be 180°C for GGM1.9 and 130°C for GGM2.5. Since the moduli 
of the GGM2.5 sample softens so rapidly, that could mean that the Tg cannot 
be measured under the conditions used here, and that the Tg might even be 
lower than 130°C. In the literature, reported Tg values for unmodified GGM 
are given in a broad range, varying between -70°C and 180°C [61, 63, 108]. 
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Figure 17. Dynamic mechanical analysis of a) GGM, b) GGM1.9, and c) GGM2.5 with intersection 
of two tangent lines to indicate Tg. Storage modulus (black line), loss modulus (red line), and tan 
δ (blue line). 

Tensile tests were performed on the films to analyse their stress strain 
response. The data is shown in Table 4 and stress-strain curves are shown in 
Figure 18. Unmodified GGM is stiff and brittle, it fractures at a strain of 
around 2% but it has the highest stress at break among the tested samples. 
After modification with BGE the elongation of the samples is improved. The 
elongation increases from 2% for the unmodified GGM to 7-16% for the 
modified samples. Plasticisers are usually added to polymers to improve the 
mechanical properties e.g. by increasing the molecular mobility of the 
polymer [109-113]. Ibn Yaich et al. reviewed several studies that report on 
improved mechanical properties for plasticised hemicellulose films [114]. For 
example, films produced from the hemicellulose, xyloglucan, containing 20% 
and 30% sorbitol exhibited improved mechanical properties. The unmodified 
xyloglucan displayed an elongation of around 2%, a tensile stress of 68 MPa 
and a Young’s modulus of 4 GPa. With sorbitol addition they showed a 
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ductile behaviour with an elongation of 27%, a tensile stress of 50 MPa and a 
Young’s modulus of 1 GPa [115].  

 
Figure 18. Tensile tests performed on triplicates of GGM, GGM1.9, and GGM2.5. 

Table 4. Tensile test data (all procedures were performed in triplicate; standard deviations are 
presented in parentheses). 

Sample Elongation [%] Tensile stress at 
maximum load [MPa] 

Young’s modulus in the 
linear region [MPa] 

    GGM 2 (1) 46 (10) 2 700 (250) 
    GGM1.9 9 (2) 21 (3) 600 (150) 
    GGM2.5 12 (3) 8 (1) 200 (50) 

 
The chemical modification of BGE substitution on the GGM affected the 
material properties of the modified materials. The degree of substitution of 
BGE affected the solubility of the modified materials as GGM substituted 
with BGE resulted in an increased solubility in DMSO and a decreased 
solubility in water. Films were produced from spray dried chain-extended 
GGM that had been modified with BGE. A higher molar substitution resulted 
in better film forming abilities. An increased degree of molar substitution 
lowered Tg and the moduli of the films decreased with increasing molar 
substitution. The elongation of the films increased with the degree of molar 
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substitution and the tensile stress was decreased, meaning that the material 
exhibits less strength but higher flexibility. 

6.2 Modification of GGM in process water 

Films from modified spray dried chain-extended GGM were produced with 
altered properties, compared to the starting material. To accompany the aim 
of increasing the concentration of a hemicellulose in solution and at the same 
time perform modification reactions, in Paper IV the etherification reaction 
with BGE was performed on GGM in process water solutions, to evaluate 
their potential as raw material. The hypothesis was that when GGM is 
chemically hydrophobized in aqueous solution, the formed hydrophobic 
modified GGM material will phase separate and can thus be easily separated 
from the liquid phase for further usage.  

The three fractions of process waters with varying concentrations of GGM 
were modified with BGE. The untreated TMP process water has a solid 
content of less than 1 wt.%. The membrane filtrations concentrate the process 
water but the fractions are still in solutions with a high water content. The 
dry weight of the two membrane filtered fractions were measured to be 
4 wt.% and 10 wt.%, respectively. Carbohydrate analysis of the reference 
materials concluded that the dry matter consisted mainly of the 
hemicellulose GGM. The etherification reaction between GGM and BGE was 
done at a molar ratio of 1:5 between moles of GGM monomers used and 
moles of BGE used. Different concentrations of GGM in the process water 
could affect the reactivity efficiency since the probability for the BGE unit to 
find GGM to react with depends on the GGM concentration in the reaction 
medium. The untreated TMP process water has a low GGM concentration 
and contains impurities such as salts and lignin, which could negatively 
impact the reaction yield, compared to the TMP membrane filtered process 
water fractions with higher GGM concentrations and lower amounts of 
impurities. 

After the modification step with BGE and the neutralisation step, the 
modified samples appeared different and pictures of the modified samples 
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are shown in Figure 19. The modified sample using Ref 1 as starting material 
is noted as modified sample 1 (Mod 1), Ref 4 gave modified sample 4 (Mod 4) 
and Ref 10 modified sample 10 (Mod 10). Mod 1, depicted in Figure 19a, 
displayed a one-phase system but Mod 4 and Mod 10, depicted in Figure 19b 
and c, respectively, displayed two-phase systems with a thicker more viscous 
non-transparent phase on top.  

 

Figure 19. Examples of obtained phases after modification and neutralisation but before dialysis 
for a) Mod 1, b) Mod 4, c) Mod 10. 

The top phase was denoted GGM rich phase as this phase was presumed to 
mainly consist of modified GGM and was easily separated out from the 
bottom phase. The bottom phase was denoted “liquid phase” and the 
respective volumes and dry weight percentages are presented in Table 5.  

Table 5. Volumes and weight percentages of the samples after modification and neutralisation. 

Modified 
sample 

Phase separation 
after reaction 
and 
neutralisation 

Volume 
liquid 
phase 

Volume 
GGM rich 
phase 

Dry weight 
percent in the 
liquid phase1 

Dry weight 
percent in the 
GGM rich 
phase1 

Mod 1 No n.a. n.a. n.a n.a. 
Mod 4 Yes (2 phases) 140 mL 32 mL 15 wt.% 38 wt.% 
Mod 10 Yes (2 phases) 152 mL 96 mL 20 wt.% 41 wt.% 

n.a. = not applicable. 
1 = The dry percent was determined by drying the materials in an oven until a constant weight was achieved. 
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To investigate the different phases obtained after modification and 
neutralisation, TGA was run on dried samples. The initial decrease in the 
TGA measurements is considered to be evaporation of water and the weight 
loss stabilizes around 150°C. The residual ash was taken as the weight at 
500°C. The weight loss between 150°C and 500°C was considered to correlate 
to the organic material. The results from the TGA measurements from the 
different phases are seen in Table 6. 

Table 6. TGA results from the bottom liquid phase and top GGM rich phase of modified 
sample 4 and 10 (non-dialysed samples). 

 Bottom liquid phases  Top GGM rich phases 
Sample Water Organic 

material 
Residual Water Organic 

material 
Residual 

Mod 4 3.9 wt.% 23.9 wt.% 72.2 wt.% 4.3 wt.% 85.2 wt.% 10.6 wt.% 
Mod 10 4.7 wt.% 19.6 wt.% 75.7 wt.% 5.3 wt.% 82.5 wt.% 12.2 wt.% 

 
Comparing the TGA results presented in Table 6, no significant difference 
was seen between the Mod 4 and Mod 10 samples. The larger part of the 
bottom liquid phase is residual ash with some minor organic material 
present. This phase most likely contains salt and other water-soluble 
material. The major part of the top GGM rich phase contains organic material 
with 11-12% residual ash. The top phases were put on dialysis for Mod 4 and 
Mod 10. Since no phase separation was seen for Mod 1 all the material was 
put on dialysis. The characterisation presented hereafter, for the modified 
samples, is performed on dialysed samples. 

TGA results from the dialysed modified samples and the reference samples 
are shown in Figure 20 and Table 7. Comparing the reference samples with 
the modified samples regarding water content, it is seen that the reference 
samples contain more water than their modified counterparts. The onset 
temperature (TO) increases after modification for all samples. For the TMP 
process water the onset temperature is 217°C for the reference sample (Ref 1), 
which increased to 242°C after modification (Mod 1). Membrane filtration 
resulted in an increased onset temperature (251°C) for the reference sample 
(Ref 4) which increased further to 278°C after modification (Mod 4). The 
second membrane filtration resulted in a small increase in onset temperature 
to 255°C for the reference sample (Ref 10) and after modification it increased 
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to 294°C (Mod 10). The membrane filtrations affect the onset temperature 
seen by the increase in TO for the different reference samples. The TO also 
increased with the modification, seen by the increase in TO when comparing 
the modified samples to their respective reference sample. This means that 
both the membrane filtration and the BGE modification increases the thermal 
stability of the samples. The total weight loss also increases with modification 
and filtration. Noticeable is the low total weight loss for the untreated TMP 
process water. That indicates that the sample (Ref 1) contains high amounts 
of impurities, e.g. salts.  

 

Figure 20. Thermogravimetric analysis of the reference samples and the modified samples. 

Table 7. TGA data of the reference samples and the modified samples.  
Sample Water loss [%] Total weight loss [%] T onset [°C] 
Ref 1 1.2 49 217 
Ref 4 2.2 71 251 
Ref 10 1.5 75 255 
Mod 1 0.8 74 242 
Mod 4 1.4 86 278 
Mod 10 0.6 92 294 
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To characterise if BGE was attached to the GGM, FTIR was performed on the 
reference samples and the modified samples and the spectrum is shown in 
Figure 21. The reference samples all display an absorption band at 1733 cm-1 

corresponding to acetyl groups in the GGM. Some changes in absorption 
bands can be seen when the reference samples are compared to the modified 
samples and a difference is also seen between the modified samples. For Mod 
1 the changes in absorption bands is not as pronounced as for Mod 4 and 
Mod 10. This difference is most likely related to a lower degree of substitution 
on Mod 1. For Mod 4 and Mod 10 the following changes are seen: the 
absorption band at 3600-3100 cm-1 is pronounced and that indicates that the 
amount of hydroxyl groups have increased. The CH2 stretching is seen as a 
triple peak at 2957, 2929, and 2867 cm-1. A new absorption band is located at 
1460 cm-1 assigned to C-H scissoring, which is present in the BGE side chain, 
indicating substitution of BGE in the modified samples.  

 

Figure 21. FTIR spectrum of a) Ref 1, b) Ref 4, c) Ref 10, d) Mod 1, e) Mod 4, and f) Mod 10. 

The molar substitution was determined by 13C NMR by dissolution of 
polymeric samples in DMSO-d6. However, the Mod 1 sample could not be 
dissolved properly therefore acid hydrolysis was performed to produce a 
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monomeric sample that was dissolved in DMSO-d6. The MSNMR was found to 
be 0.4 for Mod 1, 2.6 for Mod 4, and 3.8 for Mod 10. 

Hydrolysed samples were analysed with liquid chromatography-mass 
spectrometry (LC-MS) with electrospray ionization (ESI) to analyse the mass 
of the samples. The results are shown in Figure 22 and the masses detected 
were used to calculate an alternative molar substitution, where the molar 
substitution was found to be 0.7 for Mod 1, 2.1 for Mod 4, and 2.3 for Mod 10. 
Compared to the molar substitution determined by NMR these results differ 
somewhat. For Mod 1 a higher molar substitution is seen when determined 
by HPLC-MS but for Mod 4 and Mod 10 a lower molar substitution is found 
compared to the NMR results. NMR results measure an average degree of 
substitution of dissolved polymers and mass spectrometry is performed on 
hydrolysed samples, both of which can influence the results. 
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Figure 22. Mass-to-charge ratio (m/z) for the reference samples and the modified samples. 

The etherification reaction with BGE was successfully performed on 
untreated TMP process water as well as membrane filtrated TMP process 
water. When the reaction was done on filtered TMP process water a phase 
separation occurred after the modification reaction. This phase separation 
facilitated easy separation of the modified GGM rich phase, which contained 
more than 85% of organic material. This shows that membrane filtered TMP 
process water is preferred compared to untreated TMP process water 
regarding modification with BGE. It also shows that it is possible to 
concentrate GGM and perform modification with BGE since a phase 
separation occurs that allows easy collection of the modified GGM rich phase. 
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CHAPTER 7 

Concluding remarks and future work 

 

The overall focus of this thesis has been on increasing the processability of 
hemicelluloses in order to increase their industrial utilisation. Processability 
is a broad concept and in this thesis processability is viewed as lowering of 
Tg. The chemical modifications performed, PEGylation of AX and 
etherification of BGE on GGM, lowered the Tg and increased the 
decomposition temperatures. These properties can be desirable when 
processing polymers as lower processing temperatures can be used thereby 
reducing costs. The raw materials that are utilised are agricultural and 
forestry by-products. Today, in industry, they are not used at large scales as 
raw materials in production of new materials.  

Alkaline extraction was investigated for isolation of AX from the agricultural 
by-product barley husk, where an alternative reducing agent was evaluated. 
The less toxic and lower cost alternative Na2S2O4 resulted in higher yields for 
the extraction, higher arabinose to xylose ratio for the AX, lower lignin 
content, higher thermal stability, and less foaming at the neutralisation step 
during the extraction. All combined show that NaBH4 can be replaced with 
Na2S2O4.  

Large quantities of extracted AX from barley husk was achieved. Batches 
starting from 1000 g of barley husk resulted in 250 g dry AX. To utilise more 
side streams, nanocellulose was produced from the cellulose fraction 
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obtained during extraction of AX. Compared to nanocellulose produced from 
MCC, the nanocellulose produced from barley husk cellulose had a higher 
aspect ratio. 

PEG was successfully coupled to AX, acting as an internal plasticiser. The 
shorter PEG 400 could be added at a higher molar ratio and might also be 
more reactive than PEG 1500 due to its shorter chain. Thereby PEG 400 is a 
more suitable option for PEGylation of AX than PEG 1500. Films from all 
investigated samples could be produced with hot-pressing, showing film 
forming abilities. A reduction in Tg was seen when AX was internally 
plasticised by PEG. However, this was not the case when PEG was blended 
with AX. Foams were produced with supercritical CO2 as foaming agent in a 
batch foaming process. Unmodified AX produced the best foamed structure, 
possibly due to interactions between PEG and CO2, hindering foaming. 
Foaming of internally plasticised AX could be performed at a lower foaming 
temperature, which could indicate that a lower processing temperature can 
be used for processing internally plasticised AX. 

The TMP process water contains low amounts of the hemicellulose GGM. As 
shown earlier, membrane filtration can be used to concentrate water soluble 
GGM in TMP process water [6]. In this thesis the etherification reaction with 
BGE was successfully performed on untreated TMP process water as well as 
ultrafiltered TMP process water. When the reaction was done on ultrafiltered 
TMP process water, a phase separation occurred after the modification 
reaction. This phase separation facilitated easy collection of the modified 
GGM rich phase, which contained more than 85% organic material. This 
shows that ultrafiltered TMP process water is preferred compared to 
untreated TMP process water regarding modification with BGE.  

Films were produced from spray dried chain-extended GGM that had been 
modified with BGE. A higher molar substitution resulted in better film 
forming abilities. The degree of molar substitution of BGE on GGM altered 
the thermal and mechanical properties of the modified films, where the 
modified films displayed increased thermal stability and increased 
elongation in tensile measurements with increased molar substitution. The 
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degree of substitution of BGE affected the solubility of the modified materials 
since GGM substituted with BGE resulted in an increased solubility in 
organic solvents and a decreased solubility in water.  

7.1 Future work 

Possibilities for continuation of the work presented in this thesis: 

 Continuation of the study presented in Paper IV to explore if 
materials with altered properties can be produced from the modified 
GGM. By using large scale modification of GGM in TMP process 
water it could be possible to obtain large amounts of modified GGM 
which can be used for material production, such as films produced 
by extrusion. 

 To investigate the oxygen permeability of the films produced from 
both PEGylated AX and BGE modified GGM for barrier applications. 

 Life cycle analysis (LCA) would be valuable to evaluate the 
environmental impacts of the chemical reactions. 

 The economic aspect of the reactions performed, and the chemicals 
used, is of interest for potential up-scaling and for industrial 
application.



 

48 
 

 

 

Acknowledgements 

 

I would like to especially thank some people for contributing to the 
accomplishment of this thesis: 

 Prof. Anette Larsson and Dr. Anna Ström, my supervisors, for hiring 
me as your Ph.D-student and for all the time and advice you have 
given me throughout the years. 

 All the members of the SmartFoam project, for creating a great 
scientific community and valuable discussions. A special thanks to 
my fellow Ph.D-students within the project; Filip, Kristina, and 
Mikaela, for good collaborations and enjoyable lunches. 

 Dr. Ernesto Di Maio and Prof. Salvatore Iannace and the members of 
the BioFoams lab at the University of Naples, Italy, for great 
hospitality and a wonderful time for us in Naples. 

 To all my co-authors for fruitful collaborations and discussions 
writing the articles. A big thanks to two amazing women in science, 
Diana and Mikaela. 

 Everyone at the Polymer floor, past and present members, for fun 
times and help when needed. Thanks to Rydvikha for being the best 
office mate ever and to Maria for being a great friend. 

 Anders, Anne, Frida, and Lotta, for making the whole place run. 
 To my parents and my sister, for supporting me and believing in me. 
 My amazing friends, for asking how it’s going and sometimes for not 

asking. 
 Last but certainly not least, Daniel, for everything. 



 

49 
 

 

 

References 

 

1. Isikgor, F.H. and C.R. Becer, Lignocellulosic biomass: a sustainable platform for the 
production of bio-based chemicals and polymers. Polymer Chemistry, 2015. 6(25): p. 
4497-4559. 

2. Union, E., Directive 2009/28/EC of the European Parliament and of the Council of 23 
April 2009 on the promotion of the use of energy from renewable sources and amending 
and subsequently repealing Directives 2001/77/EC and 2003/30/EC. Official Journal 
of the European Union, 2009. 5: p. 2009. 

3. Lichtenthaler, F.W., Carbohydrates as Organic Raw Materials, in Ullmann's 
Encyclopedia of Industrial Chemistry. 2010. 

4. Gatenholm, P. and M. Tenkanen, in Hemicelluloses: Science and Technology. 2003, 
American Chemical Society. 

5. Ebringerová, A., Z. Hromádková, and T. Heinze, Hemicellulose, in Polysaccharides 
I: Structure, Characterization and Use, T. Heinze, Editor. 2005, Springer: Berlin. p. 
1-67. 

6. Thuvander, J., A. Zarebska, C. Hélix-Nielsen, and A.-S. Jönsson, Characterization 
of Irreversible Fouling after Ultrafiltration of Thermomechanical Pulp Mill Process 
Water. Journal of Wood Chemistry and Technology, 2018. 38(3): p. 276-285. 

7. Persson, T., H. Krawczyk, A.K. Nordin, and A.S. Jönsson, Fractionation of process 
water in thermomechanical pulp mills. Bioresource Technology, 2010. 101(11): p. 
3884-3892. 

8. Willför, S., K. Sundberg, M. Tenkanen, and B. Holmbom, Spruce-derived mannans 
– A potential raw material for hydrocolloids and novel advanced natural materials. 
Carbohydrate Polymers, 2008. 72(2): p. 197-210. 

9. Sjöström, E., Wood Chemistry, Fundamentals and Applications (Second Edition). 
1993, San Diego: Academic Press. 293. 

10. Dinwoodie, J., Timber—a review of the structure-mechanical property relationship. 
Journal of Microscopy, 1975. 104(1): p. 3-32. 

11. Gibson, L.J., The hierarchical structure and mechanics of plant materials. Journal of 
the Royal Society Interface, 2012. 9(76): p. 2749-2766. 



 
 

50 

12. Klemm, D., B. Philpp, T. Heinze, U. Heinze, and W. Wagenknecht, 
Comprehensive cellulose chemistry. Volume 1: Fundamentals and analytical methods. 
1998: Wiley-VCH Verlag GmbH. 

13. Oʹsullivan, A.C., Cellulose: the structure slowly unravels. Cellulose, 1997. 4(3): p. 
173-207. 

14. Eichhorn, S.J., Cellulose nanowhiskers: promising materials for advanced applications. 
Soft Matter, 2011. 7(2): p. 303-315. 

15. Klemm, D., F. Kramer, S. Moritz, T. Lindström, M. Ankerfors, D. Gray, and A. 
Dorris, Nanocelluloses: A New Family of Nature-Based Materials. Angewandte 
Chemie International Edition, 2011. 50(24): p. 5438-5466. 

16. Siró, I. and D. Plackett, Microfibrillated cellulose and new nanocomposite materials: a 
review. Cellulose, 2010. 17(3): p. 459-494. 

17. Brinchi, L., F. Cotana, E. Fortunati, and J.M. Kenny, Production of nanocrystalline 
cellulose from lignocellulosic biomass: Technology and applications. Carbohydrate 
Polymers, 2013. 94(1): p. 154-169. 

18. Schulze, E., Zur Kenntniss der chemischen Zusammensetzung der pflanzlichen 
Zellmembranen. Berichte der deutschen chemischen Gesellschaft, 1891. 24(2): p. 
2277-2287. 

19. Timell, T.E., Recent progress in the chemistry of wood hemicelluloses. Wood Science 
and Technology, 1967. 1(1): p. 45-70. 

20. Izydorczyk, M. and J. Dexter, Barley β-glucans and arabinoxylans: Molecular 
structure, physicochemical properties, and uses in food products–a Review. Food 
Research International, 2008. 41(9): p. 850-868. 

21. Fincher, G., Cell walls and their components in cereal grain technology. Advances in 
cereal science and technology, 1986. 8: p. 207-295. 

22. Kabel, M.A., H. van den Borne, J.-P. Vincken, A.G. Voragen, and H.A. Schols, 
Structural differences of xylans affect their interaction with cellulose. Carbohydrate 
Polymers, 2007. 69(1): p. 94-105. 

23. Perlin, A., Structure of the soluble pentosans of wheat flours. Cereal Chemistry, 1951. 
28(5): p. 382-393. 

24. Andrewartha, K.A., D.R. Phillips, and B.A. Stone, Solution properties of wheat-
flour arabinoxylans and enzymically modified arabinoxylans. Carbohydrate 
Research, 1979. 77(1): p. 191-204. 

25. da Silva, A.E., H.R. Marcelino, M.C.S. Gomes, E.E. Oliveira, T.N. Jr, and E.S.T. 
Egito, Xylan, a Promising Hemicellulose for Pharmaceutical Use, in Products and 
Applications of Biopolymers, C.J.R. Verbeek, Editor. 2012, InTech. 

26. Ebringerova, A. and T. Heinze, Xylan and xylan derivatives–biopolymers with 
valuable properties, 1. Naturally occurring xylans structures, isolation procedures and 
properties. Macromolecular rapid communications, 2000. 21(9): p. 542-556. 

27. Gruppen, H., R.J. Hamer, and A.G.J. Voragen, Water-unextractable cell wall 
material from wheat flour. 2. Fractionation of alkali-extracted polymers and comparison 
with water-extractable arabinoxylans. Journal of Cereal Science, 1992. 16(1): p. 53-
67. 



 

51 

28. Izydorczyk, M., L. Macri, and A. MacGregor, Structure and physicochemical 
properties of barley non-starch polysaccharides—I. Water-extractable β-glucans and 
arabinoxylans. Carbohydrate Polymers, 1998. 35(3-4): p. 249-258. 

29. Izydorczyk, M., L. Macri, and A. MacGregor, Structure and physicochemical 
properties of barley non-starch polysaccharides—II. Alkaliextractable β-glucans and 
arabinoxylans. Carbohydrate Polymers, 1998. 35(3-4): p. 259-269. 

30. Izydorczyk, M.S. and C.G. Biliaderis, Cereal arabinoxylans: advances in structure 
and physicochemical properties. Carbohydrate Polymers, 1995. 28(1): p. 33-48. 

31. Morais de Carvalho, D., A.M. Abad, D.V. Evtuguin, J.L. Colodette, M.E. 
Lindström, F. Vilaplana, and O. Sevastyanova, Isolation and characterization of 
acetylated glucuronoarabinoxylan from sugarcane bagasse and straw. Carbohydrate 
Polymers, 2017. 156: p. 223-234. 

32. Roubroeks, J., R. Andersson, and P. Åman, Structural features of (1→ 3),(1→ 4)-β-
D-glucan and arabinoxylan fractions isolated from rye bran. Carbohydrate Polymers, 
2000. 42(1): p. 3-11. 

33. Ruthes, A.C., A. Martínez-Abad, H.T. Tan, V. Bulone, and F. Vilaplana, 
Sequential fractionation of feruloylated hemicelluloses and oligosaccharides from wheat 
bran using subcritical water and xylanolytic enzymes. Green Chemistry, 2017. 19(8): 
p. 1919-1931. 

34. Vinkx, C. and J. Delcour, Rye (Secale cerealeL.) Arabinoxylans: A Critical Review. 
Journal of Cereal Science, 1996. 24(1): p. 1-14. 

35. Hannuksela, T. and C. Hervé du Penhoat, NMR structural determination of 
dissolved O-acetylated galactoglucomannan isolated from spruce thermomechanical 
pulp. Carbohydrate Research, 2004. 339(2): p. 301-312. 

36. Meier, H., Isolation and Characterisation of an Acetylated Glucomannan. Acta 
Chemica Scandinavica, 1961. 15(6): p. 1381-1385. 

37. Willför, S., R. Sjöholm, C. Laine, M. Roslund, J. Hemming, and B. Holmbom, 
Characterisation of water-soluble galactoglucomannans from Norway spruce wood and 
thermomechanical pulp. Carbohydrate Polymers, 2003. 52(2): p. 175-187. 

38. Capek, P., M. Kubačková, J. Alföldi, L. Bilisics, D. Lišková, and D. Kákoniová, 
Galactoglucomannan from the secondary cell wall of Picea abies L. Karst. 
Carbohydrate Research, 2000. 329(3): p. 635-645. 

39. Adler, E., Lignin chemistry—past, present and future. Wood Science and 
Technology, 1977. 11(3): p. 169-218. 

40. Björkman, A., Lignin and Lignin-Carbohydrate Complexes. Industrial & 
Engineering Chemistry, 1957. 49(9): p. 1395-1398. 

41. Chokshi, R. and H. Zia, Hot-Melt Extrusion Technique: A Review. Iranian Journal 
of Pharmaceutical Research, 2010. 3(1): p. 3-16. 

42. Nireesha, G., L. Divya, C. Sowmya, N. Venkateshan, M.N. Babu, and V. 
Lavakumar, Lyophilization/freeze drying—an review. International journal of novel 
trends in pharmaceutical sciences, 2013. 3(4): p. 87-98. 

43. Sauceau, M., J. Fages, A. Common, C. Nikitine, and E. Rodier, New challenges in 
polymer foaming: A review of extrusion processes assisted by supercritical carbon 
dioxide. Progress in Polymer Science, 2011. 36(6): p. 749-766. 



 
 

52 

44. Frisch, K.C., History of Science and Technology of Polymeric Foams. Journal of 
Macromolecular Science: Part A - Chemistry, 1981. 15(6): p. 1089-1112. 

45. Klempner, D. and V. Sendijarevic, Handbook of Polymeric Foams and Foam 
Technology, ed. D. Klempner and V. Sendijarevic. 2004, Munich: Hanser 
Publishers. 

46. Jeon, B., H.K. Kim, S.W. Cha, S.J. Lee, M.S. Han, and K.S. Lee, Microcellular foam 
processing of biodegradable polymers - review. International Journal of Precision 
Engineering and Manufacturing, 2013. 14(4): p. 679-690. 

47. Edlund, U., Y.Z. Ryberg, and A.-C. Albertsson, Barrier films from renewable 
forestry waste. Biomacromolecules, 2010. 11(9): p. 2532-2538. 

48. Zhu Ryberg, Y., U. Edlund, and A.-C. Albertsson, Conceptual approach to 
renewable barrier film design based on wood hydrolysate. Biomacromolecules, 2011. 
12(4): p. 1355-1362. 

49. De Cupere, V.M. and P.G. Rouxhet, Surface crystallization of poly(ethylene 
terephtalate) studied by atomic force microscopy. Polymer, 2002. 43(20): p. 5571-5576. 

50. Ren, J., Biodegradable poly (lactic acid): synthesis, modification, processing and 
applications. 2011: Springer Science & Business Media. 

51. Wypych, G., Handbook of Plasticizers. Vol. 3rd edition. 2017, Toronto: ChemTec 
Publishing. 

52. Curtis, L.G. and J.D. Crowley, Cellulose acetate and related esters. ACS Symposium 
Series, 1985: p. 1053-1072. 

53. Heinze, T. and T. Liebert, Unconventional methods in cellulose functionalization. 
Progress in Polymer Science, 2001. 26(9): p. 1689-1762. 

54. Isogai, A., T. Saito, and H. Fukuzumi, TEMPO-oxidized cellulose nanofibers. 
nanoscale, 2011. 3(1): p. 71-85. 

55. Harris, J.M. and R.B. Chess, Effect of pegylation on pharmaceuticals. Nat Rev Drug 
Discov, 2003. 2(3): p. 214-221. 

56. Pasut, G. and F.M. Veronese, State of the art in PEGylation: The great versatility 
achieved after forty years of research. Journal of Controlled Release, 2012. 161(2): p. 
461-472. 

57. Suyatma, N.E., L. Tighzert, A. Copinet, and V. Coma, Effects of Hydrophilic 
Plasticizers on Mechanical, Thermal, and Surface Properties of Chitosan Films. Journal 
of Agricultural and Food Chemistry, 2005. 53(10): p. 3950-3957. 

58. Sungsanit, K., N. Kao, and S.N. Bhattacharya, Properties of linear poly(lactic 
acid)/polyethylene glycol blends. Polymer Engineering & Science, 2012. 52(1): p. 
108-116. 

59. Li, Y., W. Wu, F. Lin, and A. Xiang, The interaction between poly(vinyl alcohol) and 
low-molar-mass poly(ethylene oxide). Journal of Applied Polymer Science, 2012. 
126(1): p. 162-168. 

60. Markstedt, K., W. Xu, J. Liu, C. Xu, and P. Gatenholm, Synthesis of tunable 
hydrogels based on O-acetyl-galactoglucomannans from spruce. Carbohydrate 
Polymers, 2017. 157: p. 1349-1357. 



 

53 

61. Hartman, J., A.C. Albertsson, M.S. Lindblad, and J. Sjöberg, Oxygen barrier 
materials from renewable sources: Material properties of softwood hemicellulose-based 
films. Journal of Applied Polymer Science, 2006. 100(4): p. 2985-2991. 

62. Kisonen, V., P. Eklund, M. Auer, R. Sjöholm, A. Pranovich, J. Hemming, A. 
Sundberg, V. Aseyev, and S. Willför, Hydrophobication and characterisation of O-
acetyl-galactoglucomannan for papermaking and barrier applications. Carbohydrate 
research, 2012. 352: p. 151-158. 

63. Nypelö, T., C. Laine, M. Aoki, T. Tammelin, and U. Henniges, Etherification of 
Wood-Based Hemicelluloses for Interfacial Activity. Biomacromolecules, 2016. 17(5): 
p. 1894-1901. 

64. Jansson, M., S. Danielsson, S. Saadatmand, U. Edlund, and A.-C. Albertsson, 
Upgrading of wood pre-hydrolysis liquor for renewable barrier design: a techno-
economic consideration. Cellulose, 2014. 21(3): p. 2045-2062. 

65. Ibn Yaich, A., U. Edlund, and A.-C. Albertsson, Wood hydrolysate barriers: 
performance controlled via selective recovery. Biomacromolecules, 2012. 13(2): p. 
466-473. 

66. Glasser, W.G., W.E. Kaar, R.K. Jain, and J.E. Sealey, Isolation options for non-
cellulosic heteropolysaccharides (HetPS). Cellulose, 2000. 7(3): p. 299-317. 

67. Claesson, B., J. Dahlberg, J. Obermüller, D. Sundberg, L. Gustafsson, and A. 
Sörensen, Extraktion och Kemisk Modifiering av Hemicellulosa [Extraction and 
Chemical Modification of Hemicellulose]. 2014, Bachelor’s Thesis, Chalmers 
University of Technology, Gothenburg, Sweden. 

68. Jain, R.K., M. Sjöstedt, and W.G. Glasser, Thermoplastic xylan derivatives with 
propylene oxide. Cellulose, 2000. 7(4): p. 319-336. 

69. Hein, C.D., X.-M. Liu, and D. Wang, Click Chemistry, a Powerful Tool for 
Pharmaceutical Sciences. Pharmaceutical research, 2008. 25(10): p. 2216-2230. 

70. Bhalekar, M.R., S.S. Desale, and A.R. Madgulkar, Synthesis of MCC–PEG 
Conjugate and Its Evaluation as a Superdisintegrant. AAPS PharmSciTech, 2010. 
11(3): p. 1171-1178. 

71. Marrazzo, C., E. Di Maio, S. Iannace, and L. Nicolais, Process-structure 
Relationships in PCL Foaming. Journal of Cellular Plastics, 2008. 44(1): p. 37-52. 

72. Aguedo, M., C. Fougnies, M. Dermience, and A. Richel, Extraction by three 
processes of arabinoxylans from wheat bran and characterization of the fractions 
obtained. Carbohydrate polymers, 2014. 105: p. 317-324. 

73. García, J.C., M. Díaz, M. Garcia, M. Feria, D. Gómez, and F. López, Search for 
optimum conditions of wheat straw hemicelluloses cold alkaline extraction process. 
Biochemical engineering journal, 2013. 71: p. 127-133. 

74. Deutschmann, R. and R.F. Dekker, From plant biomass to bio-based chemicals: latest 
developments in xylan research. Biotechnology Advances, 2012. 30(6): p. 1627-1640. 

75. Gabrielii, I., P. Gatenholm, W. Glasser, R. Jain, and L. Kenne, Separation, 
characterization and hydrogel-formation of hemicellulose from aspen wood. 
Carbohydrate Polymers, 2000. 43(4): p. 367-374. 



 
 

54 

76. Bataillon, M., P. Mathaly, A.-P.N. Cardinali, and F. Duchiron, Extraction and 
purification of arabinoxylan from destarched wheat bran in a pilot scale. Industrial 
crops and products, 1998. 8(1): p. 37-43. 

77. Schooneveld-Bergmans, M., Wheat bran glucuronoarabinoxylans - biochemical and 
physical aspects. 1996, PhD Thesis, Wageningen, Netherlands. 

78. Höije, A., M. Gröndahl, K. Tømmeraas, and P. Gatenholm, Isolation and 
characterization of physicochemical and material properties of arabinoxylans from barley 
husks. Carbohydrate Polymers, 2005. 61(3): p. 266-275. 

79. Bengtsson, S. and P. Åman, Isolation and chemical characterization of water-soluble 
arabinoxylans in rye grain. Carbohydrate Polymers, 1990. 12(3): p. 267-277. 

80. Saake, B., T. Kruse, and J. Puls, Investigation on molar mass, solubility and enzymatic 
fragmentation of xylans by multi-detected SEC chromatography. Bioresource 
technology, 2001. 80(3): p. 195-204. 

81. Roos, A.A., T. Persson, H. Krawczyk, G. Zacchi, and H. Stålbrand, Extraction of 
water-soluble hemicelluloses from barley husks. Bioresource Technology, 2009. 
100(2): p. 763-769. 

82. Söderqvist-Lindblad, M. and A.-C. Albertsson, Chemical Modifications of 
Hemicelluloses and Gums, in Polysaccharides: Structural diversity and functional 
versatility, S. Dumitriu, Editor. 2004, CRC Press. p. 491-508. 

83. Figueroa-Espinoza, M.-C., C. Poulsen, J. Borch Søe, M.R. Zargahi, and X. Rouau, 
Enzymatic solubilization of arabinoxylans from native, extruded, and high-shear-treated 
rye bran by different endo-xylanases and other hydrolyzing enzymes. Journal of 
agricultural and food chemistry, 2004. 52(13): p. 4240-4249. 

84. Faulds, C., G. Mandalari, R. LoCurto, G. Bisignano, and K. Waldron, 
Arabinoxylan and mono-and dimeric ferulic acid release from brewer’s grain and wheat 
bran by feruloyl esterases and glycosyl hydrolases from Humicola insolens. Applied 
microbiology and biotechnology, 2004. 64(5): p. 644-650. 

85. Vaidya, A.A., M. Gaugler, and D.A. Smith, Green route to modification of wood 
waste, cellulose and hemicellulose using reactive extrusion. Carbohydrate polymers, 
2016. 136: p. 1238-1250. 

86. Willför, S., P. Rehn, A. Sundberg, K. Sundberg, and B. Holmbom, Recovery of 
water-soluble acetylgalactoglucomannans from mechanical pulp of spruce. Tappi 
Journal, 2003. 2(11): p. 27-32. 

87. Fry, S.C., The growing plant cell wall: chemical and metabolic analysis. 1988: 
Longman Group Limited. 

88. Wang, Y., Pretreatment and Enzymatic Treatment of Spruce : A functional designed 
wood components separation for a future biorefinery. 2014, PhD Thesis, KTH Royal 
Institute of Technology, Stockholm, Sweden. p. 59. 

89. De Vries, J.G. and R.M. Kellogg, Reduction of aldehydes and ketones by sodium 
dithionite. The Journal of Organic Chemistry, 1980. 45(21): p. 4126-4129. 

90. Wade, R.C. and C. Letendre, Foaming Epoxy Resins and PVC Plastisols with Sodium 
Borohydride Blowing Agent. Journal of Cellular Plastics, 1980. 16(1): p. 32-35. 

91. TAPPI, Acid-insoluble lignin in wood and pulp, Test Method T222. TAPPI. 



 

55 

92. Bian, J., F. Peng, P. Peng, F. Xu, and R.-C. Sun, Isolation and fractionation of 
hemicelluloses by graded ethanol precipitation from Caragana korshinskii. 
Carbohydrate research, 2010. 345(6): p. 802-809. 

93. Stepan, A.M., A. Höije, H.A. Schols, P. de Waard, and P. Gatenholm, Arabinose 
content of arabinoxylans contributes to flexibility of acetylated arabinoxylan films. 
Journal of Applied Polymer Science, 2012. 125(3): p. 2348-2355. 

94. Hollmann, J. and M.G. Lindhauer, Pilot-scale isolation of glucuronoarabinoxylans 
from wheat bran. Carbohyd Polym, 2005. 59(10): p. 225-230. 

95. Habibi, Y., L.A. Lucia, and O.J. Rojas, Cellulose Nanocrystals: Chemistry, Self-
Assembly, and Applications. Chemical Reviews, 2010. 110(6): p. 3479-3500. 

96. Espino, E., M. Cakir, S. Domenek, A.D. Román-Gutiérrez, N. Belgacem, and J. 
Bras, Isolation and characterization of cellulose nanocrystals from industrial by-
products of Agave tequilana and barley. Industrial Crops and Products, 2014. 62: p. 
552-559. 

97. Börjesson, M. and G. Westman, Crystalline nanocellulose—preparation, 
modification, and properties, in Cellulose-fundamental aspects and current trends. 
2015, InTech. 

98. Thuvander, J., F. Lipnizki, and A.S. Jönsson, On-site recovery of hemicelluloses from 
thermomechanical pulp mill process water by microfiltration and ultrafiltration., in 
Journal of Wood Chemistry and Technology. 2018. 

99. Oinonen, P., D. Areskogh, and G. Henriksson, Enzyme catalyzed cross-linking of 
spruce galactoglucomannan improves its applicability in barrier films. Carbohydrate 
Polymers, 2013. 95(2): p. 690-696. 

100. Han, S., C. Kim, and D. Kwon, Thermal/oxidative degradation and stabilization of 
polyethylene glycol. Polymer, 1997. 38(2): p. 317-323. 

101. Martin, O. and L. Avérous, Poly(lactic acid): plasticization and properties of 
biodegradable multiphase systems. Polymer, 2001. 42(14): p. 6209-6219. 

102. Girard, E., T. Tassaing, J.D. Marty, and M. Destarac, Structure-Property 
Relationships in CO2-philic (Co)polymers: Phase Behavior, Self-Assembly, and 
Stabilization of Water/CO2 Emulsions. Chemical Reviews, 2016. 116(7): p. 4125-
4169. 

103. Liu, J., A.S. Leppänen, V. Kisonen, S. Willför, C. Xu, and F. Vilaplana, Insights on 
the distribution of substitutions in spruce galactoglucomannan and its derivatives using 
integrated chemo-enzymatic deconstruction, chromatography and mass spectrometry. 
International Journal of Biological Macromolecules, 2018. 112: p. 616-625. 

104. Kostiainen, R. and T.J. Kauppila, Effect of eluent on the ionization process in liquid 
chromatography–mass spectrometry. Journal of Chromatography A, 2009. 1216(4): 
p. 685-699. 

105. Barton, A.F., CRC handbook of solubility parameters and other cohesion parameters. 
2017: Routledge. 

106. ASTM D7028, in Standard Test Method for Glass Transition Temperature (DMA Tg) 
of Polymer Matrix Composites by Dynamic Mechanical Analysis (DMA). 2008. 



 
 

56 

107. Menard, K.P. and N.R. Menard, Dynamic Mechanical Analysis in the Analysis of 
Polymers and Rubbers, in Encyclopedia of Polymer Science and Technology. 2002. p. 
1-33. 

108. Mikkonen, K.S., M.P. Yadav, P. Cooke, S. Willför, K.B. Hicks, and M. Tenkanen, 
Films from spruce galactoglucomannan blended with poly(vinyl alcohol), corn 
arabinoxylan, and konjac glucomannan. BioResources, 2008. 3(1): p. 178-191. 

109. Mekonnen, T., P. Mussone, H. Khalil, and D. Bressler, Progress in bio-based plastics 
and plasticizing modifications. Journal of Materials Chemistry A, 2013. 1(43): p. 
13379-13398. 

110. Cao, N., X. Yang, and Y. Fu, Effects of various plasticizers on mechanical and water 
vapor barrier properties of gelatin films. Food Hydrocolloids, 2009. 23(3): p. 729-735. 

111. Muscat, D., B. Adhikari, R. Adhikari, and D.S. Chaudhary, Comparative study of 
film forming behaviour of low and high amylose starches using glycerol and xylitol as 
plasticizers. Journal of Food Engineering, 2012. 109(2): p. 189-201. 

112. Vieira, M.G.A., M.A. da Silva, L.O. dos Santos, and M.M. Beppu, Natural-based 
plasticizers and biopolymer films: A review. European Polymer Journal, 2011. 47(3): 
p. 254-263. 

113. Ferry, J.D., Viscoelastic properties of polymers. Viscoelastic properties of polymers. 
1980: John Wiley & Sons. 

114. Ibn Yaich, A., U. Edlund, and A.-C. Albertsson, Transfer of Biomatrix/Wood Cell 
Interactions to Hemicellulose-Based Materials to Control Water Interaction. Chemical 
reviews, 2017. 117(12): p. 8177-8207. 

115. Mabasa Bergström, E., L. Salmén, J. Kochumalayil, and L. Berglund, Plasticized 
xyloglucan for improved toughness—Thermal and mechanical behaviour. 
Carbohydrate Polymers, 2012. 87(4): p. 2532-2537. 

 

 




