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Abstract 
The growing environmental awareness has led to an increased interest in bio-

based polymers as replacement for fossil-based materials. The purpose of the 

work described in this thesis was to investigate the possibility of using 

hemicelluloses and other polysaccharides as replacement for fossil-based 

polymers in wood adhesives. Together with cellulose and lignin, 

hemicellulose is the main constituent of wood. In the pulp industry, 

significant amounts of hemicelluloses are obtained as by-products and 

combusted for energy recovery, but there is a growing interest in the 

biorefinery concept where all side-streams are utilized. If valuable 

applications, such as adhesives, of hemicelluloses and other by-products are 

found, large amounts can be obtained from the pulp industry. Water 

dispersions of hemicelluloses and other polysaccharides have been prepared 

and evaluated as adhesives for bonding different wood substrates together. 

The dry bond strength, water resistance, and heat resistance were 

investigated by exposing the bonded wood specimens to different 

conditioning methods and thereafter measuring the tensile shear strengths. 

As a replacement, the bio-based wood adhesive must possess similar or even 

better properties than the fossil-based adhesives. A commercial poly(vinyl 

acetate) (PVAc) wood adhesive used for indoor applications has been used as 

a reference benchmark. Wood hemicelluloses themselves do not have 

sufficient bonding performance probably because their low molecular weight 

does not provide adequate strength and makes the adhesive too brittle. The 

addition of dispersing agents and crosslinkers to the hemicellulose 

dispersions can significantly improve the bonding performance, and 

hemicellulose in combination with poly(vinyl amine) showed promising 

results superior those of PVAc. A fully bio-based adhesive comprising of 

hemicellulose and chitosan, another bio-based polysaccharide, obtain 

surprisingly good bonding performance especially with regard to water 

resistance. Gums, polysaccharides with similar structures to those of 

hemicelluloses but with higher molecular weights, have also been studied 

and locust bean gum dispersions without any modification showed a very 

good bonding performance with high dry bond strength and water resistance 

on a par with those of PVAc and a heat resistance superior to that of PVAc. 

Chitosan has very good adhesive properties especially with regard to water 

resistance, but the high viscosity of the chitosan dispersion makes it difficult 

to apply. Chitosan-grafted-PVAc dispersions were therefore prepared and an 

adhesive very similar in appearance to PVAc was obtained with a good 

bonding performance as well as good applicability.  



 

 
 

Sammanfattning 
Den växande miljömedvetenheten har väckt ett ökat intresse för biobaserade 

polymerer som ersättning för fossila material. Syftet med arbetet som 

beskrivs i denna avhandling var att undersöka möjligheten att använda 

hemicellulosor och andra polysackarider som ersättning för fossila 

polymerer i trälim. Hemicellulosa är tillsammans med cellulosa och lignin den 

huvudsakliga beståndsdelen av trä. I massaindustrin erhålles betydande 

mängder hemicellulosor i rest-strömmar som idag förbränns för att utnyttja 

energin. Det finns ett växande intresse för konceptet bioraffinaderi där alla 

restströmmar i bruket används. Om värdefulla tillämpningar, såsom lim, av 

hemicellulosor och andra biprodukter utvecklas kan stora mängder erhållas 

från massaindustrin. Vattendispersioner av hemicellulosor och andra 

polysackarider har framställts och utvärderats som trälim genom att limma 

ihop olika träsubstrat. Den torra bindningsstyrkan, vattenbeständigheten och 

värmebeständigheten undersöktes genom att tillämpa olika 

konditioneringsmetoder på de limmade träproverna och därefter mättes  

draghållfastheten. För att möjliggöra en ersättning måste det biobaserade 

limmet ha liknande eller till och med bättre egenskaper än det fossilbaserade 

limmet. Ett kommersiellt lim, poly(vinyl-acetat) (PVAc), som används för 

inomhusapplikationer har använts som referens. Hemicellulosor ger själva 

inte upphov till tillräckligt bra bindningsförmåga troligen på grund av att den 

låga molekylvikten inte ger tillräcklig styrka vilket gör limmet sprött. Genom 

att tillsätta dispergeringsmedel och tvärbindare till hemicellulosa-

dispersionerna kan limegenskaperna signifikant förbättras. Hemicellulosa i 

kombination med poly(vinyl-amin) visar mycket lovande resultat överlägsen 

PVAc. Det visades sig också att ett helt biobaserat bindemedel av 

hemicellulosa i kombination med kitosan, en annan biobaserad polysackarid, 

erhåller överraskande bra limegenskaper särskilt vad gäller 

vattenbeständigheten. Polysackarider med liknande strukturer som 

hemicellulosor men med högre molekylvikt studerades också och locust bean 

gum visar utan någon modifiering mycket bra limegenskaper med torrstyrka 

och vattenbeständighet i nivå med PVAc och en värmebeständighet 

överlägsen PVAc. Vidare studerades kitosan som ett bindemedel som visades 

sig ha mycket goda limegenskaper, särskilt vad gäller vattenbeständigheten 

men kitosandispersionens höga viskositet gör det svårt att applicera. Därför 

framställdes kitosan-ympad-PVAc-dispersioner och ett lim som var 

utseendemässigt mycket likt PVAc erhölls, med bra bindningsförmåga såväl 

som god tillämpbarhet.  
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1. Purpose of the study 
The purpose of this work has been to investigate the possibility of using bio-

based raw materials for wood adhesives. The raw material should preferably 

originate from the forest. Today, wood adhesives are mainly prepared from 

limited and non-renewable fossil-based resources. They work technically 

very well, but it is important to find alternatives due to environmental 

concerns. The forest is a fantastic source of renewable raw materials that are 

able to replace many of the fossil-based raw materials being used today. The 

pulp and paper industry in Sweden is suffering a steady decline in demand 

for newsprint and increasing competition from fast growing trees in other 

countries, and the industry is therefore investigating the potential for using 

under-utilized side-streams from the pulp mill for the development of new 

applications with a sustainable and economic production. Hemicelluloses can 

be obtained in large amounts from the pulp industry if valuable material 

applications can be realized, and they have therefore been studied for 

adhesive applications in this thesis. To enable a transition from fossil-based 

adhesives to more sustainable alternatives, the bonding performance must 

be on a par or better, especially with regard to bond strength, water 

resistance, and heat resistance.  

The objective was to study the bonding performance of hemicelluloses and 

similar polysaccharides by preparing polysaccharide dispersions and using 

them to bond different wood substrates together, the aim being to obtain an 

adhesive with a bonding performance similar to or even better than that of a 

commercial adhesive used for indoor applications, poly(vinyl acetate). Bond 

strength, water resistance, and heat resistance were evaluated by exposing 

the bonded wood specimens to different conditions, and thereafter 

measuring the tensile shear strength.   
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2. Introduction 
 

2.1  Wood 
Wood has played an important role in history, where humans have used it for 

fuel, building materials, tools, furniture, and paper, and wood is still being 

used for myriads of different applications. Wood is built up of a complex 

hierarchical structure consisting of several layers of living and dead wood 

cells, Figure 1. The structure of wood varies substantially between different 

species, and wood is usually divided into two groups, i.e., softwood and 

hardwood. Softwood originates from gymnosperms, trees with needle-like 

leaves (conifers), and hardwood from angiosperms (deciduous).1-3 

 

Figure 1. The hierarchical structure of wood. Adapted from artwork by Andrew 
Marais, KTH.4 
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The trunk of a tree can be divided into different regions as shown in Figure 2. 

The outer bark of the tree is composed of dead wood cells and acts as a 

protective layer. In the inner bark, (phloem) nutrients and storage products 

are transported from the leaves to the root. The vascular cambium is a thin 

layer between the bark and the wood where new wood cells for the inner 

bark and for the xylem grow. The xylem of wood is divided into sapwood and 

heartwood. The sapwood contains living cells and is responsible for 

transporting water from the root to the leaves. The heartwood consists 

mainly of dead cells that are not conducting any water. The heartwood often 

has a darker color than the sapwood. Distinct oriented rings can often be seen 

in the xylem. These rings are due to the annual growth of the tree where each 

ring corresponds to one year. Finally, the pith in the center of wood is tissue 

from the first years of the tree’s growth, prior to wood formation.1-3  

 

Figure 2. The structure of the tree trunk. 

The cells of wood are normally much longer than they are wide and they are 

divided into axial and radial systems. The cells vary in both size and shape. 

The main functions of the axial cells’, longitudinal to the trunk, are to 

transport water and to provide mechanical strength to the tree. The cells of 

the radial system are oriented horizontally from the pith to the bark, and their 

major functions are to store and transport storage materials and 

biochemicals. Softwood has a relatively simple structure consisting mainly of 

two cell types: tracheids and rays, whereas hardwood is more complicated 

with: vessels, fibers, axial parenchyma cells, and rays. The cells of hardwood 

are also more diverse in shape and size as those of softwood.1 The wood cell 

wall is mainly composed of cellulose, hemicelluloses, and lignin. Cellulose is a 

linear polysaccharide built up of D-glucopyranose units, linked together by 
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β-(1→4)-glycosidic bonds. The degree of polymerization (DP) of cellulose is 

several thousands. Cellulose is arranged in crystalline and amorphous 

regions. Hemicelluloses are heteropolysaccharides that are amorphous with 

a lower DP than cellulose, ~80–200. Lignin has a highly complex structure 

composed of aromatic polymers of phenylpropane units, built up in an 

amorphous three-dimensional polymer. The cell wall is divided into different 

layers: middle lamella, primary wall and the secondary wall, which is also 

divided into layers. These layers contain different proportions of the 

components and the components are oriented in different ways. The 

composition also varies between wood species.5  

To conclude, wood is a very complex material with large variations both 

within and between species. Wood has different degrees of porosity, 

anisotropy, and surface properties. It is also very hygroscopic and it swells 

and shrinks depending on the moisture content. The surface of the wood also 

differs a lot between species. Even though cellulose is the main part of wood, 

extractives have a large influence on its surface properties.6-7 The 

characteristics of wood affect the wood-adhesive interaction. 

 

2.2  Wood adhesives 
Wood adhesives are produced in large amounts every year and are used in 

applications such as load-bearing constructions, flooring, furniture, windows, 

doors, plywood, glulam beams, and particleboards. In 2015, the global wood 

adhesive market was estimated to be 1.96 million tons.8 Historically, 

adhesives were prepared from plants and animals. For example, starch and 

proteins from blood, milk, and soybean have been used as adhesives. Since 

the 1960s, during the early days of the plastic era, bio-based adhesives were 

replaced by fossil-derived adhesives with a better performance regarding 

bond strength and water resistance, and also a lower cost.9-10 Today, wood 

adhesives are mainly prepared from fossil-derived resources such as urea-

formaldehyde (UF); these perform very well and are considered to be cheap. 

However, fossil resources are limited and non-renewable. In addition, many 

of the adhesives used today contain hazardous compounds, for example 

formaldehyde, that have a negative impact both on the environment and on 

human health.8 Therefore, it is of great importance to find alternatives to the 

existing adhesives that are bio-based and non-toxic.  
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2.2.1 Adhesion to wood 
A wood adhesive is a substance capable of holding wood substrates together 

by surface attachment. Adhesion is influenced by the characteristics of the 

wood and adhesive, surface properties, interactions between adhesive 

(polymers) and substrate (wood), and bonding conditions. Wood adhesion is 

very complex and no simple theory can describe universal wood bonding. The 

large variety of wood species, adhesive applications, curing/drying 

processes, and different types of adhesive chemistry make it difficult to 

describe wood adhesion. There are several general theories that describe the 

bonding, for example: a mechanical interlocking theory, an adsorption or 

wetting theory, a chemical (covalent) bonding theory, an acid-base theory, an 

electrostatic theory, and a theory of weak boundary layers.6 Figure 3 

presents schematic illustrations of some of these mechanisms. None of these 

mechanisms covers all aspects of wood bonding. Different mechanisms occur 

depending on the wood substrate, adhesive, and bonding conditions. Several 

mechanisms probably occur simultaneously in a given adhesive system.  

The mechanical adhesion is based on the penetration of the adhesive into 

pores and cavities of the wood and provides strength by interlocking during 

drying. The dispersive mechanism is based on attractive forces such as van 

der Waals forces and hydrogen bonding between the adhesive and the wood 

substrate. Wood components are rich in hydroxyl groups that can form strong 

cooperative hydrogen bonds that provide strength to the wood itself but are 

also available for external bonding. Almost all wood adhesives have polar 

groups that can participate in hydrogen bonding with wood. Bio-based 

adhesives often rely on hydrogen bonding for their bond strength whereas 

many petroleum-based adhesives are crosslinked. A drawback with 

hydrogen bonds is their sensitivity towards water. The hydrogen bond is 

disrupted by the presence of water and the bond strength is weakened. Wood 

is a hygroscopic material that swells and shrinks with variations in moisture 

content. An adhesive that is dependent on hydrogen bonding will therefore 

lose some of its strength when it is wet. However, the hydrogen bonds can 

reform and the strength can be regained. Adhesives can also bond to wood 

through an acid-base interaction where anions from wood (carboxylic acids) 

form salts with cations of the adhesive (amines for example in proteins or 

melamine-formaldehyde, MF).6-7, 11 In most materials the strongest 

interactions are those involving covalent bonds. However, it is debated 

whether or not covalent bonds are formed between wood and an adhesive. It 

has been difficult to prove the existence of covalent bonds due to the 

complexity of wood and adhesive.7 Wood has many functional groups, 
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especially hydroxyl groups that may form covalent links with adhesives, but, 

it has been suggested that water in the wood disrupts these reactions.7, 12  

 

Figure 3. Mechanisms of adhesion. 

The adhesive must come into close contact with the wood substrate to form 

a bond and it is important that the adhesive wets the surface properly, flows 

to spread, and slightly penetrates into the wood. Wetting is the ability of an 

adhesive drop to form a low contact angle with the surface, thereby covering 

the surface, Figure 4. The attractive forces to the surface must exceed the 

surface tension of the adhesive. A low contact angle is obtained when the 

adhesive has a lower surface tension than the wood substrate.  

 

Figure 4. Wetting of adhesives on wood substrates.  

The ability of an adhesive to flow over the wood surface is dependent on the 

difference in surface tension between adhesive and wood substrate, but the 

viscosity is also a very important factor. An adhesive may wet a surface, but 

if the viscosity of the adhesive is too high it may be difficult for the adhesive 

to flow over the surface. Penetration is the ability of the adhesive to penetrate 

into pores and cavities of the wood. A proper balance is necessary to avoid 

either over- or under-penetration. In over-penetration, too much adhesive 

enters into the wood and results in a thin and weak bond line, whereas in 
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under-penetration the adhesive does not come into sufficient contact with the 

wood to form wood-adhesive interactions.7, 13 

An adhesive joint can fail in either of two different ways: at the interface 

between the adhesive and the wood (adhesive failure) and in the adhesive 

itself (cohesive failure), Figure 5. The weakest link governs the overall 

strength performance of the adhesive. Generally, an adhesive bond that is 

stronger than the cohesive forces within the wood is preferred. A sufficiently 

strong adhesive will give rise to cohesive failure in the wood substrate, 

Figure 5. Wood adhesives have to possess sufficient bonding performance 

with regard to bond strength, water resistance, and heat resistance.  

 

Figure 5. Modes of failure in an adhesive joint.  

2.2.2 Petroleum-based adhesives 
Wood adhesives can be divided into two groups, thermosets and 

thermoplastics. Thermosets are often used as structural adhesives where 

high mechanical strength is required, and they are often applied as resins 

with low molecular weight that are cured by the addition of a crosslinker 

(hardener) or by changing conditions such as heat, pH or contact with 

moisture.13 The most common thermoset adhesives are based on 

formaldehyde, such as urea-formaldehyde (UF), phenol-formaldehyde (PF), 

melamine-formaldehyde (MF), melamine-urea-formaldehyde (MUF), and 

resorcinol-formaldehyde (RF). Other thermoset adhesives are often based on 

isocyanates such as polymeric diphenylmethane diisocyanate (pMDI) and 

polyurethane (PUR).7, 14 Thermoplastic adhesives set on drying by 

evaporation of solvent or water, or on cooling; no crosslinking being involved. 

Examples of thermoplastic adhesives are poly(vinyl acetate) (PVAc) and 

ethylene vinyl acetate (EVA). The choice of adhesive for a certain application 

depends on the final use, required performance, cost, application process, 

environmental issues etc.  
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2.2.2.1 Poly(vinyl acetate), PVAc 

Poly(vinyl acetate), PVAc, has been used as a reference benchmark for the 

adhesives prepared in this thesis. PVAc was chosen since it is a commodity 

adhesive that is easy to use, does not contain formaldehyde or isocyanate, and 

requires no heat to set. PVAc is prepared by the emulsion polymerization of 

vinyl acetate, VAc, which results in a latex ready for use as an adhesive. PVAc 

has an aliphatic backbone and a glass transition temperature (Tg) of about 

30 °C. PVAc easily wets, flows over and penetrates pores and cavities in the 

wood substrate. The possibility of forming hydrogen bonds with compounds 

in wood promotes a high bond strength. However, PVAc has poor water 

resistance and is therefore mainly limited to indoor applications. In addition, 

PVAc is sensitive to elevated temperature. To improve its performance, PVAc 

can be crosslinked with for example formaldehyde, isocyanate, or glyoxal. 

After crosslinking, PVAc has a higher water resistance but these adhesives are 

not as convenient since the crosslinker must be added in a two-component 

system immediately prior to gluing.7  

 

2.2.2.2 Challenges with petroleum-based adhesives 

Even though fossil-derived adhesives perform very well and are considered 

to be cheap, their source is limited and non-renewable. Many of the fossil-

derived adhesives also contain hazardous chemicals e.g. formaldehyde, that 

have a negative impact on the environment and human health. Formaldehyde 

is both allergenic and carcinogenic and is expected to be banned from use in 

many applications,15 although it is a highly reactive compound well suited for 

adhesive applications. Formaldehyde-based adhesives have a very good 

performance and are often the only option for load-bearing constructions or 

outdoor applications. Particleboard products, for example, are almost solely 

bonded with formaldehyde in combination with urea and/or melamine or 

phenol. The growing concern for the environment in combination with 

formaldehyde regulations have initiated renewed interest in natural derived 

adhesives.  

 

2.2.3 Bio-based adhesives 
Protein, starch, lignin, and tannin are examples of bio-based polymers that 

have been suggested as binders in wood adhesives16-19 but so far, none have 

stayed on the market for a long time. It has been difficult for bio-based 

adhesives to enter the market place and successfully compete with synthetic 

adhesives. The bio-based systems are often too expensive or do not show 
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sufficiently good properties. The bond strength and water resistance are 

crucial parameters that these adhesives need to fulfill. The renewable 

resource also has to be available at a low cost. Furthermore, bio-based 

polymers often exhibit natural variations in characteristics emanating from 

different sites and different growth conditions, giving rise to differences 

between batches due to differences in source, growth, season, extraction 

procedure, etc.20 It is a challenge to replace fossil-based polymers having 

well-known and reproducible characteristics with bio-based polymers with a 

large variation in properties. In addition, many bio-based polymers that have 

shown a potential as binders in wood adhesives, for example starch and 

protein, can also be used as a food source. Careful consideration is necessary 

in a time when millions of people face severe hunger.  

Proteins from blood and milk have been used for wood adhesive applications 

for thousands of years, but they were replaced with fossil-based adhesives 

due to cost and performance.9-10 The use of protein-based adhesives is limited 

due to their poor water resistance and high viscosity,21 and extensive 

research is being conducted to improve the performance of protein 

adhesives.16-18, 21 Soybean proteins are the focus today, but other protein 

sources are also being investigated such as wheat gluten, peas, and lupins. 

Tannin is another bio-based polymer that has been extensively explored for 

wood adhesive applications.16, 19, 22-23 Tannins are polyhydroxypolyphenols 

that can be extracted from bark, leaves, and fruits of plants such as pine, oak, 

and maple.24 Tannins have been used industrially as wood adhesives for 

particleboards and laminates in locations where they are readily available, 

for example South Africa and Australia.25 Tannins are very reactive and can 

be used as a substituent to phenol, but the market for tannin-adhesives is 

limited due to tannins low availability in most parts of the world, and the 

variety of tannin sources affecting its reactivity. Tannin adhesives also suffer 

from a high viscosity.7  

Another bio-based polymer that has been suggested as a binder in wood 

adhesives is lignin,19, 26-27 which is found in lignocellulosics including wood, 

grass, agricultural residues etc. Lignin is built up of an aromatic structure of 

phenolic derivatives and, in contrast to tannins, it is available in very large 

amounts at a relatively low cost being a by-product from the pulp industry. 

When separated from cellulose, lignin is partially degraded and needs to be 

further polymerized to develop adhesive properties. Lignin adhesives have 

so far shown limited industrial use due to their low reactivity towards 

formaldehyde and other components during curing, due to the low amount of 

phenolic rings and the absence of polyhydroxy phenyl rings. The low 
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reactivity is the main subject of research for improving the performance of 

lignin-based adhesives.7 Another group of bio-based polymers, which are 

interesting for adhesive applications is the group of polysaccharides.28 

Polysaccharides are built up of monosaccharides, linked together by 

glycosidic bonds, with mainly hydroxyl functional groups. The hydroxyl 

groups allow hydrogen bonding between the polysaccharide and the wood 

substrate, providing strong adhesion. However, the polar hydroxyl groups 

also make the polymer hydrophilic, and this may have a negative impact on 

the water resistance. The low water resistance is often a problem in bio-based 

adhesives. The many functional groups of polysaccharides also provide ample 

opportunities for chemical modification such as esterification, etherification, 

acetylation, amination, oxidation, copolymerization and/or crosslinking.29-31 

A high molecular weight of the polysaccharide provides cohesive strength to 

the adhesive, but a high molecular weight often leads to high viscosity which 

may have a negative impact on the applicability. Starch is the polysaccharide 

that has been mostly explored for wood adhesive applications.32 It is 

relatively inexpensive but its use in wood adhesives has been insignificant, 

mainly due to its poor water resistance. A substantial amount of research has 

however been carried out aiming at improving the bonding performance of 

starch, for example in combination with PVAc and PVA33-38 and tannins39-41 

with promising results. Even though starch can potentially be used in wood 

adhesives, starch is also a food source and careful considerations must 

therefore be given to not compete with food or feed.  

 

2.3 Wood hemicellulose 
Inspired by the ability of polysaccharides to form cooperative hydrogen 

bonding with wood and the idea of using components from wood, we started 

to investigate hemicelluloses from wood as wood adhesives. Hemicelluloses 

have structure similar to that of starch, and thus have a potential to be used 

as a binder in wood adhesives. The structural similarity between the 

hemicellulose in the adhesive and the cellulose and hemicellulose in wood 

should provide good contact between the adhesive and wood substrate. 

Polysaccharides such as hemicelluloses, gums, starch, and chitosan have also 

shown promising characteristics as dry strength and wet strength resins in 

paper manufacturing with strong interactions with cellulose42 and may 

therefore also work as binders for wood adhesives. Unlike starch and protein, 

hemicelluloses have the advantage of not being a food source. Hemicelluloses 

are heteropolysaccharides found together with cellulose and lignin in 

biomass such as wood, agricultural crops, and grass. Hemicelluloses are often 
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divided into four general groups, xylans, mannans, β-glucans, and 

xyloglucans.43  They are linear or branched (usually only short side groups) 

polysaccharides of pentoses and/or hexoses of neutral sugar units such as D-

xylose, D-mannose, D-glucose, D-galactose, L-arabinose, L-rhamnose and 

uronic acids such as D-glucuronic, D-galacturonic, and 4-O-methyl-D-

glucuronic acids.44 The molecular weight of hemicelluloses are considered to 

be low, with a DP between 80 and 200, compared with cellulose with a DP of 

several thousands.20 Hemicelluloses are very diverse, their chemical 

composition, molecular weight, branching, and type of side-groups varies 

with species and even within the same species or hemicellulose category.20, 43 

The most common hemicelluloses in softwood are glucomannans and 

arabinoglucuronoxylans and in hardwood xylan, especially O-acetyl-4-O-

methylglucuronoxylan, although, other hemicelluloses are also present, 

Table 1.20 Representative chemical structures of wood hemicelluloses found 

in hardwood and softwood are shown in respectively Figure 6 and Figure 7. 

The primary role of hemicelluloses in wood is to interact with other 

biopolymers to ensure appropriate physical properties, for example 

tethering cellulose microfibrils and thereby strengthening the cell wall.45  

Table 1. The major hemicelluloses in softwood (SW) and hardwood (HW).20 

 Hemicellulose Amount 
(%) 

Units Molar 
ratio 

Linkage 

SW Galactoglucomannan 5-8 β-D-Manp 
β-D-Glcp 
α-D-Galp 
O-Acetyl 

3-4 
1 
1 
1 

1→4 
1→4 
1→6 

SW Glucomannan 10-15 β-D-Manp 
β-D-Glcp 
α-D-Galp 
O-Acetyl 

3-4 
1 

0.1 
1 

1→4 
1→4 
1→6 

SW Arabinoglucuronoxylan 7-15 β-D-Xylp 
4-OMe-α-D-GlcpA 

α-L-Araf 

10 
2 

1.3 

1→4 
1→2 
1→3 

HW Glucuronoxylan 15-35 β-D-Xylp 
4-OMe-α-D-GlcpA 

O-Acetyl 

10 
1 
7 

1→4 
1→2 

HW Glucomannan 2-5 β-D-Manp 
β-D-Glcp 
O-Acetyl 

1-2 
1 
1 

1→4 
1→4 
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Figure 6. Representative structural formula of hardwood xylan (O-acetyl-(4-O-
methylglucurono)xylan).  

 

Figure 7. Representative structural formula of softwood glucomannan (O-acetyl- 
galactoglucomannan). 

After cellulose, hemicelluloses are one of the most abundant biopolymers on 

Earth, but although hemicelluloses are such abundant biopolymers they 

remain under-utilized. Lately, hemicelluloses have attracted attention as a 

potential raw material in several applications such as films and coatings for 

barrier materials, hydrogels for water absorption or drug-delivery systems, 

and other biomedical applications.30, 46-47  

 

2.3.1 Hemicelluloses derived from pulp processes 
In the pulp industry, significant amounts of hemicelluloses are obtained as 

byproducts and burned for energy recovery, Figure 8. The pulp and paper 

industry has lately struggled with a steady decline in newsprint demand and 

increasing competition from fast growing trees, such as eucalyptus, which are 

forcing the industry to change. These challenges together with a growing 

environmental awareness have encouraged several pulp mills to convert 

their traditional mill into a biorefinery.48-49 An integrated biorefinery 

provides several promising economic and environmental opportunities 
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where all the side-streams are transformed into value-added products. If by-

products can generate valuable and profitable material applications, such as 

wood adhesives (Figure 8), a transformation of the industry may be 

envisioned.50-51  

Hemicelluloses can potentially be recovered from many different forestry 

processes. Depending on the requirements of characteristics such as 

composition, molecular weight, and purity, different extraction, fractionation, 

and purification stages are possible. For economic reasons it is beneficial if 

the product is not sensitive to variations in characteristics. Each fractionation 

and purification step will increase the cost.  Hemicelluloses can for example 

be recovered from the process water of existing forestry processes such as 

thermo-mechanical pulping, TMP.52-53 The hemicelluloses in the process 

water are very dilute and to isolate them separation techniques such as 

ultrafiltration are necessary.51 Hemicelluloses can also be obtained by the 

pre-hydrolysis of wood prior to the pulping process of, for example, Kraft or 

dissolving pulp.54 The process water obtained from the hydrolysis is called 

“wood hydrolysate” and is rich in hemicelluloses, but it also contains small 

amounts of lignin and other wood constituents.  

 

Figure 8. Concept of obtaining hemicelluloses from the pulp industry for wood 
adhesive applications.   

 

2.4  Gums 
Natural gums, like hemicelluloses, belong to the group of polysaccharides and 

have similar structure, but gums usually have a much higher molecular 

weight than wood hemicelluloses. Gums can be obtained from several 

sources, for example seeds or bacteria. Like hemicelluloses, gums are 

indigestible, but they are used in the food and pharmaceutical industries as 

Pulping

Pulp

ByproductsEnergy
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thickeners, colloidal stabilizers, and flow controllers. They are also used in 

other fields such as the textile, printing, cosmetics, and mining industries, and 

in various types of adhesives, such as pressure-sensitive tape, denture and 

medicinal adhesives, paper adhesives, pharmaceutical tablet binders, and 

label pastes.55-56 However, little work has been done on utilizing gums as 

wood adhesives. Xanthan gum, derived from bacteria, has been studied as a 

binder in wood adhesives and it shows a dry bond strength comparable to 

that of a PVAc-based adhesive.57-58 Another bacterial gum, FucoPol has 

demonstrated fairly good dry bond strength, but with very poor water 

resistance.59 Konjac glucomannan, extracted from the Konjac root, has also 

been studied as a binder in wood adhesives with promising results together 

with chitosan.60-62 Gum Arabic has been studied as a binder for the production 

of particleboards and demonstrates good bond strength and stability.63 

The following gums have been investigated for wood adhesive applications in 

the present project: locust bean gum (LBG), guar gum (GG), tamarind gum 

(TG), and xanthan gum, (XaG). LBG and GG, obtained from seeds, are 

galactomannans built up by a linear main chain of β-(1→4) linked mannose 

units with α-(1→6) linked galactose  side units on - average - approximately 

every second (GG) and fourth (LBG) mannose unit.64 The molecular weights 

of the investigated LBG and GG were 310 and 220 kg mol-1, respectively. A 

representative structure of LBG is shown in Figure 9. TG, also obtained from 

seeds, is a xyloglucan with a main chain of glucose units with side chains of 

xylose units, some linked with galactose units. The molecular weights of the 

assessed TGs’ were 1200 and 2000 kg mol-1. XaG is an anionic extracellular 

microbial polysaccharide with a main chain consisting of β-(1→4)-D-

glucopyranose glucan with alternating side chains of (1→3)-α-D-

mannopyranose-(2→1)-β-D-glucuronic acid-(4→1)-β-D-mannopyranose. 

Most of the inner mannose residues are acetylated and approximately half of 

the terminal mannose units are pyruvated. The molecular weight of XaG is 

very high, above 2000 kg mol-1, and it can be as high as 13 000–

50 000  kg  mol-1. 
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Figure 9. Representative structural formula of locust bean gum (galactomannan).  

 

2.5  Chitosan 
Chitosan is another polysaccharide that can be obtained by N-deacetylation 

of chitin which exists in crustaceans, insects, and fungi. Chitosan is an amino-

functional biopolymer consisting of β-(1→4)-linked 2-amino-2-deoxy-D-

glucopyranose (glucosamine). Depending on the degree of deacetylation, 2-

acetamido-2-deoxy-D-glucopyranose (N-acetyl glucosamine) remains in the 

structure giving chitosans with different qualities and different chitin 

features. A representative structure of chitosan is shown in Figure 10. 

Chitosan is neither soluble in any common organic solvents, nor, in water 

under neutral or alkaline conditions. Under acidic conditions, however, the 

amine groups are protonated and chitosan becomes soluble.65 Chitosan has 

shown promising characteristics for adhesive applications66-67 by itself and 

together with additives such as glycerol and trisodium citrate dihydrate68. 

Chitosan has also been evaluated in combination with Konjac glucomannan60-

62, 69, different saccharides in Maillard reactions70-72, and phenols73-74 for 

adhesive purposes. The dry bond strength of chitosan is competitive with that 

of synthetic adhesives but its water resistance is insufficient.67 

Chitosan has also shown a great potential in other fields such as biomaterials, 

pharmaceuticals, agriculture, and water engineering. Much work is being 

done to see how chitosan can be utilized for a variety of material applications 

and how it can be modified to tailor its properties.65, 75 One interesting 

approach for adhesive applications is the grafting of vinyl acetate from 

chitosan. This approach has been used for the production of membranes 

suggested for copper adsorption and various biomedical applications76-79, but 

not to my knowledge for adhesive purposes.  
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Figure 10. Representative structural formula of chitosan with one residual N-acetyl 
group.  

  

  



 

17 
 

3 Experimental  
An overview of the experimental procedures employed in this work is 

presented here. More detailed information regarding materials, experimental 

procedures and instrumentation can be found in the appended papers (I-IV).  

 

3.1 Materials and chemicals 
 

3.1.1 Polysaccharides 
Locust bean gum (LBG) from Ceratonia siliqua seeds, xanthan gum (XaG) from 

Xanthomonas campestris, guar gum (GG), xylan (X) (≥90% HPLC) from beech-

wood, chitosan (CS), low molecular weight, (product number: 448869) with 

a viscosity of 92 mPas and degree of deacetylation of 77 % were purchased 

from Sigma Aldrich. Tamarind gum from Innovassynth (TGInn) containing 

∼85 wt% xyloglucan and deoiled tamarind gum from Premcem Gums 

(TGPrem) containing ∼40 wt% xyloglucan were kindly supplied by Cellutech 

AB, Sweden. Brown liquor (a side stream obtained from the sulfite process 

where pulp is produced) was kindly supplied by Domsjö Fabriker AB, 

Sweden. The brown liquor contained mainly lignin, sugars and polymeric 

sugars with trace elements of manganese, calcium and iron. Hardwood 

hydrolysate (HW) was kindly supplied by Holmen in collaboration with MoRe 

Research, and ultrafiltered softwood hemicellulose (SW) was kindly supplied 

by Stora Enso, Kvarnsveden, Sweden. 

 

3.1.2 Additives 
Poly(vinyl alcohol) (PVA), Poval 217, was obtained from Kuraray. Lupamin® 

9095, 20 wt% solution of poly(vinyl amine) (PVAm, P) with a molar mass of 

340 kg mol-1 was supplied by BASF. 1,2,3,4-butanetetracarboxylic acid 

(BTCA), toluene-4-sulfonic acid monohydrate (pTSA), and citric acid (CA) 

were purchased from Sigma Aldrich. Glyoxal (G), 40% w/w aq. soln. was 

purchased from Alfa Aesar. Hexa(methoxymethyl)melamine (HMMM, H), was 

kindly supplied by Becker Industrial Coatings AB. Trimethylolpropane 

triacetoacetate (AATMP, A) was purchased from Lonza. Proxel XL-2 (biocide) 

was obtained from Arch UK and Rocima 520S (fungicide) from Dow. 

 

3.1.3 Other chemicals 
Vinyl acetate (VAc) containing 3–20 ppm hydroquinone as inhibitor, ≥99 %, 

acetic acid ReagentPlus®, ≥90 %, ammonium cerium(IV) nitrate (CAN) 
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≥99.99% trace metals basis, potassium persulfate (KPS) ACS reagent, ≥99.0 

% were purchased from Sigma Aldrich. Hydrochloric acid, for analysis, 

fuming, (37 %) solution in water, was purchased from Fisher Scientific.   

 

3.1.4 Wood samples 
Wood veneers and beech-wood panels were kindly supplied by AkzoNobel 

Adhesives AB. 

 

3.1.5 Adhesive reference 
Cascol®3304, a poly(vinyl acetate)-based wood adhesive was kindly supplied 

by AkzoNobel Adhesives AB and used as a reference denoted PVAc. Cascol is 

a thermoplastic wood adhesive classified as a D2 adhesive according to the 

EN 204 standard.80 

 

3.2  Preparation of dispersions 
 

3.2.1 Gum dispersions – large scale (Paper I) 
Water dispersions (6 wt%) of locust bean gum (LBG), guar gum (GG), 

tamarind gum (TG) (from Innovassynth and Premcem), and xanthan gum 

(XaG) were prepared by dispersing 24 g gum in 380 mL deionized water at 

60 °C in an oil bath for 6 h and stirring (150-200 rpm) using an overhead 

stirrer. TG from Premcem (48 g) was also dispersed in deionized water (380 

mL) to prepare an 11 wt% dispersion by the same procedure and LBG (24 g) 

was further dispersed in brown liquor (380 mL) by the same procedure. To 

prevent mold growth, 0.15 wt% solutions of Proxel XL-2 (biocide) and 

Rocima 520S (fungicide) were added when the dispersions had cooled to 

room temperature. These gum dispersions are presented in Table 2. The 

dispersions were used to bond wood veneers and wood panels together.  
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Table 2. Gum dispersions.    

Gum Abbreviation Dry content 
[wt%] 

Dispersing agent 

Locust bean gum  LBG 6 Deionized water 

Locust bean gum LBG – brown 
liquor 

12 Brown liquor 

Guar gum GG 6 Deionized water 

Xanthan gum XaG 6 Deionized water 

Tamarind gum 
(Innovassynth) 

TGInn 6 Deionized water 

Tamarind gum 
(Premcem) 

TGPrem 6 Deionized water 

Tamarind gum 
(Premcem) 

TGPrem 
11wt% 

11 Deionized water 

 

3.2.2 Xylan dispersions – small scale (Paper II) 
A water dispersion (20 wt%, 5 g total) was prepared by dispersing xylan from 

beech-wood (1 g) in deionized water (4 mL). The dispersion was stirred with 

a spoon and a vortex for approximately 2 min. Xylan dispersions (5 g total) 

were prepared with dispersing agents (0.8, 2.4, 4 or 5.6 wt%) and/or 

crosslinkers (0.8 or 4 wt%). PVA and PVAm were evaluated as dispersing 

agents and glyoxal, HMMM, CA, BTCA, and AATMP were evaluated as 

crosslinkers. All the dispersions contained 20 wt% xylan but had different 

total dry contents. PVA was dissolved and PVAm was diluted in deionized 

water. Thereafter, xylan (1 g) was added to the dispersing agent solution and 

stirred with the same procedure as mentioned above and finally the 

crosslinker was added to the mixture and the dispersion was stirred again by 

the same procedure. Reference dispersions were prepared by mixing 

dispersing agents and crosslinkers alone. The dispersions and their various 

compositions are presented in Table 3. The sample names are abbreviations 

of the components in the dispersions; X = xylan, G = glyoxal, H = HMMM, A = 

AATMP. The number following each abbreviation is the wt% of each 

component in the final dispersion, exemplified by X20-PVA4 – where X20 

means 20 wt% xylan, PVA4 means 4 wt% PVA, and 76 wt% water. Small-scale 

dispersions were used to bond wood veneers together.  
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3.2.3 Xylan dispersions – large scale (Paper II) 
Xylan dispersions that were found to have a promising bonding performance 

were further studied on a larger scale. Xylan dispersions (60 g total) were 

prepared with dispersing agents (PVA and PVAm) and crosslinkers (glyoxal, 

HMMM or AATMP). All the dispersions had 20 wt% of xylan but different total 

dry contents. The same procedure was used as for the small scale dispersion 

but an overhead stirrer was instead used to stir the dispersions for 15 min at 

60 rpm at room temperature. The large-scale dispersions were used to bond 

wood panels together.  

Table 3. Xylan dispersions with dispersing agents and/or crosslinkers.  

Dispersion Xylan  
[wt%] 

Crosslinker 
[wt%] 

Dispersing agent 
[wt%] 

X 20   

X-PVA 20  4 

X-G 20 4  

X-H 20 4  

G-PVA  0.8, 4 2.4, 5.6 

H-PVA  0.8, 4 2.4, 5.6 

PVAm   20 

G-PVAm  0.8, 4 2.4, 5.6 

H-PVAm  0.8, 4 2.4, 5.6 

X-PVAm 20  0.8, 2.4, 4, 5.6 

X-G-PVA 20 0.8, 4 2.4, 4, 5.6 

X-H-PVA 20 0.8, 4 2.4, 4, 5.6 

X-G-PVAm 20 0.8, 4 2.4, 5.6 

X-H-PVAm 20 0.8, 4 2.4, 5.6 

X-A-PVAm 20 0.8, 4 2.4, 5.6 

 

3.2.4 Pulp-process-derived hemicellulose dispersions (Paper III) 
Water dispersions (4 g in total, 20 wt%) of hemicellulose (xylan from beech-

wood (X), hardwood hydrolysate (HW), or softwood ultrafiltrate (SW)) were 

prepared in combination with PVAm or chitosan. These dispersions are 

presented in Table 4. The dispersions containing PVAm were prepared not 

more than 2 h before bonding wood. Hemicellulose and PVAm blends with 

the ratios: 15:5, 10:10, and 5:15 were mixed with a spoon and a vortex for 

approximately 2 min. The preparation of the chitosan dispersions was started 

one day before the bonding of wood. Chitosan was added to an acetic acid 
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solution (aq) at pH 2, mixed with a spoon and vortexed for approximately 2 

min. Thereafter, chitosan was allowed to disperse on a shaking table 

overnight. Hemicellulose was added in ratios of hemicellulose to chitosan of 

15:5, 10:10, and 5:15 and blended with a spoon and vortexed for 

approximately 2 min before bonding wood. The dispersions were used to 

bond wood veneers together.  

Table 4. Dispersions of hemicelluloses: xylan from beech-wood (X), hardwood 
hydrolysate (HW), and softwood ultrafiltrate (SW) with PVAm (P) or chitosan (CS).  

Dispersion Hemicellulose 
[wt%] 

PVAm  
[wt%] 

Chitosan  
[wt%] 

X 20   

HW 20   

SW 20   

P  20  

CS   20 

X-P 15, 10, 5 5, 10, 15  

HW-P 15, 10, 5 5, 10, 15  

SW-P 15, 10, 5 5, 10, 15  

X-CS 15, 10, 5  5, 10, 15 

HW-CS 15, 10, 5  5, 10, 15 

SW-CS 15, 10, 5  5, 10, 15 

 

3.3  Grafting vinyl acetate from chitosan (Paper IV) 
Chitosan (0.25 g) was added to a 25 mL two-necked round-bottom flask 

containing 10 wt% acetic acid solution (aq). A target dry content of 20 or 30 

wt% was used. The mixture was stirred with a spoon, and allowed to disperse 

overnight on a shaking table. The chitosan dispersion was sonicated for 10 

min to enhance the dispersion. Vinyl acetate, VAc, was added (1.4 or 2.8 g) to 

the chitosan dispersion and the mixture was then vortexed for approximately 

1 min, sonicated for 10 min, and again vortexed for approximately 1 min 

resulting in VAc droplets in the chitosan dispersion. Thereafter, the round-

bottom flask was immediately placed in an oil bath while stirring with a 

magnet. A condenser was attached to the flask and the mixture was purged 

with argon. After 5 min the CAN, initiator, (77 mg in 1 mL deionized H2O) was 

added and the temperature was increased to 60 °C. The polymerization was 

allowed to proceed for 2 h to form a white latex. Thereafter, a burn-out was 

conducted to ensure full monomer conversion. The KPS, initiator, (0.1 mL of 
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4 wt% (aq) solution) was added to the round-bottom flask and the 

temperature was increased to 75 °C and the burn-out was continued for 30 

min.  

The grafted polymers prepared in this way are presented in Table 5. Sample 

notations XX-CS-g-PVAcYY where XX = targeted dry content of the product 

[wt%], CS = chitosan, g = graft, PVAc = poly(vinyl acetate), and YY = the 

amount of vinyl acetate [g] added to the reaction.  

Table 5. Graft polymerizations of vinyl acetate from chitosan.  

Sample name Targeted dry content [%] VAc [g] 

20-CS-g-PVAc1.4 20 1.4 

20-CS-g-PVAc2.8 20 2.8 

30-CS-g-PVAc1.4 30 1.4 

30-CS-g-PVAc2.8 30 2.8 

 

For characterization the latexes, 20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8 were 

poured in Petri dishes and dried in a fume hood at room temperature 

overnight and thereafter for 1 h at 105 °C. The dry products were immersed 

in acetone to dissolve any free homopolymer of PVAc, and the grafted 

polymers were collected by centrifugation. This procedure was repeated 

eight times to empirically ensure full separation of the grafted polymer and 

free PVAc. Thereafter, the grafted polymers were dried and any free 

homopolymer was collected by evaporating the acetone. The polymers were 

thereafter analyzed with FTIR, DSC, and TGA.   

 

3.4  Specimen preparation 
 

3.4.1 Veneers: ABES (Paper I & II) 
Beech-wood veneers were conditioned at 20 °C and 65 %RH for at least one 

week before gluing. Veneer strips were punched with dimensions of ~112 

mm or 117 mm × 20 mm × 0.6 mm (length × width × thickness). The edges of 

two veneer strips, 5 mm overlap, were bonded with a thin glue line using 360 

g adhesive m-2. The bonded wood strips were hot-pressed at 120 °C and 

0.7 MPa for 2.5 min in an Automated Bonding Evaluation System device, ABES 

II from Adhesive Evaluation Systems. Five samples were prepared for each 

conditioning sequence.  
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3.4.2 Multiple gluing of veneers: ABES (Paper I) 
A multiple gluing was conducted with locust bean gum to increase the amount 

of adhesive in the bond line to correspond to an adhesive with a dry content 

of 24 wt%. Adhesive was applied (360 g adhesive m-2) on the edges of each 

pair of veneers and the adhesive layer was allowed to dry at 20 °C and 

65  %RH for 24 h before another layer was applied. Three layers were applied 

with subsequent drying overnight. The fourth layer was applied on the fourth 

day and the veneers were thereafter bonded together and hot-pressed in 

ABES at 120 °C for 2.5 min at 0.7 MPa. Five samples were prepared for each 

conditioning sequence. 

 

3.4.3 Veneers: Hot-press (Paper III & IV) 
Beech-wood veneers were punched with dimensions 100 mm × 20 mm × 

1.5 mm and conditioned for at least one week at 23 °C and 50 %RH before 

bonding. Adhesive was applied and spread as a thin glue line 

(360 g adhesive m-2) on the edges of two veneers with 20 mm overlap for a 

maximum of 2 h after preparation. The bonded veneers were hot-pressed at 

120 °C and 1.67 MPa for 2.5 min in a Fontijne Grotnes Lab Pro 400. Three 

samples were prepared for each conditioning sequence. 

 

3.4.4 Wood panels (Paper I & II) 
Beech-wood panels with dimensions 400 or 800 mm × 135 mm × 5 mm were 

conditioned at 20 °C and 65 %RH for at least one week before gluing. The 

panels were bonded with 360 g adhesive m-2 (180 g adhesive m-2 on each 

panel), and hot-pressed at 120 °C and 0.7 MPa for 10 min, or pressed at room 

temperature for 2 h. Ten samples were prepared for each conditioning 

sequence.  

 

3.5  Conditioning methods  
The bonded wood specimens were conditioned according to modified 

versions of European Standards EN20480 and EN1425781 as shown in 

Table 6. 
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Table 6. Conditioning methods for the bonded wood specimens.  

 Conditioning method Durability class 

Dry strength 7a days in standard atmosphereb Dry (D1) 

Water resistance 7a days in standard atmosphereb, 
3 h in water at 20±5 °C, 
7 days in standard atmosphereb 

Redried (D2) 

Water resistance 7a days in standard atmosphereb, 
4 days in water at 20±5 °C 

Wet (D3) 

Heat resistance 7a days in standard atmosphereb, 
1 h in oven at 80 °C 

Warm (WATT 91) 

Water & heat 
resistance 

1 day in standard atmosphereb, 
3 h in water at 60 °C 

Wet & warm 

a 1 day for samples evaluated with Instron 
b Standard atmosphere: 20 °C and 65 %RH for wood panels and veneers evaluated with ABES,  

23 °C and 50 %RH for veneers evaluated with Instron 

  

3.6  Tensile shear strength measurements 
 

3.6.1 Veneers: ABES (Papers I & II) 
The tensile shear strength of the veneers was measured using the ABES 

apparatus with a crosshead speed of 10 mm min-1.  

 

3.6.2 Veneers: Instron (Papers III & IV) 
The strength of the bonded veneers was measured using an Instron 5566 

with a 10 kN load cell and a crosshead speed of 1 mm min-1. The 

measurements were conducted at 23 °C and 50 %RH. Bluehill software was 

used to collect the data. The tensile shear strength was calculated from the 

maximum force [N] before failure of the bonded veneer divided by the 

bonded area [m2] (measured with a caliper before the strength was tested).  

 

3.6.3 Panels (Papers (I & II) 
The bonded wood panels were conditioned at 20 °C and 65 %RH for seven 

days and cut into test pieces according to the European Standard EN 20480 

and WATT 9181 for the classification of thermoplastic wood adhesives for 

non-structural applications. The test pieces were conditioned as shown in 

Table 6. An Alwetron tensile testing machine (model TCT 50, Lorentzen and 

Wettre, Sweden) was used to measure the tensile shear strength. A speed of 

50 mm min-1 was used and the maximum force before failure was recorded. 
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Five test pieces were tested for each conditioning method. The minimum 

values of tensile shear strength that must be reached for the classification of 

thermoplastic adhesives into different durability classes are presented in 

Table 7. 

Table 7. The minimum tensile shear strength values to fulfill the durability classes D1, 
D2 and D3 according to EN20480 and WATT 91 according to EN1425781. 

Durability classes Tensile shear strength [MPa] 

Dry (D1) ≥ 10 

Redried (D2) ≥ 8 

Wet (D3) ≥ 2 

Warm (WATT 91) ≥ 7 

 

3.7 Film formation  
Dispersions (50 g total) with a dry content of 2.5 wt% were prepared for 

preparing films. Chitosan was added to an acetic acid solution (aq) at pH 2 

and allowed to disperse on a shaking table overnight. Hardwood hydrolysate 

(HW) was added to the chitosan dispersion and blended with a spoon and 

vortexed for approximately 2 min. Three different dispersions were prepared 

with the hardwood hydrolysate (HW) and chitosan (CS) ratios 3:1, 1:1 and 

1:3. Reference dispersions (2.5 wt% dry content) of chitosan alone and of 

hardwood hydrolysate alone were also prepared. The dispersions were 

poured into three Petri dishes with a diameter of 55 mm and allowed to dry 

at 23 °C and 50 %RH for a week before being analyzed with DMA and FTIR.  

 

3.8  Instrumentation 
 

3.8.1 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) was performed with a DSC 1 from 

Mettler-Toledo. Samples (5–10 mg) were placed in 40 μL aluminum pans 

covered by aluminum lids. The samples were heated from 25 to 130 °C at a 

rate of 10 °C min-1 under nitrogen (flow rate of 30 mL min-1), equilibrated at 

130 °C for 10 min, cooled to -20 °C, equilibrated for 10 min, and thereafter 

heated again to 130 °C.   

3.8.2 Dynamic mechanical analysis (DMA) 
The mechanical properties of the adhesive films were studied with a TA 

instruments DMA Q800 in the tensile mode. Samples from the prepared films 

were cut out with a scalpel with dimensions of approximately 30 × 5 × 0.5 
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mm. The starting temperature was set to 25 °C where it was held for 5 min 

before heating at a rate of 3 °C min-1 up to 125 °C. The frequency was set to 

1 Hz.  

 

3.8.3 Fourier transform infrared spectroscopy (FTIR) 
The Fourier-transform infrared spectroscopy (FTIR) analysis was performed 

using a Perkin-Elmer Spectrum 100 equipped with a single reflection 

(attenuated total reflection (ATR)) accessory unit (Golden Gate) from 

Graseby Specac LTD (Kent, England) and a triglycine sulphate (TGS) detector. 

Spectra were based on 16 scans averaged at 4.0 cm−1 resolution range of 600–

4000 cm−1. The data were analyzed with Spectrum software from Perkin-

Elmer.  

 

3.8.4 pH measurements 
The pH of the dispersions was measured with a pH glass electrode (JENWAY) 

connected to a pH meter (3510 pH meter JENWAY). The measurements were 

performed directly after the preparation of the dispersions. 

 

3.8.5 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was performed on a Mettler Toledo 

TGA/DSC1, using STARe software to process the data. The samples were 

heated from 30 to 400 °C in ceramic cups at a rate of 10 °C min-1 under a N2 

flow of 50 mL min-1.   

 

3.8.6 Viscosity measurements  
The viscosity of the gum dispersions was measured 24 h after preparation 

with a strain-controlled dynamic frequency sweep. The measurements were 

performed in a TA AR2000 rheometer using 25 mm parallel plates. The 

frequency was set from 1 rad s-1 to 500 rad s-1 using 25 % strain. All the 

measurements were conducted in triplicate. 

  



 

27 
 

4 Results and discussion 
The possibility of using hemicelluloses and other polysaccharides in wood 

adhesives has been evaluated in this work. Dispersions of different gums, 

commercial xylan, hemicellulose-rich liquids, and chitosan have been 

prepared and the bonding performance of those has been studied on different 

types of wood substrates.  

 

4.1  Gum dispersions 
In the beginning of this project, we experienced severe difficulties in 

obtaining wood hemicelluloses in sufficient quantities, even though pulp 

manufacturers expressed their interest in using hemicelluloses in new 

applications. Different gums: locust bean gum (LBG), guar gum (GG), xanthan 

gum (XaG), and tamarind gum (TG) were therefore used as alternative 

starting materials. Gums have a molecular structure similar to that of wood 

hemicelluloses but they have significantly higher molecular weights.  

An adhesive with as high dry content as possible is preferred in order to 

obtain an adhesive joint with an amount of dry adhesive sufficient to provide 

adequate strength. A high dry content reduces the amount of water that must 

evaporate during drying, but a high dry content often results in a high 

viscosity that counteracts the spreadability of the adhesive. The reference 

PVAc adhesive had a dry content of approximately 50 wt% and a relatively 

low viscosity. PVAc is easily applied on the substrate since it wets and flows 

over the wood surface very well.  

In order to prepare gum dispersions of reasonable viscosity, 6 wt% of gum 

was dispersed in water and stirred for 6 h at 60 °C to obtain a stable 

dispersion. The viscosities of the different gum dispersions are presented in 

Table 8. All the gum dispersions had a higher viscosity than the PVAc 

reference, even though the dry content was much lower. LBG and GG 

exhibited the highest viscosities even though their molecular weights were 

much lower than those of XaG and TG. TGPrem had a low viscosity similar to 

that of the PVAc reference, and it was therefore possible to increase the dry 

content of TGPrem to 11wt% and still maintain a reasonable viscosity. The 

viscosity of the gum dispersions was not directly related to the molecular 

weight; other parameters such as branching and hydrogen bonding also 

influence the viscosity. 
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Table 8. Molecular weight, dry contents, viscosities, and pH of the gum dispersions 
and PVAc reference.  

Dispersion Molecular 
weighta  

[kg mol-1] 

Dry content  
[wt%] 

Viscosityb, c 
[Pa s] 

pHb 

LBG 310 6 330±22 6.4 

LBG – brown liquor 310/1–3d 12 420±18 6.6 

GG 220 6 280±14 6.5 

XaG 2 000e 6 43±1.1 6.3 

TGInn 2 000 6 54±3.3 7.6 

TGPrem 1 200 6 10±0.7 6.6 

TGPrem 11 wt% 1 200 11 110±4.6 6.6 

PVAc, ref No 
information 

~50 7.3±1.0 4.6 

a Data provided by the supplier. 

b Viscosity and pH were measured 24 h after preparation of the dispersions. 

c The average viscosity at a frequency of 10 rad s-1. 

d Molecular weight of the brown liquor 

e The gum had a molecular weight of 2 000 kg mol-1 but it could also be as high as 

50 000 kg mol-1. 

The bonding performance of the gum dispersions was evaluated by bonding 

thin wood veneers together and hot-pressing the specimens at 120 °C for 

2.5 min using an ABES device. The tensile shear strengths of the bonded wood 

specimens are presented in Figure 11. LBG showed the strongest bonding 

performance of the 6 wt% gum dispersions, and both the dry and redried 

wood specimens held together. A dispersion of LBG in brown liquor was also 

evaluated. Brown liquor is a side stream that is obtained from the sulfite 

process when pulp is produced. It contains lignin, sugars, polymeric sugars 

and chemicals from the pulp process. LBG dispersed in brown liquor gave a 

bond with a higher dry strength than LBG in a water dispersion but all the 

wood specimens delaminated when immersed in water. The brown liquor 

contains salts used as reagents during pulping, which may be the reason for 

the poor water resistance. TG did not show sufficient bonding performance, 

as all the veneers delaminated in water. An increase in the dry content from 

6 wt% to 11 wt% (TGPrem 11wt%) improved the dry strength but the water 

resistance was still very poor. LBG showed the best bonding performance of 

the gums that were tested, but the bonding performance was not as good as 

that of the PVAc reference. It is however noteworthy that the LBG dispersion 

had a dry content of only 6 wt % compared to ~50 wt% for the PVAc 

reference. The same amount of wet adhesive, 360 g m-2, was always used and 
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the amount of dry adhesive in the bond line was therefore greater in the 

samples bonded with PVAc than in the samples bonded with LBG. To 

overcome this, a multiple gluing of veneers with LBG dispersion was 

performed. Four layers of LBG was applied on the veneers. Each layer was 

allowed to dry for 24 h before another layer was applied. The amount of dry 

adhesive in the final bond line corresponded to an adhesive with 24 wt% dry 

content. The results showed that multiple gluing significantly improved the 

tensile shear strength of the bonded wood specimens and was superior to the 

dry and the redried samples of the PVAc reference. Even though the bond line 

contained only half the amount of dry adhesive compared to PVAc the tensile 

shear strength was superior. Furthermore, the tensile shear strength was 

only slightly reduced after water immersion and redrying, displaying a good 

water resistance.  

 

Figure 11. The tensile shear strength of veneers bonded with gums and pressed at 
120 °C for 2.5 min, evaluated with the ABES. Five samples for each conditioning 
method were evaluated.  

The bonding performance of the gum dispersions was further evaluated by 

bonding wood panels together according to the European Standards EN 204 

and EN14257. The ability to spread the adhesive over the wood surface is 

more important for wood panels, 540 cm2 than veneers, 1 cm2. Bonding 

veneers with ABES is an easy and rapid way of showing the potential of using 

the dispersion as wood adhesives, whereas bonding larger wood panels is 

more relevant for industrial use. The ABES technique shows the adhesion 

performance, whereas the bonding of larger wood panels is also affected by 

weaknesses such as poor spreadability and wettability. The gum dispersions 

were spread out over the wood panels that were then pressed together at 
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120 °C for 10 min. The tensile shear strengths are presented in Figure 12, 

where the horizontal lines show the criteria for the adhesive to be qualified 

as D1, D2, D3, and WATT91 adhesives. All the dry wood specimens bonded 

with gum dispersions, with the exception of XaG and TGPrem 11wt%, 

exhibited a higher tensile shear strength than the D1 criterion of 10 MPa. 

Several gums showed a dry strength similar to that of the PVAc reference. 

Wood specimens bonded with LBG dispersed in water or brown liquor 

showed the best water resistance and met the D2 criterion of 8 MPa. The 

other gum dispersions showed poor water resistance and did not classify as 

D2 adhesives. LBG also showed properties superior to those of the PVAc 

reference. A D3 adhesive should have a tensile shear strength higher than 

2 MPa after been immersed in water for 4 days. All wood specimens had 

delaminated in water after 4 days except those bonded with the LBG 

dispersion, but the tensile shear strength of the wet samples was not above 

2 MPa and LBG was therefore not classified as a D3 adhesive. The heat 

resistance of the gums was evaluated by conditioning the bonded wood 

specimens at 80 °C for 1 h and directly measuring the tensile shear strength. 

All gums except XaG showed very good heat resistance and fulfill the 

WATT 91 criterion of 7 MPa. The cyclic structure (glycosyl units), high 

molecular weight and the possibility for hydrogen bonding probably make 

the polysaccharides very heat resistant. Wood specimens bonded with the 

PVAc reference lost their strength when subjected to a high temperature. 

PVAc is a thermoplastic polymer that softens at higher temperature and can 

therefore not be classified as a WATT 91 adhesive.   
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Figure 12. The tensile shear strength of wood panels bonded with gum dispersions 
and pressed at 120 °C for 10 min. The bonded wood panels were conditioned 
according to EN 204 and EN 14257. The horizontal lines at 10, 8, 7 and 2 MPa show 
the criteria for classification of D1, D2, D3, and WATT91. Ten samples for each 
conditioning method were evaluated.  

LBG showed surprisingly good bonding and fulfilled the requirements for a 

D2 and WATT 91 adhesive. It exhibited properties superior to those of the 

PVAc reference. PVAc is normally used at room temperature since it is 

sensitive to elevated temperature. LBG dispersion and PVAc were therefore 

used to bond wood panels together which were pressed at RT for 2 h as the 

normal procedure for PVAc. The tensile shear strengths are presented in 

Figure 13. Even though the LBG dispersion contained such a high amount of 

water, 94 wt%, it was possible to bond the wood at room temperature. The 

tensile shear strength of the dry samples is superior to that of the PVAc 

reference and fulfills the D1 requirement. The water resistance of LBG was 

similar to that of the PVAc and both fulfill the D2 requirements. LBG also 

fulfilled the WATT 91 requirement showing a very good heat resistance 

whereas PVAc is sensitive to elevated temperature.  
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Figure 13. The tensile shear strength of wood panels bonded with LBG dispersion and 
PVAc and pressed at room temperature for 2 h. The bonded wood panels have been 
conditioned according to EN 204 and EN 14257. The horizontal lines at 10, 8, and 7 
MPa show the criteria for classification of D1, D2, and WATT91.  Ten samples for each 
conditioning method were evaluated.  

In an attempt to understand why LBG had a better bonding performance than 

the other gums, films were prepared on glass substrates. LBG formed 

inhomogeneous films with rough surfaces compared to for example TG films 

that were very smooth and similar to the PVAc reference films. It was 

hypothesized that a good film formation was crucial to obtain an adhesive 

with sufficient properties, but this was clearly not a decisive parameter here. 

Contact angle measurements were made on the films. All gums showed 

similar contact angles of 70–80°, but LBG showed much better water 

resistance when bonded to wood. It was also hypothesized that a higher 

molecular weight would contribute to a higher tensile shear strength of the 

adhesive. LBG and GG are both galactomannans with similar structures, but 

LBG has a higher molecular weight, 310 kg mol-1 compared with 220 kg mol-1 

for GG. Both TG and XaG has higher molecular weights than LBG, but 

nevertheless they did not exhibit a better bonding performance. LBG and GG 

are built up of a linear main chain of β-(1→4) linked mannose units. In 

contrast to glucose and xylose in TG and XaG, mannose has a cis-2,3-diol 

structure which shows different intermolecular bondings compared with 

trans-diols as in glucose and xylose units. The cis-diols may provide better 

interactions with wood compared with trans-diols. The higher density of 

galactose side chains in GG (every second) compared with LBG (every fourth) 

may disturb such interactions.  
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Highlights: 

 LBG dispersions showed remarkable properties regarding bond 

strength, water resistance, and heat resistance and were found to be 

superior to the PVAc reference, even though the dry content was 

very low.  

 The possibility of pressing both at room temperature and at elevated 

temperatures broadens the usability of the adhesive.  

 

4.2  Xylan dispersions  
A commercial xylan from beech-wood was investigated as a model substance 

for hemicelluloses derived from pulp processes and water dispersions of 

xylan were prepared and evaluated as binders. A xylan dispersion with 

20 wt% dry content had a reasonable viscosity, and it was used as the base 

dispersion, denoted X20. A higher dry content could thus be used for the 

hemicellulose xylan compared to the gums where 6 wt% was used. The 

molecular weight of xylan was ~10 kg mol-1, which is lower than the gums 

that had molecular weights from 200 kg mol-1 up to 2000 kg mol-1, 

(310 kg mol-1 for LBG). The viscosity of the hemicellulose dispersions was not 

measured, since it did not have a decisive effect on the bonding performance 

of veneers and panels.   

Wood veneers were bonded, hot-pressed and, after conditioning, evaluated 

with the ABES device. Xylan itself was very brittle and did not exhibit 

sufficient bonding performance probably because the molecular weight was 

too low. The dry bond strength was only 2.2 MPa and all the samples 

delaminated when immersed in water. In an attempt to improve the bonding 

performance, different dispersing agents were added to enhance the film 

formation and different crosslinkers were added to increase the bond 

strength. Xylan was dispersed with poly(vinyl alcohol) (PVA) or poly(vinyl 

amine) (PVAm) as dispersing agents and/or glyoxal, hexa(methoxy-

methyl)melamine (HMMM), trimethylolpropane triacetoacetate (AATMP), 

citric acid (CA), and butanetetracarboxylic acid (BTCA) as crosslinkers. The 

ambition was to use hemicellulose as the main constituent of the adhesive 

with only a small amount of additives. None of the additives originate from 

the pulp industry. The formulated xylan dispersions were used to bond wood 

veneers together and the tensile shear strengths were evaluated with ABES. 

PVA was first evaluated as a dispersing agent with promising results. Xylan 

was easier to disperse in the PVA solution than in deionized water. The 

dispersion became very smooth and was easy to apply to the wood surface, 
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but the bonding performance of X20-PVA4 was still poor, with only a slightly 

increase in tensile shear strength for the dry samples, Figure 14.  

Glyoxal is a dialdehyde that possibly can react with the hydroxyl groups of 

xylan to form hemiacetal groups and crosslink xylan and thereby increase the 

bond strength, but the addition of glyoxal to xylan, X20-G4, did not affect 

either the dry bond strength or the water resistance. Glyoxal has a strong 

tendency to form hydrates, i.e. the addition of water to the carbonyl group, 

thus the large amount of water in the dispersion probably competes with the 

crosslinking reaction. The combination, X-G-PVA, showed promising results. 

With a small addition of PVA and glyoxal, X20-G0.8-PVA2.4, the dry bond 

strength was 4.3 MPa, almost twice as high as that of X20. With a further 

increase in PVA, X20-G0.8-PVA5.6, the dry bond strength was nearly doubled 

again to 7.5 MPa and superior to that of the PVAc, but the water resistance 

was still poor. An increase in the amount of glyoxal (4 wt%) had no impact on 

the tensile shear strength of the xylan dispersion containing low amount of 

PVA, X20-G4-PVA2.4. However, with a greater amount of PVA (4 wt%), X20-

G4-PVA4, a high dry strength, was obtained and the water resistance was 

improved. The veneers held together in water and the tensile shear strength 

of the redried samples was 1.3 MPa for X20-G4-PVA4, and 2.7 MPa for X20-

G4-PVA5.6. X20-G4-PVA5.6 showed a higher dry bond strength than PVAc 

and the strength of the redried samples was almost as high as that of PVAc. A 

combination of xylan, PVA and glyoxal is necessary to obtain the required 

adhesive properties. The mechanism is not fully understood, the good 

bonding performance could be due to a combination of secondary forces and 

chemical, covalent bonds. PVA improved the dry strength, and PVA together 

with glyoxal had a better water resistance. A larger amount of PVA and 

glyoxal in the xylan dispersions gave both a higher dry content and a higher 

viscosity. The reaction between hydroxyl groups in xylan and aldehyde 

moieties in glyoxal can be catalyzed at a low pH. A pH adjustment using HCl 

from pH 4 to pH 2, of X20-G4 and X20-G4-PVA4, was explored, but the 

bonding performance deteriorated in both cases (results not shown). The 

large amount of water probably competes with the reaction.  
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Figure 14. The tensile shear strength of veneers bonded with xylan dispersed in 
glyoxal and/or PVA, pressed at 120 °C for 2.5 min, and evaluated with the ABES. Five 
samples for each conditioning method were evaluated.  

HMMM was further investigated as a crosslinker for xylan dispersions, since 

HMMM can possibly react with the hydroxyl groups of xylan through 

methanolysis. The tensile shear strengths of the veneers bonded with 

adhesives containing HMMM are presented in Figure 15. HMMM alone had 

no positive effect on the xylan dispersion. The dry bond strength was reduced 

and most veneers delaminated in water. The combination of xylan, HMMM 

and PVA, X20-H0.8-PVA2.4, did not improve the dry bond strength 

significantly but the water resistance was slightly improved and the veneers 

held together after immersion in water. However, the bonding performance 

was not nearly as good as that of the PVAc reference. A further addition of 

PVA improved the bonding performance slightly but the tensile shear 

strength was still lower than that of the PVAc reference. An increase in 

HMMM (4 wt%) had no effect on the bonding performance of the xylan 

dispersion, X20-H4-PVA2.4, but an increase in both HMMM and PVA gave 

both a higher dry bond strength and water resistance, X20-H4-PVA4 and X20-

H4-PVA5.6, although, the bonding performance was not as good as that of 

PVAc or of the adhesives containing glyoxal. The methanolysis reaction using 

HMMM can be catalyzed with pTSA, which was evaluated in the dispersions 

X20-H4 and X20-H4-PVA4, but no effect on the bonding performance was 

observed (results not shown).  
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Figure 15. The tensile shear strength of veneers bonded with xylan dispersed in 
HMMM and/or PVA, pressed at 120 °C for 2.5 min and evaluated with the ABES. Five 
samples for each conditioning method were evaluated. *Only one sample was 
obtained in the press, the rest delaminated. 

The tri- and tetracarboxylic acids, CA and BTCA were evaluated as 

crosslinkers for xylan. Water dispersions of xylan in combination with CA or 

BTCA were prepared and wood veneers were bonded and pressed at 120 °C 

for 2.5 min. The dry strength of the bonded veneers was slightly improved, 

but the water resistance remained very poor and all the samples delaminated 

when immersed in water (results not shown). The esterification would need 

a higher press temperature, longer reaction time, addition of catalyst, or 

removal of water; however, that is not preferred for adhesive purposes.  

The xylan dispersion was further evaluated with PVAm as dispersing agent. 

The tensile shear strengths of the bonded veneers are shown in Figure 16. 

When PVAm was added to the xylan dispersion, the viscosity increased 

drastically and the dispersion became gel-like and tacky, possibly due to 

strong attractive interactions. It was therefore difficult to apply the 

dispersion homogeneously over the wood surface, in contrast to the 

dispersions containing PVA. Even though the dispersion did not spread or 

wet the wood surface satisfactorily, the bonding performance was 

surprisingly good. Different amounts of PVAm were studied: 0.8, 2.4, 4, and 

5.6 wt%. A small addition of PVAm, X20-PVAm0.8 slightly increased the dry 

bond strength and the bonding performance was considerably improved with 

a further increase in PVAm amount with regard to both dry bond strength 

and water resistance. However, a greater amount of PVAm also resulted in a 
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higher viscosity, which made it even more difficult to apply the dispersion on 

the wood surface. Despite the difficulties in applying the adhesive, X20-

PVAm5.6 exhibited a dry bond strength of 8.2 MPa, much superior to PVAc 

with 5.1 MPa. The water resistance was also remarkable; the tensile shear 

strength after water treatment was 4.5 MPa which was superior to that of 

PVAc at 3.7 MPa.  

 

Figure 16. The tensile shear strength of veneers bonded with xylan dispersed with 
PVAm, pressed at 120°C for 2.5 min and evaluated with the ABES. Five samples for 
each conditioning method were evaluated.  

The xylan dispersions contained a large amount of water, 74–80 %, and hot-

pressing was therefore mainly used to enhance water evaporation during 

drying. For environmental and economic reasons, it would be beneficial to 

press at a lower temperature, preferably room temperature. Because of the 

promising results with xylan in combination with PVAm, we investigated 

lower pressing temperatures. Wood veneers were bonded with X20-

PVAm2.4 and X20-PVAm5.6 and pressed at 70 °C and room temperature for 

2.5 min, and the tensile shear strengths are presented in Figure 17. Even 

though the dispersions contained such a high amount of water (74–80 wt%) 

the veneers held together. However, the bonding performance was poorer for 

both dispersions when a lower press temperature was used. Veneers bonded 

with X20-PVAm2.4 and pressed at 70 °C or room temperature resulted in a 

much lower dry bond strength and the water resistance was not retained. The 

bond strength of X20-PVAm5.6 also deteriorated when it was pressed at 

lower temperatures, but the dry bond strength was still on a par with that of 
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PVAc when pressed at 70 °C. However, the bond strength of the redried 

samples was lower than with PVAc.  

 

Figure 17. The tensile shear strength of veneers bonded with xylan dispersed in 
PVAm, pressed at RT or 70 °C for 2.5 min, and evaluated with the ABES. Five samples 
for each conditioning method were evaluated.  

The effect of crosslinking was also studied with xylan and PVAm. The tensile 

shear strengths of veneers bonded with dispersions containing combinations 

of xylan, PVAm and glyoxal are shown in Figure 18. The addition of glyoxal 

gave rise to only a small increase in the dry bond strength for X20-G0.8-

PVAm2.4 and X20-G4-PVAm2.4, and the tensile shear strengths after water 

treatment were reduced. In addition, the bonding performance drastically 

deteriorated when glyoxal was added to X20-PVAm5.6.  
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Figure 18. The tensile shear strength of veneers bonded with xylan dispersed in 
glyoxal and/or PVAm, pressed at 120 °C for 2.5 min and evaluated with the ABES. Five 
samples for each conditioning method were evaluated.  

The addition of HMMM to an X-PVAm dispersion resulted in a heterogeneous 

dispersion with a very high viscosity that was even more difficult to apply to 

a wood surface than X-PVAm. The tensile shear strengths are shown in Figure 

19. X20-H0.8-PVAm2.4 showed a slight increase in the dry bond strength, on 

a par with PVAc, but the water resistance was not affected. With a further 

addition of HMMM, X20-4-PVAm2.4, the tensile shear strength of the redried 

samples also improved but it was still not as high as that of the PVAc bonded 

veneers. The addition of HMMM to a xylan dispersion with the higher amount 

of PVAm, 5.6 wt%, reduced the dry bond strength of the veneers but the water 

resistance was unchanged.  
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Figure 19. The tensile shear strength of veneers bonded with xylan dispersed in 
HMMM and/or PVAm, pressed at 120 °C for 2.5 min and evaluated with the ABES. Five 
samples for each conditioning method were evaluated. *Only one sample was 
obtained in the press, the rest delaminated. 

The xylan and PVAm dispersions were further modified with AATMP, an 

acetyl acetonate trimer that can react with amines. It has been used for 

modification of adhesives, for example in crosslinking wheat gluten in the 

preparation of adhesives for particleboards.82 When AATMP was added to the 

xylan dispersion with a low amount of PVAm, the dry bond strength 

considerably increased to ~6 MPa, higher than that of PVAc at 5.1 MPa, 

Figure 20, and the water resistance was also improved; X20-A0.8-PVAm2.4 

was on a par with PVAc, and X20-A4-PVAm2.4 was even better than PVAc. 

However, the addition of AATMP to the xylan dispersions containing the 

higher amounts of PVAm, X20-A0.8-PVAm5.6 and X20-A4-PVAm5.6 did not 

lead to any improvement in bonding performance.   
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Figure 20. The tensile shear strength of veneers bonded with xylan dispersed in 
AATMP and/or PVAm, pressed at 120 °C for 2.5 min and evaluated with the ABES. Five 
samples for each conditioning method were evaluated.  

The xylan dispersions that showed the most promising bonding performance 

were further evaluated by bonding wood panels together according to 

European Standards EN 204 and EN14257. The tensile shear strengths of 

these bonded wood specimens are presented in Figure 21. The horizontal 

lines show the different criteria that the adhesive needs to fulfill to be 

qualified as a D1, D2 or WATT 91 adhesive. Almost all the dry wood 

specimens fulfilled the D1 criterion of 10 MPa, except for X20-PVAm5.6 and 

X20-H0.8-PVAm2.4, which were just below the limit. X20-PVAm5.6 had a 

very high viscosity and was difficult to spread out homogeneously, and this 

was probably the reason for the lower tensile shear strength. When studied 

with ABES, X20-PVAm5.6 resulted in the best bonding performance, but 

when larger wood panels were bonded, the limitation of spreadability was 

clearly apparent. If the dry content was decreased, thereby decreasing the 

viscosity, the spreadability could be improved, but this was not desirable due 

to the already high water content of the dispersions. The wood specimens 

that were conditioned in water for 3 h and redried need a tensile shear 

strength of 8 MPa to be classified as a D2 adhesive according to European 

Standard. Many of the bonded wood specimens delaminated when immersed 

in water or had low tensile shear strengths indicating poor water resistance. 

Wood specimens bonded with X20-PVAm5.6, however, showed surprisingly 

high tensile shear strengths above that of PVAc and above 8 MPa, and fulfilled 
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the D2 criterion, even though it was difficult to apply the adhesive. The water 

immersion may have improved the wettability of the adhesive and allowed 

better contact with the wood surface. The heat resistance of polysaccharides 

is often very good possibly due to their cyclic structure (glycosyl units) and 

the formation of hydrogen bonds. All the wood specimens bonded with the 

different xylan dispersions fulfilled the WATT 91 criterion of 7 MPa. PVAc is 

sensitive to elevated temperatures and is not classified as a WATT 91 

adhesive.  

 

Figure 21. Tensile shear strength of wood panels bonded with different xylan-based 
wood adhesives and pressed at 120 °C for 10 min. The dotted lines show the limits to 
meet the D1, D2, and WATT 91 criteria. Ten samples for each conditioning method 
were evaluated. The wood specimens bonded with X20-G0.8-PVAm5.6 were not heat 
treated since too few specimens were obtained after the pressing due to delamination 
of the wood panel. 

To summarize, xylan can be used as the major component of a wood adhesive. 

In combination with dispersing agents and crosslinkers, xylan dispersions 

show a promising bonding performance but the spreadability must be 

improved to achieve a high bond strength when larger areas are bonded. 

Xylan dispersed in PVAm showed a remarkably good bonding performance, 

especially with the larger amount of PVAm, X20-PVAm5.6, even though the 

high viscosity made it difficult to apply the adhesive smoothly. The addition 

of a crosslinker, such as HMMM or AATMP, can improve the bonding 

performance with a low amount of PVAm, 2.4 wt% but the bonding 

performance deteriorated with a higher amount, 5.6 wt%. It seems that 

PVAm forms strong attractive interactions between xylan and the wood 

surface, and these interactions may be weakened and interrupted when a 
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crosslinker is added. Another possibility is that premature curing of the 

adhesive may occur before the adhesive is applied to the wood.  To avoid the 

effect of premature curing, two-component adhesives were prepared and 

evaluated, but the bonding performance was not improved (results not 

shown). In an attempt to study the reactions between xylan and the 

dispersing agent and/or crosslinker, films were prepared on glass substrates 

and dried at 120 °C for 10 min, and at room temperature overnight. The films 

were studied with FTIR, but it was difficult to draw any conclusions since 

different spectra were obtained in different regions of the film, probably 

because the dispersions did not react homogeneously and several 

characteristic bands overlapped each other.  

In a comparison between gum and xylan dispersions, it can be stated that the 

results with xylan alone were similar to those of XaG and TG, but not as good 

as the LBG counterparts. However, the addition of a dispersing agent and 

crosslinker can considerably improve the bonding performance of xylan and 

make it superior to the gum dispersions. Due to the viscosity increase when 

additives were added to the gum dispersions, those were only evaluated 

alone. 

 

Highlights: 

 Xylan in combination with dispersing agents and crosslinkers can be 

used as a wood adhesive. 

 Xylan dispersions can be classified as D1 and WATT 91 adhesives. 

 Xylan dispersed in PVAm demonstrates very good results regarding 

water resistance as well as heat resistance. 

 

4.3  Pulp-process-derived hemicellulose dispersions 
Hemicelluloses similar to the by-products from the pulp mills were finally 

obtained in the form of hemicellulose-rich liquids of hardwood hydrolysate 

and softwood ultrafiltrate. The hardwood hydrolysate was obtained from the 

pre-hydrolysis of wood chips, kindly supplied by Holmen in collaboration 

with MoRe Research, and the softwood ultrafiltrate was obtained from 

ultrafiltered process water from a thermomechanical (TMP) pulp mill using 

softwood, kindly supplied by Stora Enso, Kvarnsveden. The composition of 

the hemicellulose-rich liquids was studied by ion-exchange chromatography 

and, as expected, the hardwood hydrolysate contained mainly xylose and the 

softwood ultrafiltrate mainly mannose and glucose. Both samples also 

contained some lignin, 36 and 13 g kg-1, respectively. The molecular weight 
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distributions of the hardwood hydrolysate and of the softwood ultrafiltrate 

are shown in Figure 22 and Table 9. Both samples contained several 

populations with both low and high molecular weight distributions. The 

major peak of hardwood hydrolysate was at ~86 000 g mol-1 (peak A), 

whereas the major peak of the softwood hydrolysate was 3 900 g mol-1 

(peak C).   

 

Figure 22. SEC traces of molecular weight distributions of hemicellulose in the 
hardwood hydrolysate and in the softwood ultrafiltrate. 

Table 9. Molecular weights of hemicelluloses in the hardwood hydrolysate and 
softwood ultrafiltrate. 

 Mn [g mol-1] Mw [g mol-1] Ð 

Hardwood hydrolysate 400 31 000 77 

Peak A 86 000 120 000 1.4 

Softwood ultrafiltrate 1 200 42 000 35 

Peak C 3 900 11 000 2.8 

 

Hereafter, all adhesives were evaluated by bonding wood veneers with a 

bond area of 4 cm2 and the tensile shear strength was determined with an 

Instron. PVAc was still used as a reference benchmark. Xylan dispersions 

were also prepared for comparison with the dispersions used to bond wood 

veneers that were evaluated with the ABES technique and wood panels.  

A 

C 
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Dispersions with 20 wt% dry content of the different hemicelluloses were 

prepared. The hemicellulose-rich liquids (HW20 and SW20) were diluted, 

and the xylan (X20) was dispersed in deionized water. The hemicellulose-rich 

liquids had a much lower viscosity than the xylan dispersion, probably 

because they were better dispersed and less aggregated than the xylan that 

had been dried. None of the veneers bonded with hemicellulose dispersion 

had sufficient bonding strength, as shown in Figure 23. A higher dry content 

adhesive, up to 50 wt% was evaluated, but the bonding performance was not 

improved. The hemicelluloses alone were too brittle to give sufficient 

adhesion. The dispersions probably also over-penetrated into the wood, since 

very little material was visible on the wood surface after tensile testing.  

 

Figure 23. Tensile shear strength of wood veneers bonded with hemicellulose and 
PVAc reference, pressed at 120 °C for 2.5 min and evaluated with the Instron. Three 
samples for each conditioning method were evaluated.  

Motivated by the promising results of using PVAm as a dispersing agent for 

xylan, the hemicellulose-rich liquids were diluted in PVAm solutions. Xylan 

was also dispersed in a PVAm solution for comparison. The hemicellulose 

dispersions all became very gel-like when PVAm was added, and it was then 

very difficult to spread the adhesive over the wood surface. Hemicellulose 

was dispersed in PVAm with three ratios: (15:5, 10:10 and 5:15 wt%). The 

greater the amount of PVAm the more gel-like was the adhesive.  

Veneers were bonded with the different dispersions and the tensile shear 

strengths were evaluated after conditioning, as shown in Figure 24. Veneers 

bonded with xylan dispersed in PVAm showed very promising results. The 

dry and redried samples showed tensile shear strengths on a par with those 

of PVAc. In addition, the wet samples showed high tensile shear strengths 
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~1.5 MPa superior to that of PVAc at 0.17 MPa. Furthermore, the amount of 

PVAm had no effect on the bonding performance; all the ratios exhibited very 

similar tensile shear strengths.  

The hemicellulose-rich liquids in combination with PVAm also showed a very 

promising bonding performance. The bonding performances of hardwood 

hydrolysate and softwood ultrafiltrate were very similar. Veneers bonded 

with dispersions containing 10 wt% hemicellulose and 10 wt% PVAm had a 

dry bond strength greater than 7.5 MPa, which was superior to that of PVAc 

at 6.3 MPa and all the xylan dispersions. The veneers also showed very good 

water resistance. The tensile shear strengths of the redried samples were 6.5 

(HW10P10) and 7.2 MPa (SW10P10), which were higher than that of PVAc at 

6.2 MPa. Veneers bonded with dispersions of 10 wt% hemicellulose and 

10 wt% PVAm, immersed in water for 4 days and tested in the wet state also 

displayed rather high tensile shear strengths, well above that of PVAc but 

lower than that of xylan with PVAm. When a greater amount of PVAm was 

used (5 wt% hemicellulose and 15 wt% PVAm) the tensile shear strength of 

the wet samples increased slightly but there was no significant improvement 

in the dry and redried samples. Veneers bonded with a dispersion having a 

greater proportion of hemicellulose (hemicellulose 15 wt% and 5 wt% 

PVAm) had a lower tensile shear strength than the other combinations. The 

hardwood hydrolysate (HW15P5) gave a slightly lower dry bond strength 

(5.3 MPa) than softwood ultrafiltrate (SW15P5) at 6.6 MPa. The tensile shear 

strengths of the redried samples were very similar, but not as high as that 

with PVAc. In Figure 24, the tensile shear strengths of veneers bonded only 

with PVAm as a reference (P20) are also shown. Neither hemicellulose alone, 

Figure 23, nor PVAm alone, Figure 24, provided sufficient bonding strength. 

The combination of hemicellulose and PVAm was necessary to obtain an 

adhesive with sufficient properties. Again, it seems like PVAm forms strong 

attractive interactions with the hemicelluloses, and the wood substrate.  
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Figure 24. Tensile shear strength of wood veneers bonded with hemicellulose in 
combination with PVAm, PVAm, and PVAc reference, pressed at 120 °C for 2.5 min and 
evaluated with the Instron. Three samples for each conditioning method were 
evaluated. 

Inspired by the promising results of using PVAm in combination with 

hemicellulose, other amino-functional polymers were considered as an 

alternative to PVAm. Chitosan is a bio-based amine functional polysaccharide 

that has previously been studied for wood adhesive applications66-67 but not 

to my knowledge in combination with wood hemicelluloses.  

Chitosan was first evaluated alone as a reference, dispersed in an acetic acid 

solution (aq), at pH 2, to protonate the amine groups and achieve good 

dispersity of the chitosan. The dispersion had a dry content of 20 wt%, and a 

rather high viscosity, but it was easy to apply to the wood surface. The 

bonding performance of veneers bonded with chitosan, CS20, is shown in 

Figure 25. The tensile shear strength of the dry and redried samples bonded 

with chitosan were on a par with that of PVAc. Chitosan also gave a 

remarkable water resistance, with very high tensile shear strength of the wet 

samples. The chitosan that was used had a degree of deacetylation of 77 % 

which means that there are N-acetyl groups on approximately every fourth 

unit on average. The acetyl groups can possibly contribute to hydrophobicity, 

improving the water resistance of the adhesive. However, the effect of acetyl 

groups on the adhesive was not evaluated in this study. 

Xylan, hardwood hydrolysate and softwood ultrafiltrate were investigated in 

combination with chitosan in the ratios of 15:5, 10:10, and 5:15 wt%. Xylan 

dispersed with chitosan had a very high viscosity, and the dispersions were 
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difficult to spread over the wood surface. Compared with PVAm dispersions 

that were very gel-like, chitosan dispersions had a lower viscosity and were 

easier to apply onto wood. The hemicellulose-rich liquids in combination 

with chitosan had lower viscosities than xylan with chitosan and were easier 

to apply onto wood. More hemicellulose in the dispersion resulted in a lower 

viscosity and better applicability onto wood. The bonding performance of 

veneers bonded with hemicellulose-chitosan adhesives is shown in Figure 

25. With a large proportion of hemicellulose (15 wt%) the tensile shear 

strength of neither the dry nor the redried samples was as good as that of the 

PVAc reference, but the tensile shear strength of the wet samples was 

superior to that of the PVAc reference. The bonding performance was further 

improved with the addition of more chitosan. The water resistance was 

remarkably good for the hemicellulose-chitosan adhesives, which has a 

tensile shear strength of the wet samples much higher than that of PVAc. The 

bonding performance of hemicellulose with chitosan (5:15) was better than 

that of chitosan alone.   

It was observed that several veneers obtained a higher bond strength after 

water treatment and redrying. This could be due to that the adhesive did not 

wet the wood substrate sufficiently due to the high viscosity, and later, when 

the samples are immersed in water, the wettability is improved. Another 

reason could be that acetic acid is leaching out, resulting in a higher pH in the 

bond line. Chitosan precipitates at neutral pH and becomes insoluble in 

water. This can explain the higher tensile shear strengths after water 

treatment.  
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Figure 25. Tensile shear strength of wood veneers bonded with hemicellulose in 
combination with chitosan, chitosan, and PVAc reference, pressed at 120 °C for 2.5 
min and evaluated with the Instron. Three samples for each conditioning method were 
evaluated. 

The commercial xylan from beech-wood showed better bonding than the 

hemicellulose-rich liquids in all compositions, but xylan in combination with 

chitosan had a higher viscosity than the hemicellulose-rich liquids and was 

more difficult to spread out on larger areas. Unfortunately, it was not possible 

to evaluate the adhesives on wood panels according to European Standard, 

because the equipment was no longer available.  

The hardwood hydrolysate and softwood ultrafiltrate had a very similar 

appearance and bonding performance, even though they differed from each 

other in both structure and molecular weight. The extraction and workup 

procedures differed between the samples but it did not seem to affect the 

bonding performance. Hardwood hydrolysate gave a slightly lower bonding 

strength when the hemicellulose was the major part of the adhesive; 

otherwise, the bonding performances were similar. These results indicated 

that the type of hemicellulose (xylan or glucomannan) and the procedure to 

collect the hemicellulose had no decisive effect on the bonding performance. 

It also indicated that it was not crucial to have a pure or well-defined 

hemicellulose to obtain an adhesive which gave sufficient bonding strength. 

This is beneficial since the hemicellulose can be obtained from different 

sources, increasing the availability, and it allows an easier and cheaper 

procedure to produce adhesives.  
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Inspired by the outstanding water resistance the veneers bonded with the 

hardwood hydrolysate and chitosan dispersions were immersed in water at 

60 °C for 3 h and thereafter, the tensile shear strength was directly measured. 

The results are shown in Figure 26, with veneers bonded with PVAc and 

chitosan alone as references. Veneers bonded with PVAc delaminated in 

water, whereas the others showed a strong water resistance and held 

together. The tensile shear strengths of the different dispersions were very 

similar. 

 

Figure 26. Tensile shear strengths of wood veneers bonded with hardwood 
hydrolysate in combination with chitosan, pressed at 120 °C for 2.5 min, and after 
immersion in water at 60 °C for 3 h, evaluated with the Instron without drying. Three 
samples for each conditioning method were evaluated. 

As mentioned earlier, PVAc adhesives are sensitive to elevated temperatures 

and are normally pressed at room temperature and not at 120 °C which was 

used here. Pressing at room temperature was therefore evaluated on veneers 

bonded with HW:CS dispersions. The results are presented in Figure 27. 

Even though the dry content is relatively low, 20 wt% (80 wt% water), it was 

possible to press the samples at room temperature. The tensile shear 

strength of the dry samples was not as high as that of PVAc, but it was still 

good considering the large amount of water in the dispersions. Veneers 

bonded only with chitosan started to delaminate during drying after water 

immersion whereas the hemicellulose-containing adhesives held together, 

and the tensile shear strength of the wet hemicellulose-chitosan samples was 

superior to that of both chitosan alone and PVAc.  
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Figure 27. Tensile shear strengths of wood veneers bonded with hardwood 
hydrolysate in combination with chitosan, chitosan and PVAc reference, pressed at 
room temperature for 2 h and evaluated with the Instron. Three samples for each 
conditioning method were evaluated. *Veneers bonded with chitosan immersed in 
water started to delaminate during drying. 

In an attempt to gain a better understanding of how the hemicellulose-

chitosan adhesives work, the hardwood hydrolysate in combination with 

chitosan was further studied. Solvent-cast films of the dispersions were 

prepared in Petri dishes, and the mechanical properties were studied with 

dynamic mechanical analysis, DMA. Films of chitosan alone and of hardwood 

hydrolysate alone were also prepared as references, but hardwood 

hydrolysate did not form a self-supporting film. DMA was used to measure 

the storage modulus, Figure 28, and tan δ, Figure 29, of the films. The 

experiment was run from 25–130 °C, which is within the temperature range 

where the adhesive was pressed during the bonding of the veneers. The 

storage modulus decreased slightly when hemicellulose was combined with 

chitosan. The films of HW:CS (1:3 and 1:1) followed each other and showed a 

transition below 100 °C after which the storage modulus increased. The films 

containing only chitosan did not show the same transition, but the slope 

decreased above 100 °C indicating that some transition occurred in the 

material. Films containing more hemicellulose (films with HW:CS, 3:1) 

showed a significantly lower storage modulus than the other films with a 

broader transition. Chitosan showed more than one transition in tan δ 

indicating a heterogeneous material. The incorporation of hemicellulose 

resulted in a more uniform but broader transition. The transitions for films 

of HW:CS 1:3 and HW:CS 1:1 were below 100 °C and films of HW:CS showed 
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a slightly lower transition. Tan δ was higher for films of HW:CS 3:1 but the 

transition was within the same temperature region. 

 

Figure 28. Storage modulus versus temperature of chitosan and hardwood 
hydrolysate-chitosan films. Samples are evaluated in triplicates. 

 

Figure 29. Tan δ versus temperature of chitosan and hemicellulose-chitosan films. 
Samples are evaluated in triplicates.  

The films were also studied with FTIR in an attempt to elucidate possible 

chemical interactions between the hemicellulose and chitosan. FTIR spectra 

were obtained prior to and after heat treatment of the films in the DMA. 

Initially, indications of chemical reactions between hemicellulose and 

chitosan were observed with new peaks and changes in the spectra after heat 

treatment. However, after further study of the films that had been heat-

treated for longer times, and water treated, it was concluded that the changes 

50 100

100

1000

S
to

ra
g
e
 m

o
d
u
lu

s
 [

M
P

a
]

Temperature [
o
C]

 CS

 HW:CS 1:3

 HW:CS 1:1

 HW:CS 3:1

50 100

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40
 HW:CS 3:3

 HW:CS 1:1

 HW:CS 1:3

 CS

T
a

n
 

Temperature [
o
C]



 

53 
 

were due to the acetic acid that protonated chitosan and gave rise to changes 

in the FTIR spectra. After longer heat and water treatments, the spectra 

slowly changed and only the peaks characteristic of hemicellulose and 

chitosan were observed.   

Even though no chemical reactions were observed by the FTIR analysis, 

interesting features were observed when the films were immersed in water. 

Films, with and without heat-treatment in the DMA, were immersed in water 

for 1 h. The swelling in water of the films was measured gravimetrically and 

the results are shown in Figure 30. Chitosan films, both with and without 

heat treatment, swelled considerably in water and started to disintegrate. 

Pieces of the hemicellulose film dissolved when the film was immersed in 

water. In contrast, the hemicellulose-chitosan films stayed intact and did not 

swell as much as the chitosan alone. The heat-treated samples swelled even 

less than the others, indicating the presence of strong interactions between 

hemicellulose and chitosan. These results were however obtained for only 

one film of each type, so no far-reaching conclusions can be drawn. 

 

Figure 30. Swelling in water of films prepared of chitosan, hardwood hydrolysate-
chitosan, and hardwood hydrolysate, with and without treatment in DMA.  
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Highlights: 

 Hemicelluloses derived from pulp processes in combination with 

PVAm can be used as binders in wood adhesives.   

 A fully bio-based adhesive composed of hemicellulose and chitosan 

shows a remarkably good bonding performance especially regarding 

water resistance, which is superior to that of a commercial PVAc-

adhesive.  

 Commercial xylan gives somewhat greater bonding strength than the 

hemicellulose-rich liquids, but the high viscosity of xylan is a 

drawback if larger areas are to be bonded.  

 The appearance and bonding performance of hardwood hydrolysate 

and softwood ultrafiltrate are very similar. The type of hemicellulose 

or the extraction process does not seem to have a critical effect on 

the characteristics of the adhesives.  

 

4.4  Chitosan-graft-vinyl acetate dispersions 
As discussed in the previous paragraph, chitosan has shown very promising 

features when used as a binder in wood adhesives, but the high viscosity of 

the chitosan dispersions limits their applicability. PVAc is a commonly used 

formaldehyde-free adhesive, but it has poor water resistance and is derived 

from fossil sources. Vinyl acetate (VAc) was therefore grafted from chitosan 

in an attempt to combine the promising bonding performance of chitosan 

with the appealing spreadability of PVAc. Grafting of VAc from chitosan has 

been demonstrated for other applications.76-79 However, in the previous 

studies an unsatisfactorily low dry content was used, only between 5 and 10 

wt%, and the ratio of VAc to chitosan was 100:1 and 2:1 [w/w]. For adhesive 

purposes, it is necessary to have as high a dry content as possible, to obtain a 

sufficient amount of adhesive in the bond line and to minimize the amount of 

water that must be evaporated during the drying of the adhesive. It is also 

better to have as high bio-based content, in this case chitosan, as possible in 

the final adhesive without impairing the applicability of the adhesive.  

In this study, dry contents of 20 and 30 wt% were targeted and to achieve 

this, chitosan was dispersed in 10 wt% acetic acid sol (aq), pH 2, and 

sonicated to promote the mixing of VAc and chitosan. The mixture was 

continuously stirred to avoid phase separation of VAc and chitosan, and allow 

a homogeneous emulsion. After sonication, cerium(IV) ammonium nitrate 

(CAN) was added as an initiator and a white latex was formed. After 2 h 

reaction at 60 °C, a burn-out was performed by adding potassium persulfate 
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(KPS) and increasing the temperature to 75°C to ensure full monomer 

conversion. After the burn-out, the latexes could be used directly without 

further purification as adhesives. When 20 wt% dry content was targeted, as 

in 20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8, the corresponding dry contents 

were 9–11 wt% and 12–15 wt%, respectively. The latexes appeared 

homogeneous, milky, smooth, and of moderate viscosity, very similar to the 

commercial PVAc reference. When a higher dry content, 30 wt%, was 

targeted, as in 30-CS-g-PVAc1.4 and 30-CS-g-PVAc2.8, the latexes were not 

homogeneous. The dry contents were 13 wt% and 34 wt%, but the latexes 

contained lumps in a milky liquid with low viscosity.  

To remove remaining trace amounts of VAc and unbound PVAc the latexes 

(20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8) were dried, and thereafter the 

grafted polymers were separated and purified from free homopolymer of 

PVAc by dispersing the dry products in acetone and isolating the solids by 

centrifugation. Free PVAc, soluble in acetone, was found when a larger 

amount of VAc was used, 20-CS-g-PVAc2.8, but no free PVAc was obtained 

from 20-CS-g-PVAc1.4.  

To verify that VAc had been successfully grafted from chitosan, the purified 

grafted polymers, 20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8, were characterized 

with FTIR. FTIR spectra of the grafted polymers as well as those of the 

reference PVAc and of chitosan are shown in Figure 31. PVAc had a peak at 

1740 cm-1 corresponding to the carbonyl group. Chitosan showed 

characteristic peaks between 1600–1700 cm-1 representative for amine and 

amide molecular motions. The grafted polymers, 20-CS-g-PVAc1.4 and 20-CS-

g-PVAc2.8, showed characteristic peaks of both chitosan and PVAc, which 

corroborated the grafting of PVAc from chitosan.  
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Figure 31. FTIR spectra of chitosan, the grafted polymers (20-CS-g-PVAc1.4 and 20-
CS-g-PVAc2.8), free PVAc (homopolymer from 20-CS-g-PVAc2.8), and PVAc reference.  

In addition, the thermal properties of the grafted polymers were investigated 

with DSC and TGA, and the 1st derivative DSC results of chitosan, the grafted 

polymers (20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8), and PVAc reference are 

shown in Figure 32. Within the temperature range studied, chitosan showed 

no glass transition temperature, Tg, whereas PVAc showed a Tg at ~35 °C, and 

the grafted polymer, 20-CS-g-PVAc2.8, a Tg at ~42 °C. The rigidity of chitosan 

probably increased the Tg, indicating a successful grafting of PVAc from 

chitosan. The grafted polymer, 20-CS-g-PVAc1.4, with lower amount of VAc 

did not show a Tg as distinct as that of the other samples. The transition 

appeared in the same region, but was substantially broader, probably 

because the proportion of chitosan was greater in this sample.   
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Figure 32. 1st derivative DSC results for chitosan, the grafted polymers (20-CS-g-
PVAc1.4 and 20-CS-g-PVAc2.8), and PVAc reference. 

The thermal degradation of the grafted polymers was studied under nitrogen 

atmosphere. In Figure 33 and Figure 34, thermograms and the 1st derivative 

of the thermograms from the TGA are shown for chitosan, the grafted 

polymers (20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8), free PVAc homopolymer 

from 20-CS-g-PVAc2.8, and PVAc. Chitosan showed a small decrease at 

~100 °C, which is attributed to moisture evaporation, otherwise it degrades 

in a single-step process between 270 and 400 °C as previously reported.83 

PVAc degrade in a two-step process, as earlier reported.84-85 The first step 

(300–375 °C) corresponds to the deacetylation process forming acetic acid 

and the following step (400–500 °C) is the degradation of the main chain. The 

grafted polymers of 20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8 show a four-step 

degradation process. It has been suggested that the first step (215–300 °C) is 

due to oxidative degradation by the ceric ion.76 The second step slightly below 

300 °C is the region in which chitosan degrades. The third and fourth 

degradation steps follow the PVAc degradation with deacetylation (300–

375 °C) and the degradation of PVAc main chain (400–500 °C). The char 

yields, Figure 33, of the grafted polymers of 20-CS-g-PVAc1.4 and 20-CS-g-

PVAc2.8 were 18 and 21 % respectively, intermediate between the values for 

chitosan of 35 % and PVAc of 5 %. The TGA results in combination with FTIR 

and DSC corroborate that vinyl acetate was successfully grafted from 

chitosan. The thermal degradation of the grafted polymers thus starts above 

200 °C, which is well above the temperature of use in adhesive applications.  
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Figure 33. TGA results for chitosan, the grafted polymers (20-CS-g-PVAc1.4 and 20-
CS-g-PVAc2.8), chitosan, free PVAc homopolymer from 20-CS-g-PVAc2.8, and the 
PVAc reference. 

 

Figure 34. 1st derivative TGA results of chitosan, the grafted polymers (20-CS-g-
PVAc1.4 and 20-CS-g-PVAc2.8), free PVAc homopolymer from 20-CS-g-PVAc2.8, and 
the PVAc reference.  

The bonding performance of the latexes was evaluated by bonding wood 

veneers together by hot-pressing and tensile testing the veneers in an Instron 

after conditioning. The latex was easily applied to the wood surface; it flows 
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and wets the wood surface, like the PVAc reference. The tensile shear 

strength of the veneers bonded with latexes 20-CS-g-PVAc1.4 and 20-CS-g-

PVAc2.8 is shown in Figure 35. Chitosan alone and PVAc were used as 

references. 20-CS-g-PVAc1.4 and 20-CS-g-PVAc2.8 gave similar results. The 

tensile shear strengths of the dry and the redried wood specimens were not 

as high as that of the chitosan alone or of the PVAc reference, but the tensile 

shear strength of the wet samples was very good and superior to that of the 

PVAc reference. The dry content of the latexes (11 and 12 wt%) were much 

lower than that of chitosan (20 wt%) and PVAc (~50 wt%). The same amount 

of wet adhesive, 360 g m-2, was however used to bond the veneers, so the latex 

joint contained less adhesive material than the joint with either chitosan or 

PVAc. Even though the dry content was low, the bonding performance, 

especially the water resistance, was very promising. To compare the effects 

of grafting and blending, chitosan was blended with commercial PVAc, 20-

CSPVAc1.4, using the same proportions of PVAc as of VAc in reaction of 20-

CS-g-PVAc1.4. The dry content of the blend was 20 wt%, but 11 wt% for 20-

CS-g-PVAc1.4. The blend was heterogeneous with a much higher viscosity 

than the latexes. The bonding performance of the veneers bonded with the 

blend was rather similar as the veneers bonded with the latexes. However, 

the applicability of the blend was lost due to the high viscosity. The grafting 

procedure gave rise to visually homogeneous latexes of reasonable viscosity. 

 

Figure 35. The tensile shear strength of veneers bonded with 20-CS-g-PVAc1.4, 20-
CS-g-PVAc2.8, 20-CSPVAc1.4, chitosan and PVAc reference, pressed at 120 °C for 2.5 
min and evaluated with the Instron. Three samples for each conditioning method were 
evaluated. 
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The bonding performance of veneers bonded with latexes 30-CS-g-PVAc1.4 

and 30-CS-g-PVAc2.8 is shown in Figure 36. Both latexes were 

heterogeneous and contained substantial amount of coagulum. Latex, 30-CS-

g-PVAc1.4, had a dry content of 13 wt%. Even though the latex was not 

homogeneous, the tensile shear strength of the bonded veneers was greater 

than that of 20-CS-g-PVAc1.4. The latex, 30-CS-g-PVAc2.8, contained 

coagulum in a milky liquid with low viscosity. The coagulum had a dry content 

of ~34 wt%, and was also used to bond wood veneers together. The bonding 

performance was surprisingly good, even though it was difficult to spread the 

adhesive over the wood surface. The tensile shear strength of the dry samples 

was almost as high as that of PVAc. The water resistance was remarkably 

good, with a tensile shear strength of the redried samples of 6.7 MPa for 30-

CS-g-PVAc2.8, compared with 6.2 MPa for PVAc and chitosan of 6.4 MPa. The 

wet samples of 30-CS-g-PVAc1.4 and 30-CS-g-PVAc2.8 exhibited a tensile 

shear strength almost as high as that of chitosan alone. This shows the 

potential of combining chitosan with PVAc through a grafting procedure, but 

further work is necessary to obtain a high dry content without the formation 

of coagulum.  

 

Figure 36. The tensile shear strength of veneers bonded with 30-CS-g-PVAc1.4, 30-
CS-g-PVAc2.8, chitosan and the PVAc reference, pressed at 120 °C for 2.5 min and 
evaluated with the Instron. Three samples for each conditioning method were 
evaluated. 
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two layers to give the same amount of dry adhesive in the bond line as that of 

an adhesive with a dry content of 20 wt%. The bonding performance is shown 

in Figure 37. The tensile shear strength of the dry samples bonded with the 

latexes was slightly higher than that achieved with PVAc. The tensile shear 

strengths of the redried samples of 20-CS-g-PVAc1.4 were on a par with that 

of PVAc and that of 20-CS-g-PVAc2.8 was slightly lower. The latexes gave a 

very good water resistance with a tensile shear strength of 2.6 MPa for the 

wet samples compared with 0.17 MPa for PVAc and 2.3 MPa for chitosan. 

Veneers bonded with the latexes exhibited a similar and even better bonding 

performance than those bonded with chitosan. Furthermore, the applicability 

of the latexes was on a par with that of commercial PVAc. The grafting 

procedure yields latexes with a bonding performance and applicability 

superior to that achieved with the blending procedure.    

 

Figure 37. The tensile shear strength of veneers bonded with 20-CS-g-PVAc, chitosan 
and the PVAc reference. The adhesive was applied in two layers, pressed at 120 °C for 
2.5 min and evaluated with the Instron. Three samples for each conditioning method 
were evaluated. *Corresponding dry content. 
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the bonded veneers were superior to that achieved with PVAc or chitosan 

after all conditioning methods.  

 

Figure 38. The tensile shear strength of veneers bonded with latexes 20-CS-g-
PVAc1.4 and 20-CS-PVAc2.8 with chitosan addition, chitosan and the PVAc reference, 
pressed at 120 °C for 2.5 min and evaluated with the Instron. Three samples for each 
conditioning method were evaluated. 

As aforementioned, PVAc is usually pressed at room temperature, and the 20-
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bonding wood veneers by pressing at room temperature for 2 h. The tensile 

shear strengths of these bonded veneers are shown in Figure 39. The 

bonding strength of the veneers bonded with the latexes was retained and 

even slightly improved when they were pressed at room temperature instead 

of 120 °C, even though there was a substantial amount of water to be 

evaporated during drying. The tensile shear strength of the dry and redried 

samples was not as good as that of the PVAc reference, but the wet samples 

were still impressively strong. Again, the low dry content of the latexes (11 
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alone exhibited good dry strength but poor water resistance. After water 
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Figure 39. Tensile shear strength of the veneers bonded with 20-CS-g-PVAc1.4, 20-
CS-g-PVAc2.8, 20-CSPVAc, chitosan and the PVAc reference. The veneers were bonded 
and pressed at room temperature for 2 h, and evaluated with the Instron. *Veneers 
bonded with chitosan that were immersed in water started to delaminate during 
drying. Three samples for each conditioning method were evaluated. 
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5 Conclusions 
This thesis describes the use of polysaccharides as binders in wood 

adhesives. The aim was to prepare bio-based adhesives, preferably based on 

raw materials from the forest, with a bonding performance similar to or 

better than that of a commercial PVAc-adhesive.  

Gums, polysaccharides with structure similar to that of hemicellulose but 

with considerably higher molecular weights, were first evaluated due to 

difficulties in obtaining hemicelluloses in sufficient amounts. Wood 

specimens bonded with LBG dispersed in water showed remarkable bonding 

performance, superior to that of PVAc, without any modifications. LBG can be 

classified as D1, D2, and WATT91 adhesive according to European Standards 

and it is possible to use the adhesive at both room temperature and elevated 

temperatures. However, the gum dispersions had very high viscosities 

already at low dry contents. Their applicability is limited due to the high 

viscosity and the adhesive contains too much water to be practical for 

commercial use.      

Wood hemicelluloses from different sources: xylan from beech-wood, 

hardwood hydrolysate, and softwood ultrafiltrate were dispersed in water 

and evaluated as wood adhesives. The bonding performance of 

hemicelluloses alone was not sufficient, with a low dry bond strength and 

poor water resistance. Xylan in combination with dispersing agents and 

crosslinkers can qualify as D1 and WATT91 adhesives.  

Hemicelluloses dispersed in PVAm showed a good bonding performance with 

regard to dry bond strength, water resistance, and heat resistance. However, 

the PVAm-containing dispersions had very high viscosities and were gel-like 

and very difficult to spread evenly over the wood surface. The appearance 

and the bonding performance of the different PVAm-containing 

hemicellulose samples were comparable. 

A bio-based alternative to PVAm is the amino-functional polysaccharide, 

chitosan. A fully green wood adhesive based on hemicellulose and chitosan 

had a remarkably good bonding performance, especially with regard to water 

resistance, which was superior to that of a commercial PVAc-adhesive. Even 

in water at 60 °C, the wood veneers held together and showed very promising 

results. Commercial xylan had a slightly better bonding performance than the 

pulp-mill-derived hemicelluloses, but the high viscosity of xylan would be a 

drawback if larger areas were to be bonded. The appearance and the bonding 

performances of hardwood hydrolysate and softwood ultrafiltrate were very 

similar. Neither the type of hemicellulose nor the extraction process seems to 



 

65 
 

affect the characteristics of the adhesives. This is beneficial because 

hemicelluloses will probably need to be acquired from different mills to 

obtain sufficient amounts for adhesive production.  

Chitosan can also be used alone as an adhesive with very promising results, 

particularly regarding water resistance. However, chitosan dispersions have 

very high viscosities and are difficult to spread out over the wood surface. 

Chitosan was therefore combined with PVAc by preparing chitosan-grafted-

PVAc dispersions. These were very similar to that of PVAc regarding viscosity 

and spreadability. The water resistance of the chitosan-grafted-PVAc 

dispersions was remarkably good; the strength of the wet samples was 

superior to that of the PVAc reference. However, the tensile shear strengths 

of the dry and redried samples were not sufficient. The dry content of the 

prepared latexes was ~10 wt% and the amount of adhesive material in the 

bond line was less than that of chitosan or the PVAc reference. By using 

multiple gluing, the adhesive material in the bond line was increased to 

correspond to a bond line with an adhesive of 20 wt% dry content. The 

bonding performance of the latexes was remarkable with higher tensile shear 

strengths than PVAc with an appearance and spreadability similar to that of 

PVAc.  

In conclusion, it is possible to use hemicelluloses and other polysaccharides 

in wood adhesives with a bonding performance similar to or even better than 

PVAc. Hemicellulose shows a good potential to be a valuable raw material for 

a commodity wood adhesive.  
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6 Future work 
Hemicelluloses have shown promising characteristics for use as binders in 

wood adhesives. However, it has been difficult to elucidate what factors that 

governs the adhesion. A better understanding of the adhesion would enable 

further optimization of the adhesives in regards to applicability as well as 

better bonding performance. The bond line and the adhesive’s penetration 

into the wood substrate can be investigated by optical microscopy or 

scanning electron microscopy and may provide further understanding of the 

interaction between the adhesive and the wood substrate. Furthermore, the 

adhesion can be studied with for example atomic force microscopy. The 

rheology of the adhesives is also a crucial parameter that needs to be 

optimized for the applicability of the adhesive. The spreadability of the 

dispersions for bonding larger wood substrates must be considered and 

further evaluated. By preparing freestanding films of the adhesives, further 

evaluation of the materials can be conducted for better understanding.  

This thesis can be seen as a screening to assess the potential of hemicelluloses 

and other polysaccharides in wood adhesives. The procedures have not been 

optimized to reveal the full potential of the adhesives.  
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