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Abstract 
Different native starches, modified starches and plant proteins were evaluated as wood 
adhesives. They were combined with different synthetic polymers in order to achieve 
improved adhesive properties. The study was divided into two parts: development of starch 
based adhesive formulations and evaluation of an existing protein based adhesive. 
  
Eight different starches and two different plant proteins were used in the first part. Starch 1 
and starch 2 as well as protein 1 and protein 2 were some of the used materials. These 
materials were dispersed in synthetic polymers such as poly (vinyl acetate) (PVAc), styrene-
butadiene rubber (SBR), poly (vinyl alcohol) (PVA), poly (acrylic acid) (PAA) and poly 
(ethylene-co-vinyl acetate) (EVA). Five different cross-linking agents were also tested. 
 
In the second part of the study, protein 2 was used as a renewable material. It was dispersed in 
dispersing media 2 and filler 1 was used. In an effort to increase the amount of renewable 
material in the adhesive composition, six different renewable fillers were examined. Lower 
pressing temperatures as well as lower amounts of cross-linking agent 1 were evaluated in 
order to observe their influence on the adhesive properties of the protein based adhesive. 
 
All formulations were characterized by measurement of viscosity, solid content and pH. The 
adhesive properties of some of the formulations in both parts of the study were characterized 
according to SS-EN 204:2001 and EN 14257 (WATT 91). 
 
The best results, of the starch based formulations, were obtained when starch 1 and protein 2 
were dispersed in dispersing media 2 or dispersing media 7. These formulations in 
combination with cross-linking agents were classified as D2 and passed the criteria for heat 
resistance (WATT 91). However, the results were comparable with the reference sample. 
 
It was possible to replace filler 1, totally or partly, in the protein based adhesive with 
renewable fillers. Protein based adhesive formulations with filler 2 and filler 4, amongst 
others, showed improvement of the adhesive properties. These formulations passed D3 and 
D4 – wet criteria and almost passed D4 – boiling criteria. The amount of renewable material 
in the protein based adhesive was increased from ~32 % to ~56 % in the formulations that 
obtained the best adhesive properties. The amount of non-petrochemical material was ~67 % 
in all new formulations as well as in the reference sample.   
 
By decreasing the pressing temperature from 110 °C to 90 °C or by decreasing the amount of 
cross-linking agent 1 from 15 % to 5 %, a protein based system that passes D3 criteria can be 
obtained. 



  

Sammanfattning 
Olika nativa stärkelser, modifierade stärkelser samt olika växtprotein utvärderades som trälim. 
Dessa kombinerades med olika syntetiska polymerer för att uppnå förbättrade limegenskaper. 
Denna studie var uppdelad i två delar: utveckling av stärkelsebaserade lim och utvärdering av 
ett befintlig proteinbaserat lim.  
 
Åtta olika stärkelser och två olika växtproteiner användes i den första delen. Starch 1, starch 2 
samt protein 1 och protein 2 var några av de material som användes. Dessa material 
dispergerades i syntetiska polymerer så som polyvinylacetat (PVAc), polyvinylalkohol 
(PVA), styren-butadien gummi (SBR), polyakrylsyra (PAA) och poly (etylen-co-vinylacetat). 
Fem olika tvärbindare testades också. 
 
I den andra delen av studien användes protein 2 som förnyelsebart material. Protein 2 
dispergerades i dispersing media 2 och filler 1 användes som fyllmedel. För att öka mängden 
förnyelsebart material i det proteinbaserade limmet, testades sex olika förnyelsebara 
fyllmedel. Lägre presstemperaturer samt lägre mängd tvärbindare (cross-linking agent 1) 
utvärderades och effekten på det proteinbaserade limmets limegenskaper studerades.   
 
Alla formuleringar karakteriserades med avseende på viskositet, torrhalt och pH. 
Limegenskaperna hos några utvalda formuleringar, i båda delarna av studien, karakteriserades 
enligt SS-EN 204:2001 och EN 14257 (WATT 91).  
 
Starch 1 och protein 2 dispergerat i dispersing media 2 eller i dispersing media 7, gav de bästa 
resultaten. Dessa formuleringar klarade kriteriet för D2 och WATT 91 när tvärbindare 
tillsattes. Resultaten var dock jämförbara med referensprovet.  
 
Det visade sig vara möjligt att ersätta filler 1, helt eller delvis, med förnyelsebara fyllmedel i 
det proteinbaserade limmet. De proteinbaserade formuleringarna med filler 2 eller med filler 4 
visade förbättrade limegenskaper jämfört med referensprovet. Dessa formuleringar klarade 
D3 och D4 – våt kriteriet och klarade nästan D4 – kok kriteriet. Mängden av förnyelsebart 
material i de proteinbaserade formuleringarna ökade från ~32 % till 56 % i de formuleringar 
som visade bäst limegenskaper. Mängden av icke-petroleumbaserat material var ~67 % i alla 
proteinbaserade formuleringar samt i referensprovet. 

Genom att minska presstemperaturen från 110 °C till 90 °C eller genom att minska mängden 
cross-linking agent 1 from 15 % till 5 % kan ett proteinbaserat system som klarar D3 kriteriet 
fås.  
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1. Aim of study 
The aim of this study was to evaluate different native and modified starches as well as plant 
proteins as wood adhesives. This study is a part of a programme performed at Casco 
Adhesives AB named Kratos. The first part of this study was to evaluate different starches as 
main components in a wood adhesive. It had been stated previously that starch 1 dispersed in 
dispersing media 1 had relatively good adhesive properties when used in wood applications. 
The system had, however, poor water resistance and was quite expensive. In this part different 
starches were to be dispersed in other synthetic polymers. The questions to be answered were: 
 

- Can starch dispersed in PVAc, SBR, PVA, PAA and EVA be used as a wood adhesive 
with good adhesive properties? What classification would these adhesives have? 

 
- Can cross-linking agent 1-5 be used as cross-linking agents in these systems? Does the 

addition lead to improvement of the adhesive properties?   
 

- Are there any advantages with theses systems compared to the reference (starch 1 
dispersed in dispersing media 1)? 

 
The second part of this study was to evaluate an existing protein based adhesive. This 
adhesive has been tested as wood adhesive and shown good results. The system uses filler 1, 
which is not a renewable material. In order to increase the amount of renewable material, 
renewable fillers were to be tested. Another step was to evaluate the replacement of dispersing 
media 2 by in-house synthetic dispersions, dispersing media 3 and dispersing media 4. The 
last step was to evaluate the effect of lower pressing temperatures and lower amounts of 
cross-linking agent 1 on the original protein based adhesive. The questions to be answered 
were: 
 

- Can filler 1 be, totally or partly, replaced by filler 2-7 in the existing protein adhesive 
formulation? What classification would these adhesives have? 

 
- How is the amount of renewable material and non-petrochemical material in the 

adhesive formulation affected by the replacement of filler 1? 
 

- Can dispersing media 2 be replaced by dispersing media 3 or dispersing media 4? 
How are the adhesive properties affected by the replacement? 

 
- How are the adhesive properties affected by lowering of the pressing temperature? 

What classification can be obtained? 
 

- How are the adhesive properties affected by lowering of the amount of cross-linking 
agent 1? What classification can be obtained? 
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2. Introduction  

2.1 Adhesives 
An adhesive is used in order to bond two substances together. To enable the bonding the 
adhesive has to have surface adhesion and cohesion.1 This means that the adhesive used must 
be able to develop an adhesion to the substrate and after setting it has to have the required 
bond strength (cohesion). Therefore, the interaction between the adhesive and the substrate 
has to be very good.1, 2  

2.1.1 Adhesion theory 
In order to obtain surface adhesion, the adhesive needs to be able to wet the substrate. The 
wettability depends on the adhesives and the substrates surface energy. The adhesive, 
therefore, needs to have a lower surface energy than the substrate. The lower energy is a 
necessity, because nature aims to obtain a decrease in total energy. Furthermore, if the 
adhesive has a lower surface energy than the substrate, it will spontaneously spread over the 
substrates surface and thereby wetting it. The degree of wetting can be analyzed by 
measurements of the contact angle of a drop of adhesive on the substrate. If the contact angle 
is small, the degree of wetting is high and there is a good chance to obtain good adhesion.2, 3 
The contact between the adhesive and the substrates is dependent on the viscosity of the 
adhesive and the rate of setting. Another necessity for good adhesion is high internal strength 
(cohesion). The internal strength depends on what kind of bonding that occurs between the 
adhesive and the substrate. Cohesion is thereby determined by the strength of covalent bonds, 
polar bonds, hydrogen bonds or London interactions. Depending on the distance between the 
surfaces, bonds with different energies will be formed. In order to obtain good adhesion, the 
distance should, in most cases, be smaller then 5 Å.2 The lack of durability of an adhesive 
joint is often due to insufficient contact with the substrates.4 The durability of an adhesive 
joint is affected by other factors as well, for example the application which it is used for 
(indoors or outdoors), the load it has to bear and the temperature it will be exposed to.4  
 
Another important factor in obtaining good adhesion, especially in porous materials, is 
physical locking. Physical locking occurs when the adhesive spreads over the substrate and 
then sets, thereby locking the material from motion.1, 5   
 
In addition to good adhesion and cohesion, there are other requirements on adhesives as well. 
For example the adhesive needs to be able to go through processing that is normal in adhesive 
manufacturing and have a reasonable price. In later years it has become more and more 
important that the adhesives should be as environmentally friendly as possible.1, 5  

2.1.2 Types of adhesives 
Adhesives can be divided into two groups, chemically setting and physically drying 
adhesives. The chemically setting adhesives, usually have a low molecular weight from the 
beginning and thereby a low viscosity. When applied they will undergo a chemical reaction, 
either cross-linking or polymerization, which will lead to higher molecular weights and 
thereby also higher viscosities. Examples of chemically setting systems are epoxides and 
cyanoacrylates, see figure 1 and 2.1, 6, 7  
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Figure 1.  The setting of epoxides with a primary amine as a curing agent.8 
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Figure 2. Chemical curing (polymerization) of cyanomethacrylates.9  

 
Physically drying systems have high molecular weights from the beginning. Since high 
molecular weights correspond to high viscosities, a problem will quickly arise. This problem 
is solved by having the adhesive in a continuous phase as a solution or dispersion or by 
heating it up until it forms a melt. The physical drying is a result of the evaporation of a 
solvent or the cooling of a melt. An example of a physically drying system is poly (vinyl 
acetate) emulsions.1, 5, 6   

2.1.3 The process of film formation 
During physical drying where the system is a latex, film formation will occur. Film formation 
is the process of making a coherent film. The process can be divided into three stages: 
consolidation, compaction and coalescence, see figure 3. The first stage, consolidation, is the 
evaporation of the continuous phase. As evaporation proceeds, the particles will come in 
contact with each other. In the second stage, compaction, the particles are so close together 
that they will start to rearrange locally and deformation will occur when they are pressed 
further together. Due to the deformation and rearrangement, the pores and interstices will 
disapPr. The forces that are effective during compaction are capillary forces and van der 
Waals forces. In coalescence, the third stage, the polymer chains in the polymer particles 
break the interstitial membrane and diffuse into neighbouring particles. The inter-particle 
diffusion leads to the elimination of particle interfaces and it is in this stage that the film 
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develops mechanical strength. During coalescence a reduction of surface energy occurs, this 
is the driving force for this stage.6, 10, 11  

  
Figure 3. The three stages of film formation, Stage 1 (consolidation), stage 2 (compaction) and stage 3 
(coalescence). 6 

 
Film formation is a very complex process and depends on many factors, for example the 
properties of the polymer and the drying conditions.6, 10, 11 A polymer property that is 
important during this process is the glass transition temperature, Tg. Tg is important because 
film formation would not take place completely if the polymer chains did not have high 
enough mobility to diffuse into neighbouring particles and thereby the film would never 
obtain mechanical strength. The polymer chains gain high enough mobility when exposed to 
temperatures at or above their Tg, which enables the inter-particle diffusion. Thus, the 
temperature during film formation has to be above Tg to enable complete film formation. The 
usage temperature of the film, however, should not be too high above Tg because that will 
make the film soft with poor mechanical properties. Tg determines the minimum film 
formation temperature, MFFT, that states at which minimum temperature film formation will 
occur. The use of MFFT is most common in the industry.6, 10, 11  

2.2 Renewable adhesives 
As far as man has existed, there has been a need and use of adhesives. The early adhesives 
were bio-based using blood, collagen and starch. Later came also the use of plant proteins in 
adhesives. 12 These adhesives were very good when kept in dry conditions but when exposed 
to water, the durability decreased significantly. This problem was somewhat evaded by heat-
curing of blood and casein adhesives.12 In the beginning of the 20th century formaldehyde 
adhesives were developed, these adhesives had very good durability and could be used 
outdoors. The lack of durability of the bio-based adhesives made them fall behind. In recent 
years, however, the world has been made more aware of the environmental aspect of the 
synthetic adhesives. The raw materials used in the synthesis of these polymers are far from 
renewable and are often derived from natural oil or gas. Another aspect that has fuelled the 
research on renewable adhesives is that some of the raw material may be dangerous for 
humans and the environment, formaldehyde is for example considered as a priority 
pollutant.12, 13  
 
Carbohydrates can also be used in renewable adhesives. They are most often found in nature 
in the form of polysaccharides and can be found in for example plants. The low price of 
polysaccharides is due to their abundance, ¾ of the dry weight of plants consists of this kind 
of carbohydrates. There are three types of polysaccharides that are most commonly used 
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commercially; cellulose, gum and starch. Cellulose is produced in large amounts per year, 
making it one of the most important renewable materials. It is used in adhesives when an 
inexpensive raw material for bonding porous substrates is needed. By modification of 
cellulose, different types of adhesives may be obtained. Gums can be obtained from micro-
organisms or plants. There are many different types of gum, for example gum Arabic which is 
derived from plants, bean gum which is a seed gum and xanthan gum which is an 
extracellular microbial gum. Starch is also a polysaccharide and has for a long time been used 
in or as adhesives.14 There are many reasons to use starch in adhesive formulations. One of 
the reasons is that it is relatively easy to produce colloidal, aqueous solution of this high 
molecular weight polymer. Because of the high molecular weight of starch, the solid content 
cannot be too high since that would lead to highly viscous solutions and problems when used 
in adhesive applications. The low solid content in these solutions may lead to long drying 
times, which is not always appreciated.1, 15 Starch is a polar material and will thereby have 
high affinity towards other polar materials such as cellulose. Therefore, it will be specifically 
useful in wood adhesive formulations. The high affinity to cellulose will minimize the contact 
angle between adhesive and substrate, allowing the adhesive to wet the substrate and form 
strong bonds.13 
 
The idea of using renewable polymers in adhesives is beneficial to both industry and nature. 
By using renewable adhesives, the industry can be guaranteed of the supply of raw material 
and the environmental impact of producing and using these adhesives will decrease 
significantly.1 

2.3 Chemistry of starch 
Starch is a renewable plant polymer that has been used for a long time in many different 
applications such as adhesives, food, textiles and pharmaceuticals. It is a carbohydrate and 
can be derived from plants, such as filler 3, potato, wheat and tapioca. Starch is used in plants 
as means to store chemical energy and is produced through photosynthesis. The properties of 
starch is what makes it such a sought after polymer for many applications, properties such as 
polyfunctionality (several hydroxyl groups) and non-toxicity. It is also a relatively cheap 
polymer and there are many different ways to modify it for specific applications.15, 16, 17 
 
By being a polysaccharide, starch consists of carbon, hydrogen and oxygen, with a ratio of 
6:10:5. Starch can be considered as a polymerization product, just like cellulose, where 
glucose is the monomer. The difference between starch and cellulose is that the glucose rings 
are in α-D configuration (α-D-glucopyranose) in starch while they are in β-D configuration 
(β-D-glucopyranose) in cellulose, see figure 4.14, 16, 18 
 

OOH

OHOH

OH OH

OOH

OHOH

OH

OH

α -D -glucopyranose β -D -glucopyranose
 

Figure 4.  The different glucose units in starch and cellulose.18 

 
The rePting unit of starch is the anhydroglucose unit and they are tied together through a 
glucoside bond (a bond where the glucose units are linked together by the oxygen on C1), see 
figure 5. By tying anhydroglucose units by a glucoside bond, an acetal linkage is formed. This 
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linkage is stable under alkaline conditions but under acidic conditions hydrolysis of the 
linkage may occur.14, 16   
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Figure 5. The rePting unit of starch, the anhydroglucose unit.14 

2.3.1 Amylose and amylopectin 
Starch consists of two slightly different polymers, amylose and amylopectin. Both of these 
polymers have the same rePting unit, anhydroglucose unit, as mentioned above. The 
difference occurs in the glucoside bonds. Amylose forms a linkage between C1 and C4, a 1,4-
linkage, which makes it a linear polymer while amylopectin forms a linkage between C1 and 
C6, a 1,6-linkage, as well as a 1,4-linkage, see figure 6 and 7.16, 17 

 

O

OH

OH

*

O

OOH

OH

OH

O

OOH

OH

OH

O
*

OH

n

 
Figure 6. The linear polymer, amylose.14 

 
The major part of the glucoside bonds in amylopectin consist of 1,4-linkages, with only 
approximately 4 to 5 % 1,6-linkages. The two different linkages that are present in 
amylopectin give rise to a branched polymer.16, 17  
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Figure 7. The branched polymer, amylopectin.14 

 
All starches consist of one or both of these polymers, the amount of each polymer depends on 
the source of the starch.16, 17 The different linkages in amylose and amylopectin give rise to 
different molecular weights. Amylose has a degree of polymerization, DP, of 250 to 4000, 
which means a molecular weight of 40 000 to 650 000 g/mole. The molecular weight depends 
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on the origin of the starch. The molecular weight of amylopectin is in the range of 10 to 100 
million, making it one of the largest natural molecules. The branches of amylopectin have an 
average DP of 22.17, 19 
 
The ratio of amylose and amylopectin in starch can affect the final properties of starch, for 
example its gelatinisation, viscosity, solubility, gel stability and tackiness.20 The starch is 
present in the plants as particles called granules. In the granules the amylopectin forms 
crystals, while amylose remains amorphous. The crystal regions are bound together by the 
more amorphous parts. Amylopectin is the main source of crystallinity and structure in the 
granule while amylose, being amorphous, is only lightly bound to the granule.14, 16, 19, 21 The 
granules can vary in shape, size and amount of amylose and amylopectin depending on their 
origin, see table 1.16, 21  
 
Table 1.  The different amount of amylose and amylopectin, the granule shape and size depending on the 
origin of the starch.16, 19 

Starch Amylose [%] Amylopectin [%] Granule shape Granule size [µm] 
Filler 3 28 72 Round, polygonal 5-26 
Tapioca 17 83 Truncated, round, oval 5-25 
Potato 21 79 Oval, spherical 15-100 
Wheat 28 72 Round, lenticular 2-35 

2.3.2 Retrogradation 
The two polymers which starch consist of, amylose and amylopectin, have several hydroxyl 
groups which can act as both acceptors and donors for hydrogen bonds, see figure 8.22 
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Figure 8. Hydrogen bonds in starch, which contribute to retrogradation. 
 
Because of the hydrogen bonds and amylose being a linear polymer, it may form a network 
when dispersed in water. The formation of the network is called retrogradation. When the 
network is formed, water may be trapped inside it and a gel is then obtained.16 The rate by 
which retrogradation occurs can be affected by several factors, for example the concentration 
of amylose in starch, its molecular weight and the temperature. The rate of retrogradation 
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increases with the molecular weight of amylose until the DP reaches 100-200, than the rate 
starts to decrease with increased DP.25 By adding a substance that interferes with the 
molecular alignment, the rate of retrogradation will decrease. An example of such a substance 
is calcium nitrate.16, 19 Retrogradation does not occur as easily with amylopectin since it is a 
highly branched polymer.16 
 
Since most of the native starches consist of approximately 20 % amylose, the process of 
retrogradation is an important one and will in some cases determine if the starch is of use in 
certain applications.16, 20 

2.3.3 Gelatinization 
As mentioned above, the granules are not soluble in water but they can, however, be dispersed 
in water. When an aqueous dispersion of starch is heated to a certain temperature, the granules 
will start to swell. This process is called gelatinization and is irreversible.16 The temperature 
at which gelatinization occurs is called gelatinization or pasting temperature. This process 
occurs when the temperature is high enough that the hydrogen bonds that hold the starch 
granule together are weakened and water molecules can penetrate between the polymer 
chains. The swelling takes place as the granule takes up water, and as the heating proceeds the 
granules increase in size, until they finally collapse. During gelatinization, the viscosity of the 
dispersion increases until it reaches the Pk viscosity, see figure 9.16  

 
Figure 9. The variation of viscosity during heating, the gelatinization process.16 with modifications 

 
Even below the gelatinization temperature, the granules can take up a small amount of water 
and swell, this process, however, is reversible. The reversible swelling that occurs may be due 
to that water only penetrates the amorphous part of the granule while it during gelatinization 
can also penetrate the crystalline part. When the swollen granules have collapsed, molecules 
of starch will start to leak out into the water and the viscosity of the dispersion will decrease. 
As the heating is continued, the starch molecules will be completely dispersed in water. The 
gelatinization temperature varies for different starches and depends on the origin, shape and 
concentration of the starches, see table 2. 16 

 
Table 2. The gelatinization temperature of different native starches.19 

Starch Gelatinization temperature [° C] 
Filler 3 75-80 
Tapioca 60-65 
Potato 60-65 
Wheat 80-85 
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Gelatinization can be seen as a way to measure the strength of hydrogen bonds between starch 
molecules.16 

2.3.4 Modification of starch 
Starch has many good properties such as non-toxicity, biodegradability and polyfunctionality 
(several hydroxyl groups) as mentioned above. However, it also has more negative properties 
such as poor mechanical properties, the degree of swelling varies with relative humidity, poor 
water resistance and that they form cohesive pastes. Another problem with using starch is that 
with aging, starch will obtain damages like cracks and crazes. These damages can cause a 
change in crystallinity. The unwanted properties can be avoided by modification of the 
starch.17 The modifications can change for example how and when the starch gels, the 
hydrofilicity of starch, the solids-viscosity relationship, gelatinization temperature and the 
ability to resist viscosity breakdown by heat or acid. 16, 23   
 
There are different ways of modifying starch for example, by breaking the glucoside bond, 
acid modification to dextrins can be obtained. The degradation of starch into dextrins can be 
obtained by the use of heat or acid. After the hydrolysis of starch into lower molecular 
weights (white dextrins), the fragments are polymerized once again giving rise to yellow 
dextrins, see figure 10.16, 23  

 
Figure 10. Dextrinization of starch.23 

 
Oxidation of starch can be obtained by a reaction with oxidative agents, for example 
potassium permanganate. During oxidation starch will obtain new functionalities, a mix of 
carbonyl and carboxyl groups, see figure 11. By performing oxidation, the starch will achieve 
better tack and adhesion.24 



Starch and Protein based Wood Adhesives  Lidija Glavas 

 15

OOH

OH

OH

*

O
*

n

+ O

OH

OH

*

O
*

O

n

[O] O

OH

OH

*

O
*

O

OH

n

Starch Carbonyl functional starch Carboxyl functional starchPeriodate ion

IO4 
-

  
Figure 11. The oxidation of starch using periodate ion.24 

 
Another way to obtain new functional groups in starch is by substituting the free hydroxyl 
groups. An example of substitution is when hydroxyl groups react with ethylene oxide to give 
rise to hydroxyethyl starch, see figure 12.24 
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Figure 12.  The substitution of hydroxyl groups to hydroxyethyl groups with ethylene oxide.24  
  
Heat treatment is yet another way to modify starch and is more commonly known as the 
cooking of starch. During heating the starch granules swell giving rise to higher viscosity. The 
increase in viscosity occurs at specific temperatures for different starches, it occurs at the 
gelatinization temperature. By performing heat treatment on starch, higher viscosity can be 
obtained, as well as a decrease in the degree of crystallinity.14 

 

Grafting can also be used in order to modify starch. It can be obtained by polymerizing a 
monomer in the presence of starch. This may result in covalent bonding of the polymers and 
thereby grafting. 16, 17  

2.3.4.1 Cross-linking of starch 
The most common method to alter starch is by cross-linking, it is also, in most cases, the least 
expensive method. During cross-linking reactions an intermolecular bond between polymer 
chains is formed. These bonds will help to reinforce the already existing hydrogen bonds and 
will thereby give rise to different or enhanced properties. The new properties can include 
resistance to high shear, high temperatures and low pH. If the starch is cross-linked before 
gelatinization, it will also be slightly more restricted towards swelling and viscosity 
breakdown during heating. The cross-linking reactions involve reactions between starch 
granules. Therefore, the amount of cross-linking will be small in relations to the amount of 
anhydroglucose units. The common amount of cross-linking in starch is about 1 cross-link per 
100-3000 anhydroglucose units. 16, 17  
 
In order to cross-link molecules, a cross-linking agent may be used. These are often bi- or 
multifunctional reagents that can react with the hydroxyl groups in starch and form ester or 
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ether bonds. Some examples of commonly used reagents are epichlorohydrin, phosphourus 
oxychloride and sodium trimetaphosphate, see figure 13.16, 17  
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Figure 13. Three cross-linking reactions of starch using epichlorohydrin, phosphorus oxychloride or 
sodium trimetaphosphate as cross-linking agents. 
 
If a cross-linking agent is added to a polymer blend, one of two things can occur: the first is 
that the cross-linking reaction only occurs between one of the polymers in the blend and the 
second is that it occurs between the different polymers. The conditions under which the cross-
linking reaction has to be performed varies with temperature, pH and the cross-linking agent. 
Many cross-linking reactions, but far from all, are performed under alkaline conditions. 16, 17 
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Another way to cross-link starch systems is by using radiation. By subjecting the starch 
molecules to ionized radiation, the main outcome will be cross-linking and degradation. By 
varying the conditions under which the reactions occur, the cross-linking reaction can be 
predominant. One of the advantages by using radiation as a means for cross-linking is that the 
cross-linking will be homogenous throughout the whole sample.17   

2.4 Chemistry of proteins  
Proteins can be found in animals and plants and act as a metabolic or structural element in 
these. The source of proteins can vary, some examples of sources are P, soy, wheat gluten and 
L. Proteins are polymers that consist of amino acids, see figure 14.18, 25 
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Figure 14. The general structure of amino acids. Depending on the R-group, different properties will be 
obtained.18 

 
There are 20 different amino acids, see figure 15. They can have different functionalities 
depending on their R-group, for example they can be acidic, basic or neutral.18, 25 
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Figure 15. The 20 most common amino acids. 
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Because of the chirality of the amino acids (all except glycin), there are two enantiomers of 
each amino acid. The two enantiomers are D(dextro)-enantiomer and L(levo)-enantiomer, 
where the L-enantiomers are the most common form in proteins. Another effect of the 
chirality is that the amino acids (all except glycin) are optically active.18 Depending on the R-
group, amino acids can be both hydrophilic and hydrophobic. Amino acids are charged at a 
pH of 7, the carboxyl group is then an anion and the amino group a cation.18  
 
The oligomers of amino acids are called peptides. The peptides are formed by a condensation 
reaction where the α-amine-group of one amino acid reacts with the α-carboxyl-group of 
another amino acid. The linkage between the amino acids is an amide bond, also called the 
peptide bond, see figure 16. 18 

 

NH2 NH
OH

R

O R

O  
Figure 16. A dipeptide, the peptide bond is encircled.  
 
One structural difference between proteins and synthetic polymers is that proteins may consist 
of more than 20 different monomers (amino acids) while synthetic polymers consist of one or 
a few monomers. This may influence the adhesive formulations since different amino acids 
have different functionalities. 18, 26 

2.4.1 Morphology of proteins 
Another difference between synthetic polymers and proteins can be seen in their morphology. 
Besides the primary and secondary structures, proteins also have a tertiary and quaternary 
structure. The primary structure gives the order of the amino acids and influences the 
secondary structure which gives the rePting conformation of the protein. Proteins can have 
two different secondary structures, α- helix or β-sheet. The secondary structure is mainly 
stabilized by hydrogen bonds. The primary structure also influences the tertiary structure 
which indicates the conformation in space and is stabilized by weak van der Waals forces. 
The quaternary structure is the interaction of the protein with other molecules. 18, 26 
 
The quaternary and tertiary structures may impose poorer adhesion, therefore, the breaking of 
the van der Waals forces and the hydrogen bonds in order to obtain only the secondary 
structure is desirable in adhesive formulations. The breaking of the van der Waals forces and 
hydrogen bonds, and thereby the unfolding of the protein complexes, can be performed by the 
addition of alkali to the formulation. 12, 26 One problem that might arise in protein adhesives is 
an increase in viscosity during storage. The increase can be related to the instability of protein 
dispersions, since protein chains tend to interact with each other over time. Yet another 
problem is the low water resistance of protein adhesives. This can be amended by the cross-
linking of proteins. Because of the high versatility of protein functionality, many cross-linking 
agents may be used. The commonly used cross-linking agents in protein adhesive 
formulations are formaldehyde, phenol-formaldehyde and poly (amineamido) - epoxy resin.26        

2.4.2 Protein 1 and Protein 2 
Protein 2 is generally extracted from yellow P, which is a legume and belongs to the family 
Leguminosae. Dried P consists mostly of carbohydrates (~35 %) and then proteins and fibres 
(~27 % of each). It also contains a small amount of lipids. The composition of protein 2 is 
mainly globulins with a small amount of albumins. 27  
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L seeds, as to where Protein 1 is extracted from, are an important legume plant. It has a high 
protein content (>50), like soy bean. Advantages with using Protein 1 are, for example that L 
is easy to grow and to harvest. 28 The major component of Protein 1 is globulins but it also 
contains small amounts of albumins. 28 See table 3 for the amino acid composition of P and 
Protein 1. 
 
Table 3. The approximate amino acid composition of protein 1 and 2. 29 

Amino acid Amount in  
protein 2 [%] 

Amount in 
protein 1 [%] 

Aspartic acid 11.4 - 
Glutamic acid 17.3 21.8 

Serine 5.0 5.2 
Glycine 3.9 4.2 

Histidine 2.5 2.5 
Arginine 8.3 10.8 

Threonine 3.9 3.6 
Alanine 4.1 3.4 
Proline 4.4 - 

Tyrosine 3.1 3.8 
Isoleucine 4.9 3.7 
Leucine 8.4 6.9 
Valine 5.1 3.9 

Methionine - 0.9 
Cysteine - 1.9 

Phenylalanine 5.4 3.9 
Tryptophan - 1 

Lysine 7.1 5 

2.5 Bio-based adhesive formulations 
There have been many studies made on renewable adhesives using different types of starch 
and proteins. One example of a starch based adhesive is a formulation based onstarch 1 and 
PVA. A cross-linking agent, hexamethoxymethylmelamine, was added to the formulation as 
well. In addition to PVA a synthetic latex was added to the formulation which improved the 
moisture resistance. The solid content of the formulation was 27 %. The samples were stored 
in an atmosphere of 93 % relative humidity and tests showed that the de-bonding that 
occurred depended on failure in wood rather than failure of the adhesive joint. This study was 
preformed by Syed H. Imam et al.15 

 

Another example of starch based adhesives is a formulation that combines starch and 
polymeric isocyanate. The solid content that gave rise to the best results was 50 % and the 
viscosity was 200-300 mPas at 23 °C. The addition of polymeric isocyantes improved the 
water resistance of the adhesive when compared with the starch adhesive without polymeric 
isocyanates. This study was performed by Jiyou Gu and Yingfeng Zuo et al.30 

 
An example of using proteins in adhesives is a formulation of soy protein and aliphatic 
polyketons. These formulations are aqueous emulsions and have a solids content of 40-45 wt 
%. The formulations could be prepared so that the viscosity of these would be below 1 Pa s. 
The protein content could be as high as 40 % of the total solids. The formulations could pass 
the EuroPn standard EN-314. The results also showed that the penetration of the adhesive into 
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wood was better in these formulations than the adhesive formulation containing only 
polyketons. This study was performed by A.A.Broekhuis et al.31 

 

Another example of the use of proteins in adhesives is a formulation of maleic anhydride 
modified soy protein isolate combined with poly ethyleneimine. The recipe that gave rise to 
the best adhesive properties was 20 wt % poly ethyleneimine and 80 wt % maleic anhydride 
modified soy protein isolate. The addition of poly ethyleneimine increased the water 
resistance. It was tested according to US Voluntary Product Standard PS1-95.  This study was 
performed by Yuan Liu and Kaichang Li.32  
 

As these examples show, the use of protein in adhesive formulations is not new, however, the 
use of P and/or Protein 1 is relatively unexplored. The most commonly used protein is soy 
protein.  

2.6 Synthetic polymers 
In order to improve properties such as adhesion and water resistance, synthetic latexes can be 
added to bio-based adhesive formulations. 15 By adding synthetic latexes to the formulations, 
polymeric blends will be formed. A polymeric blend is material with at least two different 
polymers which may be bonded together by secondary forces. The properties of the blend will 
be a mixture of the different polymers properties and will be affected by the composition of 
the blend. To be able to obtain a polymeric blend, the polymers have to be compatible. If they 
are not compatible, a phase separation will occur. 33 

2.6.1 Poly (vinyl acetate) 
Poly (vinyl acetate), PVAc, see figure 17, is produced by free radical polymerization of vinyl 
acetate. Vinyl acetate is a vinyl monomer and thereby has an unsaturated bond which can be 
activated by a radical initiator, for example potassium persulfate. 34, 35 The most common 
polymerization type used is emulsion polymerization. An emulsion system consist of four 
main components; the insoluble monomer which can be polymerized by free-radical addition 
mechanism (vinyl acetate), the continuous phase (water), stabilizer and a water soluble 
initiator. The most common stabilizer in vinyl acetate polymerization is PVA. PVAc is widely 
used in adhesives and has many advantages. Some of the advantages are the ability of PVAc 
to adhere to different surfaces, the high molecular weight which can be obtained while still 
having low viscosity and its relatively low cost. 35, 36      
 

*
*

O O
n

 
Figure 17. The rePting unit of poly (vinyl acetate). 34 

2.6.2 Poly (vinyl alcohol) 
Poly (vinyl alcohol), PVA, see figure 18, is a product of hydrolysis of PVAc. PVAc can be 
hydrolyzed to different degrees, whereas the fully hydrolyzed PVA has a degree of hydrolysis 
of 98-99 %. The hydrolysis leads to a water-soluble, high molecular weight polymer. By 
increasing the molecular weight of PVA (at constant degree of hydrolysis), an increase in 
tensile strength as well as water resistance can be obtained. An increase in the degree of 
hydrolysis (at constant molecular weights) also increases the tensile strength and water 
resistance. 37 
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Figure 18. The rePting unit of poly (vinyl alcohol) 

2.6.3 Poly (ethylene-co-vinyl acetate) 
Poly (ethylene-co-vinyl acetate), EVA, see figure 19, is a copolymer with ethylene and vinyl 
acetate as monomers. Vinyl acetate is, most often, the major component. By incorporating 
ethylene into the polymer, a plasticizing effect will be obtained. EVA is produced through 
emulsion polymerization using free-radical addition mechanism. The product of the 
copolymerization is a tough material with good adhesive properties and high resistance to the 
formation of cracks. 34, 38 
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Figure 19.  The rePting units of poly (ethylene-co-vinyl acetate). 38 

2.6.4 Poly (acrylic acid) 
Acrylic acid is an acrylic monomer and the precursor of poly (acrylic acid), PAA, see figure 
20. PAA is a product of free-radical polymerization and can be prepared in an aqueous 
solution. By varying the pH during polymerization, the rate of polymerization can be 
changed. At pH around 6-7 the polymerization rate will be high while at alkaline pH the rate 
will be slower. PAA is water-soluble and belongs to the family of non-polyelectrolytes. 48 
PAA can be used as a surfactant and as a thickening agent.39, 40, 41 
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Figure 20. The rePting unit of poly (acrylic acid). 40 

2.6.5 Styrene-Butadiene Rubber 
Styrene-Butadiene rubber, SBR, see figure 21, is a copolymer of styrene and butadiene and is 
formed through radical polymerization. The obtained polymer is an unsaturated, amorphous 
copolymer. The double-bonds, still present in the polymer, make it possible to form a network 
during the process of vulcanization. The properties of SBR are similar to those of natural 
rubber, for example high elasticity and wear and heat resistance. 38 There are many different 
grades of SBR, but only a few can be used in adhesive formulations. The different grades of 
SBR can be made from a “hot” or “cold” process, where as in adhesive technology, the “hot” 
process is preferred. Through the “hot” process, lower molecular weights and higher poly 
dispersity indexes can be obtained. With these properties, a more stable polymer can be 
obtained.42      
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Figure 21. The rePting units of styrene-butadiene rubber.  

2.7 Additives  
In many adhesives applications, additives are added. By the addition of new substances, the 
processing of the adhesives can be facilitated. Examples of such additives are plasticizers, 
thickening agents and lubricants. Another reason for adding new substances is to improve the 
desired properties of adhesives or create new properties. Cross-linking agents and fillers are 
among these. 43 

2.7.1 Cross-linking agents 

2.7.1.1 Cross-linking agent 1  
Cross-linking agent 1, cross-linking agent 1, is a synthetic resin and is mostly used in the 
paper industry as a wet strength resin. Cross-linking agent 1 is a strongly cationic poly 
(amineamido) resin. Cross-linking agent 1 reacts with carboxyl and amine groups to produce 
cross-linking, see figures 22 and 23.44  
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Figure 22. The reaction of  cross-linking agent 1 with a carboxyl functional polymer.  
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Figure 23. The reaction of cross-linking agent 1 with an amine functional polymer.  

2.7.1.2 Cross-linking agent 2 
Cross-linking agent 2 is a dialdehyde and can be used as a solution or as a blocked version. 
Cross-linking agent 2 is a commonly used cross-linking agent in reactions involving 
polyhydroxyl compounds, for example starch. The reaction between polyhydroxyl 
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compounds and cross-linking agent 2 probably results in a hemi-acetal or an acetal, which of 
these that is formed may depend on the pH of the system. The reaction occurs very rapidly, 
leading to a fast rise in viscosity. The reaction may be divided into two steps. The first is the 
formation of a hemi-acetal and the second is the formation of the acetal linkage, see figure 24. 
A drawback with using cross-linking agent 2 as a cross-linking agent is the fast reaction that 
occurs, which may lead to problems with potlife. By using alkali halides as catalysts, the 
reaction can be either accelerated or retarded. Salts such as NaCl, KCl and NaI retard the 
reaction while NaF and LiCl accelerate it. 45 The advantage of using cross-linking agent 2 as a 
cross-linking agent is that it is formaldehyde free, unlike other commonly used cross-linking 
agents such as hexamethoxymethylmelamine.46 
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Figure 24. The reaction of cross-linking agent 2 with a polyhydroxyl compound (starch). 47 

 
Cross-linking agent 3 is a modified blocked cross-linking agent 2. This form of cross-linking 
agent 2 is FDA approved if it is used as an insolubilizing agent in starch or protein products 
that come in contact with food (non-alcoholic). The amount, however, is limited to 6 wt % of 
the starch or protein in the product.45, 46 

2.7.1.3 Cross-linking agent 5  
Aluminium chloride is an important industrial catalyst. It is also regularly used in organic 
synthesis, for example in Friedel-Crafts reactions.48 
 
The aluminium ion in aluminium chloride can form complexes with for example carboxyl and 
hydroxyl groups, see figure 25. 48 
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Figure 25. The complex formed between carboxylic acid and cross-linking agent 5.  

2.7.1.4 Cross-linking agent 4 
Cross-linking agent 4 is a waterborne cross-linking agent, which can be divided into an 
emulsion type or a watersoluble type. It consists of an acrylic polymer main chain and 
functional oxazoline groups in the pendant. Cross-linking agent 4 reacts with carboxyl groups 
in a polymer and forms cross-linking, see figure 26. 49 
 
By using Cross-linking agent 4 as a cross-linking agent, the heat and water resistance as well 
as film properties can be improved. The curing can occur at low temperatures. The water 
soluble type of Cross-linking agent 4 is free of VOC emissions and has low toxicity. Another 
advantage with the use of Cross-linking agent 4 is that there are no by-products during the 
reaction. 49 
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Figure 26. The reaction of cross-linking agent 4 and a carboxyl functional polymer.49 

2.7.2 Fillers 
Fillers are often added to polymeric materials in order to lower the cost of the final product 
and may, in some cases, have a reinforcing effect. They are mostly materials in the solid state 
and are usually added in an amount of minimum 5 %. Two of the most common fillers are 
filler 1 and carbon black. Filler 1 will lower the cost of the final product, increase the density 
of the material and its thermal durability. Carbon black will besides lowering the cost of the 
material, also improve the mechanical properties of the material. The properties that are most 
often improved by the addition of fillers are the adhesives ability to penetrate the substrate 
and its ability to set. Renewable fillers can also be used, some examples are filler 3- filler 4 
seed and filler 2. 14, 43 
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2.7.3 Biocides  
Natural polymers such as starch and protein attract microbes and fungi, and are thereby 
making them vulnerable to bacterial and fungal attack. The attack of micro-organisms can 
lead to a degradation of the product and thereby making them useless. In order to prevent this, 
biocides can be added to the material. Proxel XL-2 and Rocima 520S are two commercial 
biocides. 50 
 
The active ingredient in Proxel XL-2 is 1,2-Benzisothiazolin-3-one, see figure 27. 50 
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Figure 27. The active ingredient in biocide 1. 50 

 
Proxel XL-2 is a dispersion of the active substance in water and propylene glycol. This 
commercial biocide is registered with the EPA (Environmental Protection Agency) and is also 
cleared for use in agriculture. 50 
 
Rocima 520S is also an effective biocide. It is a blend of chlormethyl-/methylisothiazolone 
and bronopol (2-bromo-2-nitropropane-1,3-diol), see figure 28. 51 
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Figure 28. The active ingredients in biocide 2.  
 
Rocima 520S is FDA approved to be used in their application field if the dosage rates do not 
exceed the set values. It can also be used in products that come in close contact with food 
(except for immediate contact).51 

2.8 SS-EN 204:2001  
When classifying an adhesive, a European standard has to be used. SS-EN 204 is used to 
classify wood adhesives made from thermoplastic resins, which will be used in non-structural 
applications. This European standard contains requirements that the thermoplastic adhesives 
most meet in order to be used. The adhesives are divided into 4 different classes; D1, D2, D3 
or D4, see table 4. The SS-EN 204 standard also describes the ageing treatments the samples 
have to be subjected to in order to be classified as D1, D2, D3 or D4, see table 5. 52, 53 
 
Table 4.  The applications for the different classes according to EN 204. 52, 53 

Classes Application 
D1 For use indoors, only occasionally exposed to 

temperatures over 50 °C 
D2 For use indoors, in conditions that rarely come in 

contact with running water/high humidity 
D3 For use in indoors with short contact with running 

water/ high humidity 
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Table 5.  The ageing treatments of samples according to SS-EN 204. 62 

Ageing treatment of samples D1 [MPa] D2 [MPa] D3 [MPa] D4 [MPa] 
7 days in standard atmosphere 

(20 ± 2 °C and 65 ± 5 % relative 
humidity or 23 ± 2 °C and 50 ± 5 % 

relative humidity ) 

>10 >10 >10 >10 

7 days in standard atmosphere, 3 h in 
water (20 ± 5 °C) and 7 days 

reconditioning in standard atmosphere 

- >8 - - 

7 days in standard atmosphere and 
4 days in water (20 ± 5 °C) 

- - >2 >4 

7 days in standard atmosphere, 4 days in 
water (20 ± 5 °C) and 7 days 

reconditioning in standard atmosphere* 

- - >8 - 

7 days in standard atmosphere, 6 h in 
boiling water and 2 h in water  

(20 ± 5 °C) 

- - - >4 

* Reconditioning after four days in water was not performed in this project.  
 
The tests are performed according to EN 205. This standard describes how a tensile shear test 
is to be performed. The test samples, which are glued together and aged according to ageing 
treatments described in EN 204, are made out of beech and have the dimensions; 10×20×150 
mm. The loading rate is 50 mm/minute for thermoplastic adhesives. 52, 53 

2.9 EN 14257 (WATT 91) 
To be able to determine the heat resistance of an adhesive bond when applied in wood 
industry, EN 14257, WATT 91, is the most commonly used standard. The specimen 
dimensions as well as the testing procedure are to be preformed according to EN 205. Before 
testing the specimens have to be subjected to a conditioned atmosphere (20 ± 2°C and 65 ± 5 
% relative humidity or 23 ± 2°C and 50 ± 5 % relative humidity) for 7 days and than be stored 
in 80 °C ± 2 °C under defined conditions for one hour. The minimum value used by Casco 
Adhesives AB is 7 N/mm2. 54, 55 

D4 For use indoors with frequent contact with running 
water/high humidity 
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3. Experimental 
3.1 Materials 
The materials that were used in this study are presented in table 6. 
 
Table 6. The materials used during this study.   

Material Description  Supplier Denotion 
 DISPERSING MEDIA 5 PVAc, dispersing media, 50 % solid 

content 
Celanese  Dispersing media 5 

 DISPERSING MEDIA 2 Dispersing media 7c , dispersing media, 
60 % solid content 

Celanese  Dispersing media 2 

Dispersing media 3 Dispersing media 7c, dispersing media, 
50 % solid content 

In-house 
dispersion  

Dispersing media 3 

DISPERSING MEDIA 4 PVAc with diethyleneglycol 
dimethacrylate as  internal cross-linking 

agent, dispersing media, 50 % solid 
content 

In-house 
dispersion 

Dispersing media 4 

K-polymer KL 318 Dispersing media 7, dispersing media, 
12 % solids content, degree of 

hydrolysis: 85-90 %  

Kuraray PVA 

VINNAPAS EP 441 EVA , dispersing media, 54-56 % solid 
content 

Wacker 
Polymers 

EVA 

DL 395 Dispersing media 6, dispersing media, 
50 % solid content 

Dow – 
Chemical 
Company 

SBR 

ALCOSPERSE 602A PAA , dispersing media, 49-51 % solid 
content 

AkzoNobel 
Surfactants 

PAA 

Dispersing media 1 9095 Dispersing media 1 , dispersing media, 
20-22 % solid content, high molecular 

weight 

BASF Dispersing media 1 

Lysamine CWS Protein 2, 76 % protein content, 8 % 
moisture  

Roquette Protein 2 

Protein 1 concentrate Protein 1, 55 % protein content L.I. FRANK Protein 1  
Starch 1 Starch 1 Cargill  Starch 1 
Starch 3 Starch 3 Lyckeby 

Stärkelsen  
Starch 3 

Native potato  
amylopectin starch 

Native potato amylopectin starch Lyckeby 
Stärkelsen  

Starch 4 

Cationized/ 
oxidized potato starch 

Starch 5 Lyckeby 
Stärkelsen  

Starch 5 

Starch 2 Starch 2 Lyckeby 
Stärkelsen  

Starch 2 

Carboxylated/ 
oxidized potato starch 

Starch 6 CERESTAR  Starch 6 

Alkenylsuccinic  
Anhydride modified 

potato starch  

Starch 7 
  

Lyckeby 
Stärkelsen  

Starch 7 

Hydroxypropylated/ 
oxidized potato starch 

Starch 8 Lyckeby 
Stärkelsen  

Starch 8 
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Material Description  Supplier Denotion 
Eka WS Poly (aminoamide) epichlorohydrin,  

cross-linking agent, 13 % solid content 
Eka Chemicals Cross-linking agent 

1 
Cross-linking agent 4 Oxazoline functional polymer, cross-

linking agent, 25 % solid content 
Nippon 

Shokubai 
Cross-linking agent 

4 
Cross-linking agent 3 

4332 
Blocked cross-linking agent 2, cross-

linking agent, 45 % solid content  
Omnova 

Solutions INC. 
Cross-linking agent 

3 
Cross-linking agent 2 Cross-linking agent 2, cross-linking 

agent, 40 % solid content 
Sigma Aldrich Cross-linking agent 

2 
AlCl3 Aluminium chloride, cross-linking 

agent, 28 % solid content  
Chemark/ 
Honeywell 

Cross-linking agent 
5 

Omyalite 90 Filler 1, filler Omya Filler 1 
FILLER 6 Biolatex of starch nanoparticles, 

renewable filler  
ECOSYNTHE

TIX INC 
Filler 6  

92263 Filler 4, renewable filler Industrimineral Filler 4 
Mesh 91430 Filler 2, renewable filler   Industrimineral Filler 2 

Phenofil Filler 3, renewable filler Gindning & 
Sizing 

Filler 3 

Arbocel BE 600-30 Filler 5, renewable filler KENFO Filler 5 
Colatan GT 100 Filler 7, renewable filler Christian D. 

Markman 
GmbH 

Filler 7  

Proxel XL-2 Dispersion of 1,2-benzisothiazoline-3-
one in water and propylene, biocide  

Arch UK 
Biocides 

Biocide 1 

ROCIMA 520S Blend of chlormethyl 
/methylisothiazolone and  bronopol, 

biocide 

Acima Biocide 2 

3.2 Recipes and procedures 
The recipes for the different starch and starch-protein based batches that were prepared can be 
seen in table 7. 
 
Table 7.  The different starch and starch-protein based batches and their formulations. 1953-REF was 
used as a reference.  The solid content of the components is disregarded in the recipes. 

Batch  Formulation Procedure* 
Dispersing media 1 as dispersing media 

1953-REF 34.49 % starch 1 + 60.65 % dispersing media 1 + 4.55 water 1 
Dispersing media 5 as dispersing media 

1953-A0 28.47 % starch 1 + 42.72 % dispersing media 5 + 28.47 % water 1 
1953-A1 35.79 % starch 1 + 38.34 % dispersing media 5 + 25.56 % water 1 

1953-A1M 37.39 % starch 1 + 37.39 % dispersing media 5 + 24.93 % water   
1953-A2 35.79 % starch 3 + 38.34 % dispersing media 5 + 25.56 % water 1 
1953-A3  35.79 % starch 4 + 38.34 % dispersing media 5 + 25.56 % water 1 
1953-A4 35.79 %  starch 5 + 38.34 % dispersing media 5 + 25.56 % water 1 
1953-A5  35.79 % starch 2 + 38.34 % dispersing media  5 + 25.56 % water 1 
1953-A6 19.24 % starch 6 + 48.23 % dispersing media 5 + 32.08 % water 1 
1953-A7 35.79 % starch 7 + 38.34 % dispersing media 5 + 25.56 % water 1 
1953-A8 35.79 % starch 8 + 38.34 % dispersing media 5 + 25.56 % water 1 
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Batch  Formulation Procedure* 
Dispersing media 2 as dispersing media 

1953-B1 35.79 % starch 1 + 38.34 % dispersing media 2 + 25.56 % water 1 
1953-B1-2 
1953-B1-3 36.85 starch 1 + 37.64 dispersing media 2 + 25.16 % water 1 
1953-B2 35.79 % starch 3 + 38.34 % dispersing media 2 + 25.56 % water 1 
1953-B3  35.79 % starch 4 + 38.34 % dispersing media 2 + 25.56 % water 1 
1953-B4 35.79 %  starch 5 + 38.34 % dispersing media 2 + 25.56 % water 1 
1953-B5  35.79 % starch 2 + 38.34 % dispersing media 2 + 25.56 % water 1 
1953-B8 35.79 % starch 8 + 38.34 % dispersing media 2 + 25.56 % water 1 

1953-P11-P 37.70 % dispersing media 2 + 23.15 % starch 1 + 9.63 % protein 2 + 
29.16 % water 

2 
1953-P11-
P/60min 

2** 

1953-P11-L 37.70 % dispersing media 2 + 23.15 % starch 1 + 9.63 % Protein 1 + 
29.16 % water 

2 
1953-P11-L/60min 2** 

1953-P11-L-P 37.70 % dispersing media 2 + 23.15 % starch 1 + 5.3 % Protein 1 + 
4.33 % protein 2+ 29.16 % water 

2 
1953-P11-L-

P/60min 
2** 

1953-B1-P-1 38.33 % dispersing media 2 + 21.11 % starch 1 + 10.00 % protein 2 + 
30.22 % water 

2** 

1953-B1-P-2 38.33 % dispersing media 2 + 21.11 % starch 1 + 10.00 % protein 2 + 
30.22 % water 

3 

1953-B1-P-3 38.33 % dispersing media 2 + 21.11 % starch 1 + 10.00 % protein 2 + 
30.22 % water 

4 

1953-B1-P-s*** 38.33 % dispersing media 2 + 21.11 % starch 1 + 10 % protein 2 + 
30.22 % water 

4 
1953-B1-P 

Dispersing media 3 as dispersing media 
1953-C1 38.34 % dispersing media 3 + 35.79 % starch 1 + 25.56 % water 1 

Dispersing media 6 as dispersing media 
1953-D1-P 46.00 % carboxylic SBR + 21.11 % starch 1 + 10 % protein 2 + 22.89  

% water 
4 

Dispersing media 7 as dispersing media  
1953-E1 66.67 % dispersing media 7 (12 wt % solution) + 33.33 % starch 1 1 

1953-E1-P-s*** 62.5 % dispersing media 7 (12 wt % solution) + 33.33 % starch 1 + 
4.17 % protein 2 

4 
1953-E1-P 

Dispersing media 8  as dispersing media 
1953-F1-P-s*** 46.00 % dispersing media 8 + 21.11 % starch 1 + 10 % protein 2 + 

22.89  % water 
4 

1953-F1-P 
Dispersing media 9 as dispersing media 

1953-G1-P-1 41.82 % dispersing media 9 + 21.11 % starch 1 + 10 % protein 2 + 
27.07 % water 

 

1953-G1-P-2 41.82 % dispersing media 9 + 24.44 % starch 1 + 6.67 % protein 2 + 
27.07 % water 

5 

*Description of the procedures can be seen in table 9 
**Procedure 2 was followed with the exception that the gelatinization time was changed to 60 minutes 
instead of 20 minutes 
*** The batches with –s contained a smaller volume of the formulation than the ones without 
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The recipes for the different protein based batches that were prepared can be seen in table 8. 
 
Table 8.  The different protein based batches, their formulations and procedures. p-REF was used as a 
reference.  The solid content of the components is disregarded in the recipes. 

Batch  Formulation Procedure 
Dispersing media 2 as dispersing media 

p-REF 23.18 % dispersing media 2 +15.10 % protein 2 + 14.91 % filler 1 
+ 46.39 % water 

5 

p-1 23.18 % dispersing media 2 +15.10 % protein 2 + 46.39 % water 5 
p-filler 6-1 23.18 % dispersing media 2 + 15.10 % protein 2 + 14.91 % filler 6 

+ 46.39 % water 
5 

p-filler 6-2 6 
p-filler 6-3 7 
p-filler 4 23.18 % dispersing media 2 + 15.10 % protein 2 + 4.91 % filler 1 

+ 10 % filler 4 + 46.39 % water 
5 

p-filler 2 23.18 % dispersing media 2 + 15.10 % protein 2 + 4.91 % filler 1 
+ 10 % filler 2 + 46.39 % water 

5 

p- filler 3 23.18 % dispersing media 2 + 15.10 % protein 2 + 4.91 % filler 1 
+ 10 % filler 3 + 46.39 % water 

5 

p-filler 5 23.18 % dispersing media 2 + 15.10 % protein 2 + 9.91 % filler 1 
+ 5 % filler 5 + 46.39 % water 

5 

p-filler 7 23.18 % dispersing media 2 + 15.10 % protein 2 + 4.91 % filler 1 
+ 10 % filler 7 + 46.39 % water 

5 

Dispersing media 3 as dispersing media 
p-dispersing media 3 23.18 % dispersing media 3 +15.10 % protein 2 + 14.91 % filler 1 

+ 46.39 % water 
5 

Dispersing media 4 as dispersing media 
p-dispersing media 4 23.18 % dispersing media 4 +15.10 % protein 2 + 14.91 % filler 1 

+ 46.39 % water 
5 

 
Different procedures were used when preparing the batches, see table 9 for all the used 
procedures. 
 
Table 9.  The different procedures that were used during this study.  
Procedure Performance 

Procedures for starch and starch-protein batches 
1 - Dispersing media was mixed with water and biocides for 15 minutes at ~120 rpm, 

until a homogeneous mixture was obtained 
- Starch was added gradually in order to prevent lump formation and agitation was 
increased to ~150 rpm  
- The mixture was heated to 63 °C during agitation 
- The mixture was agitated at 63 °C for 20 minutes  
  

2 - Dispersing media was mixed with water, protein and biocides for 15 minutes at ~120 
rpm, until a homogeneous mixture was obtained 
- Starch was added gradually in order to prevent lump formation and agitation was 
increased to ~150 rpm  
- The mixture was heated to 63 °C during agitation 
- The mixture was agitated at 63 °C for 20 minutes  
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Procedure Performance 

3 - Starch was added gradually to water and biocides during agitation, ~150 rpm 
- The mixture was heated to 63 °C during agitation  
- The mixture was agitated at 63 °C for 60 minutes 
- Dispersing media and protein were added and the mixture was agitated for another 
15 minutes at ~150 rpm, without heating 
 

4 - Dispersing media was mixed with water, protein and biocides for 15 minutes at ~120 
rpm, until a homogenous mixture was obtained  
- The mixture was heated to 63 °C during agitation 
- Starch was added gradually in order to prevent lump formation and agitation was 
increased to ~150 rpm  
- The mixture was agitated at 63 °C for 60 minutes   
 

Procedures for protein batches 
5 - Water and biocides were agitated at ~150 rpm for 10 minutes 

- Dispersing media was added and the mixture was agitated at ~200 rpm for 30 
minutes 
- Filler 1 was added gradually and the mixture was agitated for approximately 20 
minutes until a homogeneous mixture was obtained 
- Protein 2 was added and the final mixture was agitated for another 30 minutes  
 

6 - Water and biocides were agitated at ~150 rpm for 10 minutes 
- Dispersing media 2 was added and the mixture was agitated at ~200 rpm for 30 
minutes 
- Protein 2 was added and the mixture was agitated for another 30 minutes  
- Filler 6 was added gradually during agitation and than left to be (without agitation) 
for 30 minutes due to aggregation when adding FILLER 6 
- The mixture was agitated for approximately 20 minutes until a homogeneous mixture 
was obtained 
 

7 - Filler 6, water and biocides were agitated at ~200 rpm for 60 minutes 
- Dispersing media 2 was added and the mixture was agitated at ~200 rpm for another 
30 minutes 
- Protein 2 was added and the final mixture was agitated for 30 minutes 

 
 

3.3 Preparations of formulations 
3.3.1 Starch formulations 
The first formulations to be prepared were based on starch 1 dispersed into dispersing media 5 
and water. Biocide 1 and 2 were added in an amount ranging from 0.15 wt % to 0.20 wt %. 
Three different formulations (1953-A0, 1953-A1 and 1953-A1M) were tested, see table 7. 
The formulations were prepared according to procedure 1, see table 9. 1953-A1 was chosen 
to be proceeded with due to the best viscosity-solid content relationship. Formulations with 
the different starches dispersed in dispersing media 5 or dispersing media 2 and water were 
prepared according to procedure 1. A reference (1953-REF) to the starch based formulations 
was also prepared following a previously used recipe and procedure 1. The formulations with 
dispersing media 2 and dispersing media 5 as well as the formulation for the reference can be 
seen in table 7. 
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From the formulations that were prepared so far, 1953-B1 (starch 1 dispersed in dispersing 
media 2) was chosen to be proceeded with. It was chosen because starch 1 already is a raw 
material in Casco Adhesives AB and because dispersing media 2 has a higher functionality. 
Two formulations with a larger amount of formulation were prepared, one following the 
recipe of 1953-B1 (formulation 1953-B1-2) and the second following a slightly modified 
recipe (formulation 1953-B1-3), see table 7 for the recipes. 

3.3.1.1 Addition of protein to the starch formulations 
The influence of protein addition to the starch formulations was studied. Addition of protein 
to the prepared batches, 1953-B1-2 and 1953-B1-3, was performed. The protein was added 
and stirred by hand to obtain an almost homogeneous mixture. Protein 1, protein 2 or a 
combination of these were tested in different amounts, see table 1 in Appendix 1. Mixture 
P11-P was chosen to be proceeded with due to the best consistency and easy application.  
 
The formulations that were prepared according to the chosen recipe were 1953-P11-P, 1953-
P11-L and 1953-P11-L-P and can be seen in table 7. These formulations were prepared 
according to procedure 2, see table 9. 

3.3.1.2 Different degree of gelatinization 
In order to briefly study the impact of the degree of gelatinization, one attempt was made to 
fully gelatinize the starch in formulation 1953-B1 (starch 1 dispersed in dispersing media 2), 
see table 7. This was performed by gelatinizing the formulation at 75-80 °C for one hour. 
Procedure 1, see table 9, was followed except that instead of heating to 63 °C, the 
formulation was heated to 75-80 °C and the gelatinization time was prolonged to 60 minutes. 
 
An attempt to increase the degree of gelatinization was performed as well. Three batches were 
prepared, 1953-P11-P/60min, 1953-P11-L/60min and 1953-P11-L-P/60min, see table 7. 
Procedure 2, see table 9, was followed except that the gelatinization time at 63 °C was 
prolonged from 20 minutes to 60 minutes.  
 
The formulation with protein 2, 1953-P11-P, and the gelatinization time of 60 minutes were 
chosen to be proceeded with.  

3.3.1.3 Addition of starch at different stages of preparation 
Three batches (1953-B1-P-1, 1953-B1-P-2 and 1953-B1-P-3) were prepared in order to study 
the influence of adding starch at different stages during the preparations. The recipe that was 
used was slightly different compared to 1953-P11-P. Three different procedures were 
followed, 2, 3 and 4. See table 7 for the formulations of these batches and table 9 for the 
procedures. Procedure 4 was chosen to be proceeded with.  

3.3.1.4 Starch-protein formulations with different dispersing media 
Batches with dispersing media 2 (1953-B1-P), dispersing media 3 (1953-C1), dispersing 
media 6 (1953-D1-P), dispersing media 7 (1953-E1 and 1953-E1-P), PAA (1953-F1-P) and 
EVA (1953-G1-P-1) were prepared. See table 7 for the formulations of these batches. The 
recipe for 1953-G1-P-1 was altered slightly, giving rise to 1953-G1-P-2 
 
The formulations 1953-B1-P, 1953-E1-P, 1953-F1-P and 1953-G1-P-2 were chosen to be 
proceeded with.  
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3.3.2 Protein formulations 
Two batches were prepared according to the original recipe, p-REF and p-1 (same 
formulation but without filler 1). These batches were prepared according to procedure 5. See 
table 8 for the formulations and table 9 for the procedure. 

3.3.2.1 Replacing filler 1 with renewable fillers 
p-REF was used as a reference while p-1 was used in experiments to determine the amount of 
filler 1 to be replaced by renewable fillers. Six renewable fillers were tested. Different 
amounts of the renewable fillers were tested: 5, 7.5, 10, 12.5 and 15 %. This was tested by 
adding the new filler to beakers containing batch p-1 and stirring the new mixture by hand. 
The batches with the renewable fillers were prepared according to procedure 5 with the 
exception that some of filler 1 was replaced by the renewable fillers. See table 8 for the 
formulations with renewable fillers.  
 
Procedures 5-7 were tested when preparing the batches with filler 6. The prepared batches 
were: p-filler 6-1 – procedure 5, p-filler 6-2 – procedure 6 and p-filler 6-3 – procedure 7. See 
table 8 for the formulations of the different batches and table 9 for the procedures used.  
Procedure 6 and 7 were chosen to be proceeded with. 

3.3.2.2 Protein formulations with dispersing media 3 and dispersing media 4 
Formulations with other dispersions were prepared. The same recipe and procedure as for p-
REF was followed except that dispersing media 2 was replaced by either dispersing media 3 
or dispersing media 4.  
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4. Characterization 
4.1 Viscosity, solid content and pH measurements    
The viscosity of all the formulations were measured with a viscosimeter, Brookfield DV-II + 
Pro Viscometer LV and the data that was obtained was analyzed by Rheocalc V2.5. The 
measurements were performed at room temperature and atmospheric pressure. Spindles LV2 
and LV4 were used in the measurements. The viscosity was measured the same day or the day 
after the formulations were prepared, than every week for approximately 4 weeks and after 
that every month. Only some of the formulations were followed. The period of time the 
viscosity of the formulations was followed varied form 1 to 2 months.   
 
The solid content of all the formulations was analyzed by spreading approximately 3 g of 
formulation onto an aluminium platter and placing it in an IR-drier, the Sartarius Thermo 
Control YTC 01L. The drying temperature was 120 °C and the drying time was set to 30 
minutes. The solid content was analyzed directly after the formulation had been prepared.   
 
The pH of the formulations was analyzed by using pH-indicator stripes from MERCK. The 
results obtained by these measurements were only approximate. The pH was measured 
directly after the formulation had been prepared. 

4.2 Screening test for water resistance  
Films of the different adhesive formulations with and without cross-linking agents were 
drawn on glass plates with a 100 µm applicator. The cross-linking agents used here were 
cross-linking agent 1 (15 %), cross-linking agent 3 (3 % based on the amount of hydroxyl 
containing compounds), cross-linking agent 4 (5 %) and cross-linking agent (5 %). B was 
used as a pH-adjuster in formulations with cross-linking agent 1 and C was used as a pH-
adjuster in formulations with cross-linking agent 4. The formulations were mixed with cross-
linking agents right before the films were drawn. The films were cured in an oven at 
approximately 80 °C for 10 minutes and were left to cool down. When the film had reached 
room temperature, they were submerged in water (~20 °C). The films were taken out after 4 
days to see how the water had affected them. The appearance of the films, the ability to re-
disperse and to stick to the glass plate, were observed.  A list of the films that were drawn can 
be seen in table 2 in Appendix 1.  

4.3 Determination of Glass transition temperature 
The determination of the glass transition temperature, Tg, was performed on the four final 
starch-protein based formulations: 1953-B1-P, 1953-E1-P, 1953-F1-P and 1953-G1-P-2 using 
Differential Scanning Calorimetry, DSC. The analyses were preformed by Mettler Toledo 
DSC820 with Mettler Toledo TSO 801RO Sample Robot.  The method that was used to 
determine the Tg was as following: 
 
Cycle 1. 20 °C  100 °C, 20 °C/minutes 
Cycle 2. Isotherm at 100 °C for 2 minutes  
Cycle 3. 100 °C  -70 °C, 20 °C/minutes 
Cycle 4. Isotherm at -70 °C for 10 minutes 
Cycle 5. -70 °C  200 °C, 20 °C/minutes 
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The Tg values were obtained from cycle 5. Double samples of each formulation were 
analyzed. The analysis was preformed under a constant flow of nitrogen, 80 ml/minute, giving 
rise to an inert atmosphere.  

4.4 Determination of Minimum film formation temperature 
The instruments used for the determination of the minimum film formation temperature, 
MFFT, were Coesfeld Gradiant Plate, Thermostair II, ThermoHaake C10 circulator and 
ThermoHaake K20 bath. The determination of MFFT was preformed on the four final starch-
protein formulations: 1953-B1-P, 1953-E1-P, 1953-F1-P and 1953-G1-P-2. The temperature 
range during characterization was 4 to 40 °C and the analysis was preformed under vacuum.  

4.5 Particle size analysis 
Three batches were sent to Ytkemiska Institutionen, YKI, for particle size analysis. The 
particle size analysis was performed by Malverns Mastersizer 2000. Formulations p-filler 6-2 
and p-filler 6-3 as well as a 15 % solution of filler 6 in water, were analyzed.  The range of 
measurement was 0.020-2000 µm.  

4.6 Fibre tear testing 
A fast estimation of the adhesive properties can be obtained by performing a fibre tear test. A 
particle board with the dimensions 15 cm × 15 cm × 1.6 cm and a beech veneer, were used 
during testing. Approximately 150 g/m2 of the adhesive formulation was applied and spread 
out on the particle board. The veneer was glued together with the particle board and pressed 
in a Carver Laboratory Press, Model C. The pressing load was kept constant at 1 metric ton 
while the pressing temperature and time were varied. The different formulations were tested 
with and without cross-linking agents. The cross-linking agents used were cross-linking agent 
1 (10-20 %), cross-linking agent 3 (3 % based on the polyhydroxyl compound) and cross-
linking agent 5 (5 %). 
 
A stripe of the veneer was removed manually from the particle board and the strength and 
fibre tear were observed. A piece of the veneer was removed approximately 20 seconds after 
pressing (warm) and than again when it had cooled down to room temperature (cold), 
approximately after 40 minutes.  

4.7 EN 204 and WATT 91 testing 
Characterization of the adhesive strength was performed according to SS-EN 204 and SS-EN 
205. These standards state that beech boards with dimensions 80 cm × 13.5 cm, are to be used 
for the characterization. The boards had to be chosen so that the annual rings on the two 
boards formed a fish-scale pattern when glued to each other. Before the application of the 
glue, the boards were sanded to remove dirt and dust as well as additives that might have 
migrated to the surface during storage.  
 
The amount of applied adhesive was 180 g/m2 and a pressure of 7 bars was applied as stated 
by the standard. The glued boards were pressed in an Orma Macchine, Broby Trading Press 
at 110 °C for 10 minutes. Some of the protein batches were pressed at lower temperatures, 90 
°C and 100 °C, as well. The adhesive formulations that were tested can be seen in table 10. 
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Table 10. The starch-protein and protein formulations that were tested according to EN 204. 
Name Formulation Cross-linking agent 

Starch-protein based formulations 
1953-REF+cross-linking agent 1 1953-REF 15 % cross-linking agent 1 

1953-B1-3 1953-B1-3 - 
1953-B1-P 1953-B1-P - 

1953-B1-P+cross-linking agent 1* 1953-B1-P 15 % cross-linking agent 1 
1953-B1-P+cross-linking agent 4** 1953-B1-P 5 % cross-linking agent 4 
1953-B1-P+cross-linking agent 2* 1953-B1-P 5 % cross-linking agent 2 

1953-E1-P 1953-E1-P - 
1953-E1-P+cross-linking agent 1 1953-E1-P 15% cross-linking agent 1 
1953-F1+cross-linking agent 4 1953-F1-P 5 % cross-linking agent 4 

1953-G1-P+cross-linking agent 5 1953-G1-P 6 % cross-linking agent 5 
Protein based formulations 

p-REF+cross-linking agent 1 p-REF 15 % cross-linking agent 1 
p-dispersing media 4+cross-linking 

agent 1 
p-dispersing agent 4 15 % cross-linking agent 1 

p-dispersing media 3+cross-linking 
agent 1 

p-dispersing media 3 15 % cross-linking agent 1 

p-filler 6+cross-linking agent 1 p-filler 6-2 15 % cross-linking agent 1 
p-filler 6+cross-linking agent 5 p-filler 6-2 5 % cross-linking agent 5

p-filler 6-3+cross-linking agent 1 p-filler 6-3 15 % cross-linking agent 1 
p-filler 6-3+cross-linking agent 5 p-filler 6-3 5 % cross-linking agent 5 
p-filler 4+cross-linking agent 1 p-filler 4 15 % cross-linking agent 1 
p-filler 2+cross-lining agent 1 p-filler 2 15 % cross-linking agent 1 
p-filler 3+cross-linking agent 1 p-filler 3 15 % cross-linking agent 1 
p-filler 3+cross-linking agent 5 p-filler 3 5 % cross-linking agent 5 
p-filler 5+cross-linking agent 1 p-filler 5 15 % cross-linking agent 1 

* B was used to adjust the pH to ~8 
** C was used to adjust the pH to ~3 
 
Different amounts of cross-linking agent 1 and different pressing temperatures were tested on 
the reference (p-REF), see table 11. 
 
Table 11.  p-REF with different amounts of cross-linking agent (cross-linking agent 1)  were pressed at 
different temperatures according to EN 204.  

Name Formulation Cross-linking agent Pressing temperature [°C]
p-REF 5 % p-REF 5 % cross-linking agent 1 110 
p-REF 10 % p-REF 10 % cross-linking agent 1 110 
p-REF 15 % p-REF 15 % cross-linking agent 1 110 
p-REF 20 % p-REF 20 % cross-linking agent 1 110 
p-REF 90 °C p-REF 15 % cross-linking agent 1 90 

p-REF 100 °C p-REF 15 % cross-linking agent 1 100 
p-REF 110 °C p-REF 15 % cross-linking agent 1 110 

 
The glued boards were left to cool down to room temperature and were then conditioned (at 
23 ± 2 °C and 50 ± 5 % relative humidity) for approximately one week. After the 
conditioning, the boards were sawed up into pieces with dimensions of 10 mm × 20 mm × 
150 mm and tensile testing was performed. The testing was performed by using Alwetron 
TCT 50 with a load cell of 50 kN and a speed of 50 mm/min, as stated by SS-EN 205. The 
number of samples tested for each classification (determined by SS-EN 204) varied slightly, 
with an average amount of 8 samples per adhesive formulation and test. The ageing 
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procedures for the determination of the classification were preformed according to SS-EN 
204, see table 5.  
 
Some of the samples were also submitted to ageing procedures according to standard EN 
14257 (WATT 91) to enable the determination of heat resistance. All the tests were 
performed in a conditioned atmosphere. 
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5. Results and discussion  
5.1 Starch based formulations  
5.1.1 Viscosity, solid content and pH measurements 
The viscosities, solid contents and pH of all the analyzed starch/starch-protein batches are 
presented in table 12. 
 
Table 12. The viscosities at specific speeds using spindle LV4, solid contents and pH for the analyzed 
starch/starch-protein formulations. 

Batch Starch Viscosity 
[mPas] 

Speed 
[rpm] 

Theo. Solid 
content [%] 

Exp. Solid 
content [%] 

 
pH 

Dispersing media 1 as dispersing media 
1953-REF Starch 1 9 700 30 47 47 ~10 

Dispersing media 5 as dispersing media 
1953-A0 Starch 1 2 400 60 47 47 ~6 
1953-A1 Starch 1 9 200 30 51 54 ~6 

1953-A1M Starch 1 22 900 12 52 57 ~6 
1953-A2 Starch 3 8 500 30 51 52 ~6 
1953-A3 Starch 4 65 300 6 51 52 ~6 
1953-A4 Starch 5 NM* NM* 51 53 ~7 
1953-A5 Starch 2 18 800 30 51 53 ~6 
1953-A6 Starch 6 NM* NM* 41 44 ~9 
1953-A7 Starch 7 NM* NM* 51 53 ~6 
1953-A8 Starch 8 NM* NM* 51 54 ~5 

Dispersing media 2 as dispersing media 
1953-B1 Starch 1 4 000 100 55 58 ~5 
1953-B2 Starch 3 2 800 100 55 56 ~6 
1953-B3 Starch 4 NM* NM* 55 56 ~5 
1953-B4 Starch 5 NM* NM* 55 57 ~6 
1953-B5 Starch 2 4 600 100 55 55 ~6 
1953-B8 Starch 8 NM* NM* 55 57 ~5 

1953-B1-2 Starch 1 1600 100 51 56 ~5 
1953-B1-3 Starch 1 3400 100  58 ~6 

1953-P11-L Starch 1 9 200 30 52 55 ~6 
1953-P11-L/60 

min 
Starch 1 29 000 12 52 58 ~6 

1953-P11-P Starch 1 NM* NM* 52 54 ~6 
1953-P11-P 

/60 min 
Starch 1 NM* NM* 52 56 ~6 

1953-P11-L-P Starch 1 29 000 12 52 54 ~6 
1953-P11-L-

P/60 min 
Starch 1 NM* NM* 52 58 ~6 

1953-B1-P-s Starch 1 172 000 3 51 52 ~6 
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Batch Starch Viscosity 
[mPas] 

Speed 
[rpm] 

Theo. Solid 
content [%] 

Exp. Solid 
content [%] 

 
pH 

Dispersing media  2 as dispersing media
1953-B1-P Starch 1 NM* NM* 51 52 ~6 

Dispersing media 6 as dispersing media 
1953-D1-P Starch 1 NM* NM* 51 55 ~8 

Dispersing media 7 as dispersing media 
1953-E1 Starch 1 78 000 3 38 39 ~8 

1953-E1-P-s Starch 1 175 000 3 41 42 ~8 
1953-E1-P Starch 1 109 000 3 41 42 ~8 

PAA as dispersing media 
1953-F1-P-s Starch 1 53 600 3 51 54 ~3 
1953-F1-P Starch 1 81 400 3 51 53 ~3 

EVA as dispersing media 
1953-G1-P-1 Starch 1 NM* NM* 51 52 ~6 
1953-G1-P-2 Starch 1 12 500 12 51 52 ~6 

* NM – Not Measured due to high viscosity 
 
The goal with testing these formulations was to optimize the viscosity-solid content 
relationship in order to obtain a recipe that gave rise to high solid content and a reasonable 
viscosity. Three different formulations (1953-A0, 1953-A1 and 1953-A1M) were tested. 
Formulation 1953-A0 was prepared according to a recipe that was derived from prior 
experiments with starch. Table 12 shows the viscosities, solid contents and pH of the three 
formulations.  
 
Batch 1953-A0 had relatively low viscosity and solid content while 1953-A1M had too high 
viscosity relative to the solid content. Hence, formulation 1953-A1 was chosen to be 
proceeded with. The pH of all three batches was approximately 6.  
 
The viscosities, solid contents and pH of the batches with different starches dispersed in 
dispersing media 5 or dispersing media 2 are presented in table 12. The native starches 
(except starch 4) gave rise to very smooth and coherent consistencies with relatively low 
viscosities while the modified starches gave rise to more incoherent consistencies with higher 
viscosities. The solid content of the formulations with different starches dispersed in 
dispersing media 5 or dispersing media 2 did not show much variation except for 1953-A6, 
which was lower due to a smaller amount of starch in the formulation. The pH of the 
formulations, with both dispersing media 5 and dispersing media 2, was ~5-6 except for 1953-
A6 which was ~9.  
 
The formulation 1953-B1, see table 7, was chosen to be proceeded with. This formulation 
was chosen because of several reasons: 
 

- Starch 1 is already used as a raw material in Casco Adhesives AB, making it easy to 
get hold of 

- By using dispersing media 2 instead of dispersing media 5, lower viscosity can be 
obtained while still having the same solid content 

- Dispersing media 2 has a higher functionality than dispersing media 5. 
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5.1.1.1 Addition of protein to the starch formulations 
The addition of protein 1 gave very fine mixtures with coherent consistency while the 
mixtures with protein 2 had shorter consistencies and were thicker. The best mixture was P11-
P. The amount of renewable material in this mixture was >50 %, see table 3 in Appendix 2, 
and the consistency was good.   
 
See table 12 for the viscosities, solid contents and pH of 1953-P11-P, 1953-P11-L and 1953-
P11-L-P. The difference in viscosities between 1953-P11-L and 1953-P11-P was big. No 
significant variation of the solid content or the pH between the different batches could be 
seen.    

5.1.1.2 Different degree of gelatinization 
Full gelatinization was tested, using formulation 1953-B1. The batch became almost solid 
upon heating at 75-80 °C for one hour and was therefore discarded.  
 
By comparing the viscosity of 1953-P11-P with 1953-P11-P/60min, 1953-P11-L with 1953-
P11-L/60min and 1953-P11-L-P with 1953-P11-L-P/60min, it can be seen that there is a 
tendency to an increase in viscosity with prolonged gelatinization time. The viscosities were 
not directly comparable because they were presented at different speeds. A slight increase in 
solid content can also be observed, which is due to evaporation of water. The pH, however, 
did not vary. 
 
Formulation 1953-P11-P was chosen to be proceeded with as well as a gelatinization time of 
60 minutes. Protein 2 was chosen because prior experiments at Analytical Centre show that 
protein 2 has better water resistance than protein 156 while 60 minutes was chosen because it 
lead to an improvement in the ability to spread.  

5.1.1.3 Starch-protein formulations with different dispersing media  
Formulations with different synthetic polymers were tested. 1953-D1-P-s became very thick, 
very fast and could therefore not be used while 1953-E1 was discarded due to sedimentation. 
The other formulations had good consistencies.  
 
Larger batches of these formulations (except 1953-D1-P-s and 1953-E1) were prepared, 
however, these batches obtained lower viscosities than the previous, smaller batches 
(observed in 1953-B1 and 1953-B1-2 as well). This may be due to the increased amount of 
formulation. The larger batches may not have been heated as fast as the smaller, thereby 
obtaining a lower degree of gelatinization which lead to lower viscosities. 25 To mend this 
problem, the formulations were kept at 63 °C for another 40 minutes.  
 
Different viscosities were obtained in the large batches compared to the small, however, no 
specific trend could be seen. The big difference between 1953-G1-P-1 and 1953-G1-P-2 may 
be due to different recipes. All the new batches except for 1953-E1 and 1953-E1-P-s, had 
higher solid contents than 1953-REF. The pH of the new starch-protein formulations had a 
broad interval, from ~3 to ~8.   The solid contents and the pH of the larger batches showed no 
significant change compared to the previously prepared batches.  

5.1.1.4 Storage of starch-protein formulations 
The final formulations and the reference were stored, the viscosities can be seen in tables 4-7 
in Appendix 2. The general tendency of the stored samples was an increase in viscosity, 
however, the viscosity for 1953-B1-P and 1953-E1-P could not be followed due to high 
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viscosities. 1953-REF showed an increase in viscosity as well and became gel-like after some 
time, see figure 1 in Appendix 2. The increase in viscosity may be due to association of starch 
molecules and protein molecules which lead to higher viscosities over time. 25, 32  

5.1.2 Screening test for water resistance 
To obtain a better understanding of the influence of the cross-linking agent a screening test 
was preformed. By submitting films of the adhesive formulations with and without cross-
linking agents to water, the influence of the cross-linking agent can be observed since the 
addition of cross-linking agent probably imparts better water resistance. This test was 
performed on the starch-protein formulations, 1953-B1-P, 1953-E1-P, 1953-F1-P and 1953-
G1-P-2, see table 16 for the prepared films. Since cross-linking agent 4 is most efficient at 
acidic pH, C was added as a pH-adjuster. Cross-linking agent 1 is most effective at alkaline 
pH and B was therefore used as a pH-adjuster. B was also added to the formulations when 
cross-linking agent 3 was used as a cross-linking agent. The desired effect of B was to retard 
the very fast cross-linking reaction. Cross-linking agent 5 was tested in the starch/-protein 
formulations since it should form complexes with carboxyl and hydroxyl groups. The addition 
of cross-linking agent 5 gave rise to a dough-like consistency while the addition to 1953-B1-3 
and dispersing media 2 gave no noticeable difference to the consistency. This may indicate 
that cross-linking agent 5 forms strong complexes with the protein molecules in the adhesive 
formulations rather than with dispersing media 2 or starch. See table 13 for the results from 
the water resistance test.    
 
Table 13. The effect of the cross-linking agent on the water resistance of the starch-protein formulations. 
Formulation +  

pH adjuster 
Cross-linking agent After 4 days in water 

soaking at RT* 
Comments  

1953-B1-P - Easy to scrape off, 
redispersion  

Started to let go of the glass 
plate 

1953-B1-P+B 15 % cross-linking 
agent 1 

Very hard to scrape off, no 
redispersion 

Started to let go of the glass 
plate 

1953-B1-P+B 3 % cross-linking 
agent 3** 

Easy to scrape off, 
redispersion 

Started to let go of the glass 
plate 

1953-B1-P+C 5 % cross-linking 
agent 4 

Easy to scrape off, 
redispersion 

Started to let go of the glass 
plate 

1953-E1-P - Easy to scrape off, 
redispersion 

Film started to redisperse 
before scraping 

1953-E1-P 15 % cross-linking 
agent 1 

Easy to scrape off, no 
redispersion 

Started to let go of the glass 
plate 

1953-E1-P 3 % cross-linking 
agent 3** 

Easy to scrape off, 
redispersion 

Film started to redisperse 
before scraping 

1953-E1-P+ C 5 % cross-linking 
agent 4 

Relatively hard to scrape off, 
redispersion 

- 

1953-F1-P - Easy to scrape off, 
redispersion 

- 

1953-F1-P+B 15 % cross-linking 
agent 1 

Relatively hard to scrape off, 
redispersion 

Film started to redisperse 
before scraping 

1953-F1-P+B 3 % cross-linking 
agent 3** 

Relatively hard to scrape off, 
redispersion 

- 

1953-F1-P 5 % cross-linking 
agent 4 

Relatively hard to scrape off, 
redispersion to some degree 

- 

1953-G1-P-1 - Hard to scrape off, no 
redispersion 

 Elastic, Started to let go of 
the glass plate 
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Formulation +  

pH adjuster 
Cross-linking agent After 4 days in water 

soaking at RT* 
Comments  

1953-G1-P-1+B 15 % cross-linking 
agent 1 

Very hard to scrape off, no 
redispersion 

- 

1953-G1-P-1+C 5 % cross-linking 
agent 4 

Hard to scrape off, no 
redispersion 

Elastic, Started to let go of 
the glass plate 

1953-G1-P-2 6 % cross-linking 
agent 5 

Relatively hard to scrape off, 
no redispersion 

- 

* RT – room temperature  
** 3 % based on the amount of polyhydroxyl compounds  
 
Cross-linking agent 1 gave the best results when used in formulation 1953-B1-P, 1953-E1-P, 
1953-G1-P-2 while cross-linking agent 4 gave the best results when used in formulation 
1953-F1-P. The reason why cross-linking agent 1 gave better results in water resistance than 
cross-linking agent 4 could be due to a reaction occurring with amine groups as well as 
carboxyl groups when cross-linking agent 1 was used. The ineffectiveness of cross-linking 
agent 3 may be due to the too fast occurring reaction (dough-like consistency was obtained).   

5.1.3 Determination of Tg and MFFT 
Table 14 shows the Tg and MFFT for some of the starch-protein formulations.  
 
Table 14. The Tg and MFFT for some starch-protein formulations. 
Formulation Tg  [°C] MFFT [°C] 
1953-B1-P 35 (34;35) 17 
1953-E1-P 28 (27;28) and 108 (108;-) - 
1953-F1-P 31 (30;32) 14 

1953-G1-P-2 6 (6;6) -  
 
The thermograms for the four formulations can be seen in figures 2-5 in Appendix 3. In the 
thermogram for 1953-B1-P there is one transition and it may be the Tg of dispersing media 2 
since it should be ~38 °C 57. In the thermogram for 1953-E1-P, two Tg could be seen in one of 
the samples and one transition in the second sample. The Tg at ~108 °C, was hard to see and 
could be the Tg of dispersing media 7, since the Tg probably is slightly higher than for PVA 
(Tg ~80 °C 58). The Tg obtained for formulation 1953-F1-P was ~31 °C, this value was too 
low to be the Tg of  PAA, starch or protein. The Tg of EVA is ~5 °C 59 and a transition at this 
temperature could be seen in the thermogram for 1953-G1-P-2.  
 
The MFFT values should correlate to the Tg values obtained from the DSC since MFFT 
normally is a little below the Tg. No MFFT for formulation 1953-G1-P-2 could be observed. 
The low Tg observed in DSC, ~6 °C, indicates that the MFFT should be somewhat lower but 
because of the temperature range (4-40 °C), it could not be seen. 
 
It was difficult to draw any conclusions concerning the Tg and MFFT values. 
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5.1.4 Fibre tear testing 
Fibre tear testing was performed as a screening test in order to give a fast estimation of the 
tensile strengths of the formulations.  

5.1.4.1 Starch formulations  
The first tests were performed on the starch formulations (different starches dispersed in 
dispersing media 2 or dispersing media 5) in order to distinguish which starch and dispersion 
that would be continued with. The results for these formulations are presented in table 16 
Appendix in 4.  
 
Five formulations with dispersing media 5 and five formulations with dispersing media 2 
were tested (formulation with starch 6 with dispersing media 5, starch 7 with dispersing 
media 5 and starch 8 with both dispersing media 5 and dispersing media 2 were discarded due 
to their thickness). The formulations with starch 1 and starch 2 dispersed in dispersing media 
5 or dispersing media 2 showed the best results, both warm and cold with fibre tear at ~100 
%. Starch 3, 1953-A2, showed the worst results, both warm and cold. The formulations with 
dispersing media 2 showed, in general, poorer results than the formulations with dispersing 
media 5. The good results that were obtained with starch 1, was one of the reasons it was 
chosen to be continued with. Dispersing media 2 was also chosen to be proceeded with. It 
was, however, chosen because of its functionality and not the results that were obtained from 
fibre tear testing.   
 
The addition of cross-linking agent 5 (5 %), cross-linking agent 3 (3 % based on the amount 
of polyhydroxyl compound) and cross-linking agent 1 (20 %) to starch formulations with 
dispersing media 5 and dispersing media 2 was performed, see table 16 in Appendix 4 for the 
results. Cross-linking agent 1 was only added to formulations with dispersing media 2, 
because there are no functional groups in the formulations with dispersing media 5 that cross-
linking agent 1 can react with. The addition of cross-linking agent 5 did not show any 
improvement in tensile strength in any of the formulations. The addition of cross-linking 
agent 1 to the formulations with dispersing media 2 showed a tendency towards poorer 
results. This may be due to the dilution of the formulation and the short pressing time (30 s). 
The addition of cross-linking agent 3 to the formulations with dispersing media 5 slightly 
improved the tensile strength in general while in formulations with dispersing media 2 a 
tendency towards deterioration was observed. 

5.1.4.2 Starch-protein formulations 
Table 16 in Appendix 4 shows the results from the fibre tear testing. Three different 
formulations (1953-P11-P, 1953-P11-L, and 1953-P11-L-P) were tested and two different 
gelatinization times, see table 7. The difference between the three formulations at the same 
gelatinization time was very small. No visible improvement could be observed of the tensile 
strength when prolonging the gelatinization time from 20 minutes to 60 minutes either.  
 
The starch-protein formulations showed a strange behaviour during fibre tear testing. They 
had relatively good fibre tear when pulled warm but after they had cooled down the 
formulation had formed a “film” on the particle board. The formation of the “film” gave rise 
to an uneven fibre tear. This may be because the adhesive formulation dried slightly before 
the veneer was applied. The reason why a good fibre tear was obtained when the particle 
board was still warm may be because the moisture softens the particle board when it is warm 
and a better fibre tear can be obtained. The formulations were diluted to see if the solid 
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content had an effect on the “film” formation. Formulation 1953-P11-P was chosen to be 
tested and was diluted from 52.3 to 43.2 % solid content (different solid contents in between). 
A slight improvement was seen in the ability to remove veneer when warm while none could 
be observed when cold. A decrease was seen in fibre tear with decreasing solid contents, 
which was expected.  
 
The formulation 1953-P11-P was also tested with 10, 15 and 20 % of cross-linking agent 1 to 
see if the amount of cross-linking agent 1 had an effect on the tensile strengths. A slight 
improvement was seen when warm with 10 and 15 % cross-linking agent 1 while a 
deterioration was observed with 20 % cross-linking agent 1. The deterioration may be due to 
the effect of the dilution. 15 % cross-linking agent 1 was chosen to be proceeded with as it 
gave the best results.  

5.1.5 EN 204 and WATT 91 testing 
Tensile strengths of some formulations were characterized according to the standardized tests, 
EN 204 and WATT 91. Figure 29 shows the tensile shear strengths for some of the starch-
protein formulations. See table 10 for the amount of cross-linking agents in the different 
formulations.  
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Figure 29. The tensile shear strengths for the final starch-protein formulations when tested with and 
without cross-linking agents according to EN 204 and WATT 91. 
 
All the tested batches except for 1953-B1-3 and 1953-G1-P-2+cross-linking agent 5 passed 
D1 criteria. The approximate fibre tear for all the final starch-protein formulations was 100 % 
except for 1953-G1-P-2 which only had approximately 10 % fibre tear. 1953-B1-3 thickened 
fast upon application which lead to uneven spreading and poor wetting. This might have 
influenced the tensile shear strengths.  
 
Several batches passed D2 criteria and the best was 1953-B1-P+cross-linking agent 2 which 
was the only batch that was better than the reference (1953-REF+cross-linking agent 1). The 
impact of cross-linking agent on the water resistance of the formulations is evident when 
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comparing formulation 1953-B1-P as well as 1953-E1-P with and without cross-linking agent. 
The water resistance, according to D2 tests, increased when adding cross-linking agent to the 
adhesive formulations. Formulation 1953-F1-P with cross-linking agent 4 could not be tested 
in D2 tests since the test samples fell apart. The fibre tear in D2 tests varied from 0-100 % 
whereas 1953-B1-P+cross-linking agent 1 and 1953-B1-P+cross-linking agent 2 had the 
highest fibre tear, 100 %.  
 
None of the tested batches passed D3 criteria and none had higher tensile shear strengths than 
the reference sample (1953-REF+cross-linking agent 1) in D3 – wet tests. 1953-B1-3, 1953-
E1-P and 1953-F1-P+cross-linking agent 4 were not tested since the test samples fell apart 
when positioned in the Alwetron. 
 
All batches except 1953-B1-3 and 1953-G1-P-2+cross-linking agent 5 passed WATT 91 
criteria (7 MPa). Batch 1953-E1-P+cross-linking agent 1 had the best heat resistance, which 
was comparable with the reference sample (1953-REF+cross-linking agent1). 

5.2 Protein formulations 
5.2.1 Viscosity, solid content and pH measurements 
The viscosities, solid contents and pH of the evaluated protein batches are presented in table 
15. 
 
Table 15. Viscosities at specific speed using spindle LV4, solid contents and pH of the reference. 

Batch  Viscosity [mPas] Speed [rpm] Exp. Solid content [%] pH 
p-REF* 16 700 30 43 ~8 

p-filler 6-1 7 700 30 41 ~7 
p-filler 6-2 8 900 30 41 ~7 
p-filler 6-3 9 500  30 42 ~7 
p- filler 3 10 500 30 42 ~7 
p-REF* 71 400 3 43 ~8 

p-dispersing media 3 53 200 3 40 ~8 
p-dispersing media 4 63 000 3 41 ~7 

p-filler 4 125 800 3 42 ~7 
p-filler 2 104 400 3 42 ~7 
p-filler 5 NM** NM** 42 ~8 
p-filler 7 2 600*** 6*** 42 ~7 

*p-REF is listed twice at different speeds so that the new batches can be compared to the reference 
** NM – Not measured, too high viscosity to be measured  
*** p-filler 7 was measured using spindle LV2 

5.2.1.1 Replacing filler 1 with renewable fillers 
The small experiments that were performed by adding renewable fillers to p-1 (same 
formulation as reference but without filler 1) gave the amount of the renewable filler that 
could replace filler 1 (the assumption was made that filler 1 did not have a noticeable effect 
on viscosity). See table 16 for the amounts of renewable fillers and filler 1 in the different 
formulations. 
 



Starch and Protein based Wood Adhesives  Lidija Glavas 

 46

Table 16. The amount of filler 1 and renewable filler in the new batches.  
Batch Renewable filler Amount of renewable 

filler [%] 
Amount of 
filler 1 [%] 

p-REF - - 15 
p-filler 6 Filler 6 15 - 
p-filler 4 Filler 4 10 5 
p-filler 2 Filler 2 10 5 
p- filler 3 Filler 3 10 5 
p-filler 5 Filler 5 5 5 
p-filler 7 Filler 7  10 5 

 
See table 15 for viscosities, solid contents and pH of the protein batches with renewable 
fillers as well as of the reference. The replacement of filler 1 by renewable fillers had an 
effect on the viscosity. The formulation with filler 7 had low viscosity, was very grainy and 
pseudoplastic, and was thereby discarded. The solid contents of the formulations with 
renewable fillers and the reference (p-REF) were approximately the same and the pH was ~7-
8. Even though high viscosities were obtained, the formulations exhibited no difficulty in 
spreading and had a good consistency. 
 
Another two batches with filler 6 as filler were prepared due to phase separation in p-filler 6-
1. Procedure 7, see table 9, was performed according to some of the guidelines provided by 
the supplier of filler 6 which stated that an increase of pH facilitates the formation of 
nanoparticles.60 No phase separations were observed in p-filler 6-2 or p-filler 6-3 at first, 
however, after 3 days a phase separations was observed in p-filler 6-3 and after 3 weeks it was 
observed in p-filler 6-2 as well. The phase separation may be due to insufficient agitation 
which might have lead to aggregation of filler 6 particles. No difference can be seen in 
viscosity, solid content or pH between the three batches with filler 6. 
 
Table 17 shows how the amount of renewable material changes when incorporating 
renewable fillers to the formulations. In the calculations the solid content of each component 
is assumed to be: dispersing media 2 – 60 %, protein 2 – 90 %, filler 1 – 100 % and renewable 
filler – 100 %. 
  
Table 17.  The total theoretical solid content, the theoretical solid content of renewable materials and the 
total amount of renewable material as well as the amount of non-petroleum material in the protein .  

 
Batch  

Theo. Solid 
content [%] 

Theo. Solid content of 
renewable materials 

[%]* 

Amount of  
renewable 

 material [%]* 

Amount of  
non-petroleum 
material [%] 

p-REF 42 14 32 67 
p-filler 6-1  

42 
 

29 
 

67 
 

67 p-filler 6-2 
p-filler 6-3 
p-filler 4 42 24 56 67 
p-filler 2 42 24 56 67 
p- filler 3 42 24 56 67 
p-filler 5 42 19 44 67 
p-filler 7 42 24 56 67 

*Filler 1 is not included in renewable materials 
 
By replacing some of the filler 1 with renewable fillers, a higher percentage of renewable 
materials can be observed. The highest amount of renewable material was ~67 % in the 
batches with filler 6. The amount of non-petroleum material is the same in all batches.  
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5.2.1.2 Protein formulations with dispersing media 3 and dispersing media 4 
Two dispersions, dispersing media 3 and dispersing media 4, were evaluated as dispersing 
media instead of dispersing media 2. See table 15 for viscosities, solid contents and pH. By 
replacing dispersing media 2 with dispersing media 3 or dispersing media 4, a decrease in 
viscosity can be observed. The decrease may be due to the slight decrease in solid content, 
which in turn is due to the lower solid content of dispersing media 3 and dispersing media 4 
(~50 %) compared to dispersing media 2 (~60 %). The pH of the new batches was ~7-8. 

5.2.1.3 Storage of protein formulations 
The new formulations with renewable fillers (except p-filler 7) and p-REF were stored. See 
tables 8-13 in Appendix 2 for the viscosities. p-REF and p-filler 3 showed an increase in 
viscosity with time. This is the typical behaviour for protein adhesive formulations and is due 
to the association of protein molecules over time.32 The formulations with filler 6 showed a 
decrease in viscosity with time. p-filler 5 and p-filler 4 could not be followed because of their 
initially high viscosities.   
 
 The batches with dispersing media 3 and dispersing media 4 were also stored. See tables 14 
and 15 in Appendix 2 for the viscosities. Their viscosities increased and decreased during 
storage. Overall, there is an increase in viscosity over a month.  

5.2.2 Particle size analysis 
The results from particle size analysis can be seen in table 18.  
 
Table 18. The results obtained from particle size analysis. 
Sample Batch Mean diameter [µm] Median diameter [µm] 

1 Filler 6 37 27 
2 p-filler 6-3 (procedure 7 ) 155 126 
3 p-filler 6-2 (procedure 6) 58 14 

 
The goal with this analysis was to see if filler 6 really did form nanoparticles when dispersed 
in water and how it affected the formulated dispersions. Nanoparticles were, however, not 
obtained in the three batches as the mean and median diameter of the particles were several 
µm. Sample 2 had a higher mean value than the other two samples which might indicate 
formations of agglomerates of filler 6 in this batch. 

5.2.3 EN 204 and WATT 91 testing 

5.2.3.1 Protein formulations 
The protein formulations with different renewable fillers and with different dispersions 
(dispersing media 3 and dispersing media 4) along with the reference were tested according to 
EN 204 and WATT 91. All formulations were tested with cross-linking agent 1 as cross-
linking agent. Cross-linking agent 5 was also tested as a cross-linking agent due to previous 
tests with starch-protein formulations that indicated the formation of a complex between 
protein 2 and cross-linking agent 5. The reaction occurred very fast and gave rise to a dough-
like consistency. However, the reaction did not occur as fast in formulations with filler 3 (p-
filler 3) and occurred even slower in formulations with filler 6 (p-filler 6-2 and p-filler 6-3). 
Cross-linking agent 5 was, thereby, tested as a cross-linking agent in these formulations. 
During application of p-filler 3 with cross-linking agent 5, it started to crumble and thicken 
fast which lead to an uneven spreading and poor wetting.  
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Figure 30 shows the tensile shear strengths the protein formulations. See table 10 for the 
amount of cross-linking agents in the different formulations.  
 

Tensile testing according to EN 204 and WATT 91
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Figure 30. The tensile shear strength for the protein formulations when tested according to EN 204 and 
WATT 91. 
 
All the tested batches passed D1 criteria. Most of the formulations had a fibre tear of 
approximately 100 %. p-filler 3 + cross-linking agent 1 and p-filler 3 + cross-linking agent 5 
had lower fibre tear than the rest.  
 
Most of the batches passed the D2 criteria, however, the batches with cross-linking agent 5 as 
cross-linking agent did not. The fibre tear for the different batches was ~80-100 % except for 
the ones with cross-linking agent 5 as cross-linking agent which had ~5- ~15 % fibre tear.   
 
All batches passed D3 criteria except the ones with cross-linking agent 5, which once again 
indicates on the lack of water resistance this cross-linking agent inflicts on the formulations. 
The best batches were p-dispersing media 4 + cross-linking agent 1 and p-dispersing media 3 
+ cross-linking 1 followed by p-filler 4 + cross-linking agent 1 and p-filler 2 + cross-linking 
agent 1. Several batches (p-REF + cross-linking agent 1, p-dispersing media 4 + cross-linking 
agent 1, p-dispersing media 3 + cross-linking agent 1, p-filler 4 + cross-linking agent 1, p-
filler 2 + cross-linking agent 1 and p-filler 5 + cross-linking agent 1), passed the criteria for 
D4 – wet (4 MPa), however, none passed the criteria for D4 – boiling test. p-dispersing media 
3 + cross-linking agent 1 and p-filler 2 + cross-linking agent 1 were close, though.  
 
All formulations except p-filler 6-3 + cross-linking agent 5 and p-filler 3 + cross-linking agent 
5 passed the criteria for WATT 91 (7MPa). The batch that had the best heat resistance was p-
filler 5 + cross-linking agent 1 but was tightly followed by p-filler 2 + cross-linking agent 1 
and p-REF + cross-linking agent 1. The fibre tear varied from ~0 % in the batches with cross-
linking agent 5 to ~100 % in the formulations with dispersing media 3, dispersing media 4, 
filler 4 and filler 2. 
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p-dispersing media 3 + cross-linking agent 1 and p-dispersing media 4 + cross-linking agent 1 
showed good results in EN 204 and WATT 91 testing. They showed better or equal water 
resistance as the reference (p-REF + cross-linking agent 1) and approximately the same heat 
resistance.  
 
As figure 30 shows, a replacement of filler 1 by renewable fillers can be performed without 
an impairment of adhesive properties if the filler is chosen wisely. By replacing 10 wt % of 
the filler 1 by filler 2 (p-filler 2) or filler 4 (p-filler 4), the water resistance may be improved 
slightly as well as by replacing 5 wt % filler 1 with filler 5 (p-filler 5). p-REF had very good 
heat resistance but it was slightly improved by replacing some of the filler 1 by filler 2 or 
filler 5. Filler 2, filler 4 and filler 3 should be investigated further as renewable fillers in 
protein adhesive formulations. Filler 5 did give good adhesive properties, however, the low 
amount of the renewable filler as well as the high viscosity obtain makes it less interesting.   

5.2.3.2 Effect of pressing temperature and amount of cross-linking agent 1 
Different amounts, 5, 10, 15 and 20 %, of cross-linking agent 1 in p-REF were tested to see 
how the adhesive properties were affected. All four formulations were pressed at 110 °C for 
10 minutes. The effect of decreased pressing temperature on the adhesive properties was also 
observed. The temperatures tested were 90, 100 and 110 °C. The formulation that was tested 
was p-REF with 15 % cross-linking agent 1. All the batches were pressed for 10 minutes.  
 
Figure 31 shows the tensile shear strengths for the protein formulations.  
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Figure 31. The tensile shear strengths for the protein formulation pressed at different temperatures and 
with different amounts of cross-linking agent 1, tested according to EN 204 and WATT 91. 
 
All the tested batches passed D1 (except p-REF + 10 % cross-linking agent 1), D2 and D3 
criteria. The amount of cross-linking agent 1 and the pressing temperature did not seem to 
have a distinct effect on the adhesive properties when tested dry (D1). The fibre tear did not 
seem affected as well and was ~100 % for all tested batches.  
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The batch p-REF + 5 % cross-linking agent 1 and p-REF + 15 % cross-linking agent 1 100 °C 
gave best results in D2 tests. The fibre tear varied from ~80-100 %. No tendency towards 
improvement or deterioration of the water resistance could be seen with lower pressing 
temperatures or lower amounts of cross-linking agent 1 in D2 – redried tests. 
 
p-REF + 20 % cross-linking agent 1 and p-REF + 15 % cross-linking agent 1 had the best 
results in D3 – wet testing. A tendency towards a decrease in tensile shear strength with 
decreasing pressing temperature and decreasing amounts of cross-liking agent 1 was observed 
in D3 – wet tests. The batches with 15 and 20 % cross-linking agent 1 as well as the batches 
pressed at 100 and 110 °C passed D4 – wet criteria (4 MPa). None of the tested batches 
passed the D4 – boiling criteria. The highest tensile shear strengths were obtained from p-
REF + 15 % cross-linking agent 1 and p-REF + 15 % cross-linking agent 1 110 °C. 
 
All batches passed the criteria for WATT 91 (7 MPa). The amount of the cross-linking agent 
and pressing temperature did not seem to have a specific effect on the heat resistance of the 
formulations. p-REF + 15 % cross-linking agent 1 100 °C and p-REF + 5 % cross-linking 
agent 1 showed the highest tensile shear strengths for WATT 91. 
 
D3 classification of p-REF can be obtained with a pressing temperature as low as 90 °C if the 
amount of cross-linking agent 1 is 15 %. No tendency towards deterioration or improvement 
of the adhesive properties can be seen with decreasing pressing temperature.   
 
The results obtained from EN 204 and WATT 91 for the batches with different amount of 
cross-linking agent 1 show that the amount of cross-linking agent 1 may be decreased to 5 % 
(if the pressing temperature is 110 °C) and the formulation would still pass D3 criteria. By 
adding 15 % cross-linking agent 1 to p-REF, the formulation passes D4 – wet criteria. 
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6. Conclusions 
Different native starches, modified starches and plant proteins were evaluated as wood 
adhesives. The starch based adhesive formulations ca be used as wood adhesives, however, 
the use of protein based adhesive give rise to better adhesive properties.  
 
Based on the results obtained in this study, following conclusions could be drawn. 
 
- Adhesives based on starch dispersed in synthetic polymers can be used as a wood 

adhesive. Addition of protein to the formulation and modification of the procedure 
improved the adhesive properties. The best results, of the starch based formulations, 
were obtained when starch 1 and protein 2 were dispersed in dispersing media 2. This 
formulation passed the criteria for D2 and for WATT 91.  

 
- By using cross-linking agent 1, cross-linking agent 2 and cross-linking agent 4 in starch-

protein based adhesives, an improvement of the adhesive properties could be observed. 
Cross-linking agent 3 and cross-linking agent 5 did not show the desired improvement. 
The formulations with dispersing media 2 or dispersing media 7 passed the criteria for 
D2 and WATT 91 with the addition of cross-linking agent. However, these results were 
comparable with the results obtained from the reference (starch 1 dispersed in dispersing 
media 1).     

 
- All the tested renewable fillers (except filler 7) gave as good results as the reference. 

However, by replacing the filler 1 in the formulation partially with filler 2 or filler 4 the 
adhesive properties will improve slightly. All the tested formulations that used cross-
linking agent 1 as a cross-linking agent passed the criteria for D3, D4 – wet and WATT 
91.  

 
- The addition of renewable fillers increases the amount of renewable material in the 

formulation. The amount of renewable material can be increased from ~32 % in the 
reference to ~56 %. The amount of non-petrochemical material was ~67 %.   

 
- Dispersing media 2 can be replaced by dispersing media 3 or dispersing media 4. These 

new formulations have at least the same adhesive properties as the reference. They 
passed the criteria for D3, D4 - wet and WATT 91. The formulation with dispersing 
media 3 was close to passing D4 – boiling criteria. The use of dispersing media 3 or 
dispersing media 4 will lead to less expensive systems with the same adhesive 
properties.  

 
- No tendency towards deterioration or improvement of adhesive properties can be seen 

when decreasing the pressing temperature for the protein adhesive reference. A decrease 
in pressing temperature to 90 °C instead of 110 °C will, thereby, still give rise to a D3 
classification if the amount of cross-linking agent 1 is 15 %. 

 
- The decreasing amount of cross-linking agent 1 in the protein adhesive reference 

showed no tendency towards deterioration or improvement of adhesive properties. If the 
pressing temperature is 110 °C, the amount of cross-linking agent 1 in the protein 
adhesive reference can be lowered to 5 % and still a D3 adhesive would be obtained.  
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7. Future work  
- Increase the amount of dispersing media 7 in the starch-protein formulation 1953-E1-P 

since it should lead to better adhesive properties. 
 
- Study the effect of cross-linking agent 2 as cross-linking agent in formulations with 

dispersing media 7, starch 1 and protein 2 since it may give better adhesive properties than 
cross-linking agent 1.  

 
- Repeat the tests in order to see if the same results can be obtained.   
 
- Try a broader temperature interval during pressing of the reference batch, perhaps 70-130 

°C. Lower temperature may still lead to D3 classification and the influence of pressing 
temperature may be easier to see. Higher temperatures might also lead to higher tensile 
strengths which might lead to D4 classification. 

 
- Study the effect of lower pressing temperatures and lower amount of cross-linking agent 1 

on the formulations with renewable fillers and other dispersions. The formulations will 
perhaps still pass the criteria for D3.  

 
- Study the effect of lower pressing temperature together with lower amounts of cross-

linking agent 1. What classification would these adhesive have? 
 
- Try to optimize the protein adhesive in regards to the recipe. Evaluate the effect of 

different amounts of the components.  
 
- Try to optimize the procedure for the protein formulation with filler 6 by using higher 

shear forces and increasing the pH during preparation in order to study the effect of 
nanoparticles on the adhesive properties. As well as try to increase the amount of filler 6.  

 
- Try adding the protein in the protein adhesive in their secondary structure (denaturation of 

proteins) since proteins in their secondary structure should lead to better adhesive 
properties.32  

 
- Since the addition of filler 1 should not lead to increase in viscosity, it would be 

interesting to see if the adhesive properties of the formulations with renewable fillers are 
affected by the increase of filler 1.     

 
- Develop protein formulations with protein 1 instead of protein 2 since protein 1 give rise 

to lower viscosities, higher solids contents and higher amount of renewable material could 
be obtained. Test the renewable fillers that showed the best results in the formulation with 
protein 2 as well as the new dispersions (dispersing media 3 and dispersing media 4).  
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