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Abstract  
In this project, different MUF resins were synthesized with varying melamine content, F/NH2 molar 
ratio, number of addition steps and with varying addition order of the reactants during synthesis. 
Further, it was investigated how these synthesis parameters influenced resin properties including 
storage stability and free formaldehyde content. Additionally, NMR spectroscopy was used in order 
to study the resulting chemical structure of the resins and their molecular size and molecular size 
distribution were examined by SEC and MALDI-TOF-MS. The curing kinetics of the resins were studied 
by Raman spectroscopy. From the resins, cured glue joints were prepared and the mechanical 
properties and water resistance of these were tested through tensile shear testing after different 
pretreatments of the glue joints. 

It was confirmed that synthesis under both alkaline and acidic conditions resulted in a higher amount 
of ether bridges in the resin in comparison to synthesis under acidic conditions. Furthermore, a high 
melamine content and fewer urea additions resulted in resins with a higher amount of methylol 
groups and less substituted functional groups. Comparatively, when the F/NH2 molar ratio was 
increased or when formalin was added in two steps, a resin with higher amount of substituted 
groups and structures of higher degree of condensation was obtained. From the synthesis procedure 
it was concluded that a long condensation time at alkaline conditions was the most efficient way to 
achieve a low free formaldehyde content, while a high F/NH2 molar ratio resulted in the highest 
amount of free formaldehyde. Furthermore, a high amount of flexible ether bridges, low amount of 
methylol groups, low melamine content, high F/NH2 molar ratio and a high degree of branched 
chains seem to be important structural parameters for achieving resins with a long shelf life. 
Additionally, from the SEC-analysis it was found that the resins had an average molecular weight (Mn) 
between 1000-1600 g/mol and a broad molecular weight distribution, which were further verified by 
MALDI-TOF-MS. The resins with a high melamine content had shorter chains, and the molecular 
weight distribution was most significantly increased when the number of addition steps were 
changed.  

Through analysis of the curing process it was found that a higher hardener-to-resin mixing ratio 
resulted in a faster curing process and a higher final degree of cross-linking. Additionally, it appeared 
as the reaction of methylol groups was less pH-dependent than the reactions of ether bridges and 
methylene bridges, which both were favored at lower pH. From the kinetic profiles it was observed 
that the resin with a higher amount of ether bridges and lower amount of methylol groups had a 
more prolonged curing process. Furthermore, the mechanical testing of the resulting cured glue 
joints showed no significant difference in tensile strength between the resins when tested in the dry 
state. However, a reduced tensile strength were observed for the resin with higher melamine 
content when tested in the wet state, hence indicating that the increased melamine content used in 
this project is not enough in order to significantly improve the mechanical properties or water 
resistance of the cured glue joint observable with the used method.  

 

 

  



 
 

Sammanfattning  
I detta arbete har MUF-hartser syntetiserats med varierande melaminhalt, F/NH2 molkvot och 
satsningsförfarande av reaktanter under syntes. Vidare undersöktes det hur dessa syntesparametrar 
påverkar hartsernas egenskaper så som lagringsstabilitet och fri formaldehyd innehåll. Dessutom 
tillämpades NMR spektroskopi för att studera hartsernas kemiska struktur medan SEC och MALDI-
TOF-MS analyser utfördes för att få en uppfattning om hartsernas molekylvikt samt 
molekylviktsfördelning. Vidare analyserades hartsernas härdningskinetik med Raman spektroskopi. 
Från de syntetiserade hartserna förbereddes härdade limfogar vars mekaniska egenskaper och 
vattenbeständighet studerades genom dragprovstestning efter olika förbehandlingar av fogarna.  

Från hartsernas kemiska struktur kunde det bekräftas att då syntes utfördes under både basiska och 
sura betingelser erhölls en högre mängd eterbryggor i hartserna i jämförelse med syntes under 
endast sura betingelser. Vidare konstaterades det att hartserna med högre melaminhalt samt hartset 
som tillverkades med färre ureasatsningar bestod av en högre mängd metylolgrupper och en mindre 
andel substituerade grupper på melamin och urea. Jämförelsevis resulterade en högre F/NH2 
molkvot samt två formalinsatsningar under syntes i en större mängd substituerade grupper och i en 
högre andel större molekylstrukturer. Från den erhållna mängden fri formaldehyd i hartsen kunde 
det konstateras att en lång kondensationstid under basiska betingelser var det mest effektiva sättet 
att sänka detta värde. Jämförelsevis hade hartserna med hög F/NH2 molkvot det högsta innehållet av 
fri formaldehyd. Då hartsernas lagringstabilitet undersöktes visade det sig att en hög andel flexibla 
eterbryggor, en låg andel metylolgrupper, en låg melaminhalt, en hög F/NH2 molkvot och en hög 
andel grenade kedjor resulterade i förbättrad lagringsbeständighet. Från SEC-analysen erhölls 
hartsernas molekylvikter (Mn) i området 1000-1600 g/mol samt en bred molekylviktsfördelning. 
Resultaten var vidare bekräftade med MALDI-TOF-MS. Det observerades att hartserna med högre 
melaminhalt hade lägre molekylvikt samt att hartserna tillverkade med olika antal satsningar hade 
högst dispersitet.  

Då hartsernas härdningsförlopp studerades kunde det konstateras att ett högre bladningsförhållande 
av härdare/harts resulterade i en snabbare härdningsprocess samt i en större andel tvärbindningar i 
systemet. Dessutom visade det sig att reaktionen med metylolgrupper är mindre pH-beroende än 
omlagringen av eterbryggor och bildandet av metylenbryggor. De två sistnämda reaktionerna gynnas 
vid lägre pH. Då de kinetiska profilerna av hartserna jämfördes noterades det att hartset med en 
högre mängd eterbryggor och en lägre andel metylolgrupper hade en långsammare 
härdningsprocess. Från resultaten av de mekaniska analyserna på de härdade limfogarna kunde det 
konstateras att ingen signifikant skillnad i dragstyrka fanns mellan de olika fogarna då de testades i 
torrt tillstånd. Däremot observerades en minskad dragstyrka för hartset med högre melaminhalt då 
fogarna undersöktes i vått tillstånd. Detta visar på att den ökade melaminhalten som används i 
hartserna i detta projekt inte är tillräcklig för att resultera i en, med den använda metoden 
observerbar, förbättrad dragstyrka eller vattenbeständighet hos den motsvarande härdade limfogen. 
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DCM  Dichloromethane  

DHB  2,5-dihydroxybenzoic acid  

DCTB   2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile 

Na-TFA  Sodium trifluoroacetate 

THF  Tetrahydrofuran  

NMR  Nuclear Magnetic Resonance 

MALDI-TOF-MS Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass 
Spectrometry   
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Mn Number Average Molecular Weight 
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1. Introduction  

1.1. Wood Adhesives  
Wood adhesives are used on a daily basis in wood-processing industries for manufacturing of 
building materials such as particleboards, structural timbers, plywood and laminated beams. The 
function of an adhesive is to bond two materials together which is achieved through surface 
attachment between the adhesive and the substrates [1, 2]. The physicochemical process resulting in 
this interfacial bonding is explained by means of adhesion.  

1.1.2 Adhesion 
Adhesion is a phenomenon where two substrates are bonded together through their surfaces by 
intermolecular forces. Considering the adhesion of wood adhesives, the adsorption theory is most 
dominating. According to this theory, the adhesion between an adhesive and a wood substrate is 
caused by secondary forces between the molecules present in the two materials. It has been shown 
that van der Waals forces, electrostatic interactions and hydrogen bonds all contribute to the 
adhesion. Additionally, the mechanical interlocking theory is a mechanism believed to be applicable 
in most cases, even though its contribution to the adhesion is relatively low. The theory describes 
how the adhesion occurs through penetration of the adhesive into the pores and cavities of the 
wood surface. The extent of the mechanical interlocking is greatly dependent on the micro- and 
macroscopic surface roughness of the substrate. For thermosetting wood adhesives it is desirable to 
achieve a certain degree of adhesive penetration into the substrate since the hardening of the 
adhesive in the cavities is believed to enhance the strength of the glue joint. Lastly, the covalent 
chemical bonding theory, which states that a reaction between the adhesive and the wood substrate 
results in formation of chemical bonds between the two, has shown to be relevant for melamine 
formaldehyde (MF) and urea formaldehyde (UF) resins [2, 3].  

1.1.3 Wetting  
In order to obtain a sufficient adhesion, the adhesive needs to completely wet the surface of the 
wood substrate. During wetting, the adhesive flows over the surface of the wood substrate and into 
its cavities. All air pockets and other possible material present at the surface will thus be displaced. 
The wetting enables the molecules of the two materials to come close enough for intermolecular 
interactions to occur. The surface energy of an adhesive is influenced by properties such as viscosity, 
molecular weight and molecular weight distribution of the resins. The viscosity is an important 
property since it will determine how the resin flows over the surface prior to wetting. Additionally, 
the presence of both high and low molecular weight chains is important for the surface properties. 
The high molecular weight chains can more easily conform to each other and hence form a good 
cohesion, while the smaller molecules are able to penetrate into the substrate which results in a 
strong adhesion. The presence of different molecular sizes in the resin, a broad molecular weight 
distribution, is believed to contribute to a strong glue joint. Furthermore, cleanliness of the substrate 
surface and the surface tension of the adhesive relative to the surface tension of the substrate are 
important factors as well [2, 4, 5]. Additionally, as will be described in section 1.3 Wood Substrates, 
the porosity and hardness of the wood substrate will have a great impact on the wetting ability of 
the adhesive. The wetting, and hence the adhesion, will in turn influence the mechanical properties 
of the cured glue joint.  
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1.2 Amino Resins  
Chemically curing systems, such as thermosetting wood adhesives, consist of low molecular weight 
resins that due to chemical reactions during curing form a cross-linked, high molecular weight, 
network. In order for a network to be formed, at least one of the resins needs to have a functionality 
equal to or greater than three. Comparatively, a thermoplastic adhesive consists of high molecular 
weight polymers that upon evaporation of the solvent forms a film through physical chain 
entanglements. No chemical reaction takes place during the film formation. Thermosetting adhesives 
are preferably used over thermoplastics for load-bearing constructions due to their superior 
hardness, durability, toughness and chemical resistance [6, 5]. Which adhesive that is used is 
dependent on application, cost and environmental aspects. 

1.2.1 MF and UF Resins  
Amino resins are commonly used for production of thermosetting wood adhesives. The amino resins 
are synthesized from formaldehyde and compounds containing amine groups, and most extensively 
used are urea and melamine. The structures of urea, formaldehyde and melamine can be seen in 
Figure 1. 

 
Figure 1: The chemical structures of urea (left), formaldehyde (middle) and melamine (right) used for UF and MF resins 

respectively. 

In a two-step reaction, starting with methylolation followed by condensation, melamine and urea are 
used to synthesize MF and UF resins respectively. In the first step, the amine nitrogens in urea and 
melamine performs a nucleophilic attack on the formaldehyde carbon, preferably under alkaline 
conditions, leading to formation of methylol groups [2]. See Figure 2 for a reaction scheme of the 
methylolation of urea and melamine respectively. The reaction is similar but not identical for urea 
and melamine. During the reaction between urea and formaldehyde, the methylolation results in a 
replacement of the primary amine hydrogens by methylol groups, giving monomethylolurea and 
dimethylolurea, respectively. The secondary amine hydrogens are less reactive but trimethylolurea 
also exists. Dimethylolurea, having two amine groups and two methylol groups is a tetrafunctional 
compound. Comparatively, the reaction between melamine and formaldehyde results in all three 
amine groups becoming methylolated. The complete methylolation of melamine yields 
hexamethylolmelamine, a hexafunctional compound [7]. However, the system strives to obtain 
equilibrium and a mixture of melamine compounds with two to six methylol groups is obtained [2].  
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Figure 2: Methylolation of urea (top) and melamine (bottom) [8].  

The methylolated urea and melamine respectively reacts further through a polycondensation 
reaction under acidic or alkaline condition. The polycondensation reaction is a stepwise reaction 
where water is released as a by-product. The reaction is a self-condensation and it occurs between 
methylol groups, primary amines and secondary amines. A methylol group reacting with an amine 
group results in a methylene bridge (>NCH2N<) and when two methylol groups reacts, an ether 
bridge (>NCH2OCH2N<) is formed. The reaction initially results in dimers, and eventually in formation 
of longer oligomer chains [2, 9]. See Figure 3 and Figure 4 for reaction scheme of the 
polycondensation reaction of the methylolated urea and melamine respectively.  
 

 
Figure 3: The polycondensation of methylolated urea [10]. In the top reaction the methylol groups on urea react to form 
a dimer linked with ether bridges. In the bottom reaction one methylol group in a urea reacts with one amine group in 

another urea, resulting in a dimer linked with a methylene bridge.  The formation of ether bridges is favored at higher pH 
while the formation of methylene bridges dominates at lower pH.   

 

Figure 4: Polycondensation of methylolated melamine [10]. As for the condensation of urea, the reaction between 
methylol groups results in ether bridges and the reaction between methylol groups and amine groups result in 

methylene bridges between the molecules.  
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MF resins are the adhesive of choice when it comes to outdoor applications. They have superior 
water resistance and a high chemical and weather resistance. Unfortunately, the MF resins are 
relatively expensive; making UF resins an attractive alternative in many applications. UF resins have a 
low cost and a fast curing process. However, they exhibit much lower exterior durability, chemical 
inertness and water resistance compared to that of MF resins. In order to reduce the cost of the final 
adhesive, melamine-urea-formaldehyde (MUF) resins have been synthesized from melamine, urea 
and formaldehyde. However, the lower water resistance and outdoor durability caused by the 
presence of the UF part of the resin makes it necessary to optimize the balance between 
performance and cost of the final adhesive [2].   

1.2.2 MUF Resins  
MUF resins are widely used in the wood industry in applications including load-bearing constructions, 
such as laminated beams. MUF resins are copolymers of melamine and urea developed with the aim 
to reduce the cost and the formaldehyde emissions of the final adhesive [2, 8]. As for the synthesis of 
UF and MF resins, the same reactions between the functional groups of urea, formaldehyde and 
melamine occurs when synthesizing MUF resins. It has been shown that urea and melamine are 
allowed to react simultaneously with formaldehyde, which is believed to form a copolymer. The 
reactions occur between the functional groups of melamine, melamine and urea, and urea. MUF 
resins can be prepared by two different methods; the first method involves mixing of the already 
synthesized MF and UF resins, while in the second method, urea and melamine are allowed to 
copolymerize already during the resin synthesis. In the first method, it is  difficult to achieve a 
sufficient mixing of the UF and MF resins and it has also been shown that the two resins are present 
separately in the adhesive; no copolymer has been formed [2]. The second method allows for a more 
efficient use of the formaldehyde since urea and melamine reacts at different pH and temperatures, 
as will be discussed further in section 1.2.2.4 The Effect of the pH. This results in a MUF resin with a 
higher degree of substitution and hence a lower amount of unreacted formaldehyde. The synthesis 
of MUF resins according to the second method can be described as a copolymerization performed by 
a sequential reactant addition. Different sequences, with varying numbers of steps with addition of 
urea and melamine, can be used. The final structure and important properties of the adhesive such 
as curing time, water resistance and storage stability will vary depending on which sequence and the 
number of reaction steps that is used. Other factors that are important for the performance of the 
adhesive are the time for each reaction step, the temperature and pH during the reaction, and the 
formaldehyde/amine groups (F/NH2) molar ratio used [2, 11]. An example of the structure of a MUF 
resin can be seen in Figure 5.  

 
Figure 5: Theoretical structure of a MUF resin [12].  
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1.2.2.1 The Effect of the Number of Reaction Steps  
If the synthesis is performed in one-step where melamine, urea and formaldehyde are added 
simultaneously, the reaction will involve only two stages, first when urea and melamine reacts with 
formaldehyde and secondly, when the polymer chains starts to propagate through formation of 
methylene and ether-bridges. However, if the reaction is performed in two steps, the addition of 
melamine or urea is conducted in order to tailor the final properties. Earlier studies have shown that 
MUF resins synthesized with more addition steps have a longer curing time compared to resins 
synthesized with fewer addition step. It was believed that when an increased amount of reactants 
were added simultaneously, hence with fewer addition steps, longer polymer chains were able to 
form and thereof a shorter curing time was needed in order to reach a certain degree of cross-
links. The solubility becomes higher for the MUF resin produced in several steps because of the 
shorter chain lengths. Furthermore, the storage stability is improved when synthesizing the resins in 
more steps. A possible reason for these findings is that the controlling of the reaction between 
formaldehyde and the amino compounds is more precise when the compounds are reacted in 
several stages, thus allowing formation of a resin with improved storage stability [11]. 

1.2.2.2 The Effect of the Addition Order of the Compounds 
As the number of addition steps, the addition order of melamine and urea during synthesis will affect 
the final properties of the MUF adhesive. It has been shown that when melamine is added later 
during the reaction, the sterical hindrance will lower its reactivity towards the already formed UF 
resin. This, in turn, will lead to a higher amount of free melamine being present in the formulation. 
Melamine possesses buffering properties and its increased content will thus cause a slower decrease 
in pH during the condensation reaction and later upon curing. Since a low pH is necessary for the 
condensation reaction to take place, the curing time will consequently be longer. The final adhesive 
will have a lower degree of cross-links which will give rise to a weaker glue joint [13]. When 
considering the addition of urea, an earlier study has shown that when urea is added early during the 
reaction, the reaction between urea and methylolureas is dominating over the reaction between 
urea and methylolmelamines. Hence, more linear polymer chains are formed. Comparatively, if urea 
is added later, the reaction between different methylolureas, and between methylolureas and 
methylolmelamines will be favored over the reaction between methylolurea and urea, resulting in 
more branched polymer chains [8]. 

1.2.2.3 The Effect of the Molar Ratio of Melamine/Urea 
The melamine content in the MUF resin significantly affects its properties. It has been shown that a 
higher melamine/urea (M/U) molar ratio increases the curing time and solubility of the resin, and 
gives an improved bond strength and water resistance of the cured glue joint [11, 8]. As already 
discussed, melamine acts as a buffer and the slower reduction in pH will result in a longer curing time. 
The reason for the increased bond strength, when the M/U molar ratio is higher, is believed to be 
due to the stronger bonds formed between the triazine carbons in melamine compared to the 
bridges formed between urea carbons [14]. Additionally, more methylol groups will be obtained in 
the resins with higher amount of melamine or urea. However, since a melamine molecule is able to 
form more methylol groups than a urea molecule, an increased melamine content will give rise to a 
larger increase in the number of methylol groups. Due to the high solubility of the methylol groups in 
water, the solubility of the uncured MUF resin increases with increasing amount of melamine [11]. A 
higher content of melamine has also shown to increase the water resistance of the cured resin. 
When MUF resins are synthesized, also individual MF and UF polymer chains are formed. Therefore, 
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when the amount of melamine is increased, more MF chains will be formed. Since the nitrogen-
carbon bond, between melamine and a methylol group, is more resistant to hydrolysis compared to 
the amino-methylene bridges in UF, the higher amount of MF will improve the water resistance of 
the final resin [15].  

1.2.2.4 The Effect of the pH  
pH is an important parameter for controlling the polymerization reactions and thus the structure of 
the final resin. As can be seen in Figure 6, the formation of methylene bridges are favored at low pH 
(≤7) and the formation of ether bridges dominates at high pH (≥9).  

 

Figure 6: The effect of pH on the formation of bridges [16].  

The ratio of methylene/ether bridges influences the water resistance of the MUF resin. Ether bridges 
are more susceptible to water than the more hydrophobic methylene bridges and the water 
resistance will thus decrease with an increasing amount of ether bridges present in the resin. 
Furthermore, the ether bridges are less stable than methylene bridges and rearrangement of these 
into methylene bridges results in formation of formaldehyde. Hence, an increasing amount of ether 
bridges will increase the formaldehyde emissions of adhesive, as will be discussed further below. The 
ratio of methylene/ether bridges is dependent on parameters such as pH, reaction time and 
temperature and influences properties including water resistance and formaldehyde emissions [17, 
18, 19].   

 
Figure 7: The influence of pH on the methylolation during synthesis of MF resins [10]. 
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Figure 8: The influence of pH on the methylolation during synthesis of UF resins [2]. 

 

In Figure 7 and Figure 8, the reaction rate of MF and UF resins respectively during the methylolation 
can be seen. The reactivity of urea is favored at both the lower (<5) and higher (>9) end of the pH-
range while the reactivity of melamine is favored at higher pH (>9). It could therefore be understood 
that the reaction of urea and melamine with formaldehyde during synthesis of MUF resins are 
competitive reactions [10, 2].  

1.2.2.5 The Effect of the Reaction Time  
The reaction time and reaction rate are controlled by the pH and temperature during synthesis. The 
reaction time will influence the structure of the resin and thus its properties, such as storage 
stability. The methylolation is a rapid initial step, while the condensation reaction is slower and often 
requires a higher temperature [2]. In order to reach the desired molecular weight and viscosity of the 
MUF resin under a plausible reaction time, the temperature needs to be controlled throughout. 
Considering the pH, the methylolation step has shown to proceed faster at higher pH, meaning that 
formaldehyde will be consumed at a higher rate, even though the reaction also occurs at lower pH. 
As already described, the condensation reaction can occur at high (≥9) or low (≤7) pH, and the pH 
used during condensation as well as the condensation time will influence the structure of the final 
resin. A longer condensation time allows formation of longer molecular chains. As will be discussed in 
more detail in section 1.2.2.7 Storage Stability, the chain length is an important factor that influences 
the storage stability of the resin [16].  

1.2.2.6 Formaldehyde Emission 
One main drawback of using amino resins for wood adhesives is their responsibility for formaldehyde 
emissions. Formaldehyde is a toxic gas which, at elevated concentrations, has a negative impact on 
human health. It is therefore clear that the formaldehyde emissions highly affect the applications of 
the wood adhesives [20]. It is believed that the formaldehyde emissions mainly originate from: 

x Unreacted formaldehyde left in the resin 
x Formaldehyde that has been formed during the condensation reaction between 

methylolated compounds  
x Formaldehyde formed due to hydrolysis, or reversed methylolation, of the cured resin  
x Rearrangement of ether bridges [14, 19]. 

Many studies have been performed in order to optimize the balance between formaldehyde 
emissions and the performance of the final adhesive. Considering the hydrolytic degradation as a 
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formaldehyde emitting source, it is thought that the urea compounds carry the greatest 
responsibility. As already mentioned, the bonds between nitrogen and carbon in a methylolated urea 
are more susceptible towards hydrolysis than the bonds between a methylene carbon and an amide 
group in methylolated melamine. Methylolated urea will thus undergo reverse methylolation, 
resulting in formation of free formaldehyde, to a greater extent [13]. See Figure 9 for a reaction 
scheme of the hydrolysis of methylolated urea. 

 
Figure 9: Hydrolysis of a methylolated urea compound [6].  

Furthermore, it has been observed that a higher number of ether bridges increase the amount of 
released formaldehyde. When increasing the F/NH2 molar ratio, the higher amount of formaldehyde 
allows for a higher amount of melamine and urea to become methylolated. As described earlier, the 
reaction between two methylol groups is responsible for the formation of ether bridges. These 
unstable ether bridges undergo rearrangements to methylene bridges, and free formaldehyde is 
formed as a consequence [14, 19]. Hence, an increase in F/NH2 molar ratio will result in an increase 
in formaldehyde emissions [14]. See Figure 10 for the rearrangement reaction of ether bridges. 

 
Figure 10: Rearrangement of ether-bridges [19].  

By adding a higher amount of melamine, enhanced water resistance of the MUF adhesive can be 
obtained, which leads to reduced formaldehyde emissions [8]. Furthermore, it is believed that a low 
F/NH2 molar ratio and a higher degree of cross-linking in the MUF resin will reduce the emission. The 
degree of cross-links can be increased by adding melamine early during the synthesis. As already 
described, the later addition of melamine will decrease its reactivity and hence reduce the cross-
linking density of the resin [13].  

1.2.2.7 Storage Stability  
When considering the shelf life, or the storage stability, of MUF resins it has been shown that the 
chemical changes of these are less extensive compared to that of UF resins. Earlier studies have 
shown that the amount of methylolmelamines and melamine compounds decrease during storage, 
thus confirming that the condensation reaction between methylol groups proceeds to some extent 
during storage. However, the most extensive change during storage of MUF resins is the formation of 
hydrogen bonds between the chains. Hydrogen bonds are formed between the strictly lone electron 
pair in the carbonyl oxygens and in the methylol groups, and the hydrogens in the electronegative 
atoms in the free amine groups. Additionally, it is likely that the water present in the resin 
participates in the formation of hydrogen bonds. The number of hydrogen bonds increases with time 
and therefore also the viscosity, thus making an even application of the adhesive more difficult [21]. 
The formation of hydrogen bonds can be prevented by means of etherification during synthesis, 
reducing the amount of hydrogen donating groups. The etherification involves the addition of 
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methanol, or another low molecular weight alcohol, under acidic conditions. The attached methyl 
groups reduce the reactivity of the methylol groups and prevent the chains from coming close 
enough for hydrogen bonds to form. However, methanol is a toxic chemical and due to the formation 
of flammable vapor there is an explosion risk during handling [22, 23]. Therefore, it is desired to 
obtain improved storage stability by other means than etherification. Analyses have shown that the 
storage stability is improved for the resins with a higher ratio of ether/methylene bridges. This is due 
to the fact that ether bridges provide a greater flexibility to the chains compared to methylene 
bridges. A higher amount of ether bridges thus prevent close-packing of the chains, which restricts 
the formation of hydrogen bonds [17]. The molecular weight of the polymer chains also has an 
impact on the storage stability. If the chains are too short a higher amount of hydrogen bonds can 
form between the chains and the resin will solidify and precipitate. If the chains are too long the 
viscosity will be too high, making the application difficult and the degree of adhesive penetration into 
the substrate will be reduced. Therefore, chains of suitable lengths, and with a sufficient amount of 
branches will prevent formation of hydrogen bonds and hence improve the storage stability of the 
resins. Additionally, it has been shown that resins, which are synthesized during a longer 
condensation time and thus have longer chains, a lower storage temperature improves the shelf life. 
The storage stability is improved at lower temperatures due to the fact that the chain movements 
are slower. This prevents the chains from coming close to each other and thus prevents formation of 
hydrogen bonds [10]. 

1.3 Wood Substrates  
In order for the adhesive to adhere strongly to the substrates, there is a need of complete wetting of 
the surface. Wood substrates differ from many other substrates since their physical and chemical 
properties varies depending on surrounding conditions, such as temperature and moisture. These 
parameters need to be considered when applying wood adhesives. One special feature of the wood 
substrates is their microscopical porosity. The porous structure results in formation of air pockets 
which hinder the surface from becoming completely wetted by the adhesive. Therefore, a pressure is 
commonly applied upon adhesive application on wood substrates. The pressure causes the adhesive 
to fully cover the surface, followed by penetration into the wood. Additionally, wood contains low 
molecular weight substances, extractives, which might diffuse to the surface upon heating or drying 
of the substrate. The presence of extractives at the surface is a great contributor to changes in 
surface chemistry and hence, surface energy, and might lead to inactivation of the surface towards 
chemical reactions with the adhesive. Since the extractives commonly are hydrophobic compounds 
and wood adhesives often contains water, diffusion of extractives to the wood surface results in 
reduced wettability. Furthermore, wood is a hygroscopic material which results in swelling and 
shrinkage depending on the surrounding humidity. This dimensional changes result in formation of 
stresses, in the wood and in the glue joint, which may have the ability to break the interfacial bond 
between the adhesive and the wood substrate. It is therefore important to condition the wood 
before usage to a certain moisture content depending on its application. Additionally, the moisture 
content of the wood substrate is a critical parameter since excessive moisture results in reduced 
absorption of the adhesive, and hence a prolonged curing process [1, 24]. The structure of wood is 
not only very different compared to other substrates, but there is also a great variation between 
individual wood substrates. The properties of the wood substrates will differ depending on which 
tree species that is used and its geographical origin. Properties that are important for the function of 
the glued wood substrates include density and hardness of the wood, the direction of the annual 
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rings and the amount of knots. The adhesion strength between a wood substrate and the adhesive is 
reduced when a substrate with high density and hardness, and with a high amount of knots is used 
since the ability of the adhesive to penetrate the wood will decrease with reducing porosity. 
Additionally, the wood substrates with annual rings in the tangential direction are more susceptible 
to dimensional changes and thereby formation of stresses than wood substrate with radial annual 
rings. Therefore, in order to minimize formation of stresses in the glue joint, wood substrates with 
similar fibre orientation can be used. By performing the gluing at conditions similar to that of the 
service life of the material, the changes of the moisture content in the wood can be reduced [24].  

1.4 Curing  
When a MUF resin of suitable viscosity, molecular weight and desired chemical composition has been 
synthesized the adhesive is prepared through addition of fillers and other modifiers required for the 
system. Upon application of the MUF adhesive a curing agent, or hardener, is added in order to 
initiate and catalyze the curing reaction. The substrates are commonly cold pressed, but heat can be 
applied by means of high-frequency curing in order to speed-up the process further [25]. As the 
curing proceeds, the amount of methylol and amine functionalities decrease rapidly as they react 
and form methylene and ether bridges according to the description in section 1.2.1 MF and UF 
Resins. The reaction eventually results in a cross-linked network [3]. When cross-links start to form in 
the MUF adhesive, water partly evaporates and is partly absorbed by the wood, and the liquid 
adhesive will gradually transform into a solid film. The water present in the adhesive act as a 
plasticizer and thus needs to be removed in order to obtain a strong glue joint [26]. Hence, the 
degree of cross-linking obtained in the final thermoset is dependent on the conditions used during 
synthesis such as temperature, pH and molar ratio, and will influence the mechanical properties of 
the glue joint [3].  

1.5 Characterization  
Several characterization methods can be used in order to investigate the chemical structure, curing 
kinetics and molecular weight of the synthesized MUF resins. The theory behind some of the 
methods used in this project will be described in the following sections.  

1.5.1 Viscosity 
As discussed in section 1.1.3 Wetting, the viscosity of the resin is related to its chain length. It is a 
critical parameter since it will affect the applicability of the adhesive, the adhesion between the 
adhesive and the substrate, and thus the strength of the glue joint [4]. Figure 11 shows the Höppler 
and Brookfield viscometer used to measure the viscosity during synthesis and storage respectively.  
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Figure 11: A Höppler viscometer (left) and a Brookfield viscometer (right) for viscosity measurements during synthesis 

(25 ᵒC) and storage (2, 15, 20, 25 and 30 ᵒC) respectively.  

1.5.1.1 Höppler Viscometer  
The dynamic viscosity of a resin can be measured by means of a Höppler viscometer at a certain 
temperature. The principle involves measuring the time it takes for a sphere with known diameter 
and density to fall vertically through a glass tube filled with the liquid resin. The time it takes for the 
sphere to move a certain distance through the liquid will be related to the viscosity of the liquid. 
Hence, Höppler viscometry is a simple and fast method to obtain an estimated viscosity of a liquid [6, 
27].  

1.5.1.2 Brookfield Viscometer  
The Brookfield viscometer consists of a sensing rotating spindle of stainless steel. The spindle rotates 
with a constant rate and measures the torque required to move the viscous liquid. The liquid’s 
resistance to flow is a measurement of its viscosity at a certain temperature [28, 29].  

1.5.2 Gelation Time  
As the resin molecules react with each other to form dimers, trimers and eventually oligomers and 
polymers, the molecular weight and the viscosity gradually increases. When the hardener is added to 
the mixture the cross-linking reaction will start. The molecular weight increase rapidly as a network 
starts to form. Eventually, the system reaches a certain point, the gel point, where the liquid 
transforms into a solid thermosetting adhesive. From this point the viscosity increases towards 
infinity. The time it takes from where a hardener is added to a thermosetting system until it reaches 
the gel point is called the gelation time of the resin [30].  

1.5.3 Storage Stability  
The storage stability, or the shelf life, of the resin describes the time available for storage before it is 
no longer possible to use the resin for the intended application [30]. During storage, chemical and 
physical changes of the resin occur. When considering MUF adhesives, the fact that the resins are 
able to form hydrogen bonds, behaving as physical cross-links, between the chains has a great impact 
on the storage stability. The shelf life varies depending on factors such as the chain lengths of the 
resin and the storage temperature [10] . 

1.5.4 NMR Spectroscopy 
The structure of a chemical compound can be studied by means of nuclear magnetic resonance 
(NMR) spectroscopy. This spectroscopic method utilizes the fact that some atomic nuclei, e.g. 13C and 
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1H, possess angular momentums and magnetic moments. When the nuclei are placed in a magnetic 
field, its magnetic moment will align either parallel or anti-parallel with the field. This alignment 
corresponds to the so called spin of the nuclei. When the molecules are exposed to pulses of 
electromagnetic radiation of certain frequencies, the nuclei will absorb the energy. This absorption 
results in a transition of the nucleus from a lower to a higher energy level, i.e. the orientation of the 
nuclei is disturbed and the spin will change. After the electromagnetic pulse, the nuclei will return to 
their original orientation and the resulting energy release is detected. The energy absorption occurs 
when the irradiating frequency is equal to the energy difference between the energy levels in the 
molecule, and is described as the resonance frequency. This energy difference corresponds to a 
certain electromagnetic wavelength. The resonance of the nuclei is detected as a signal and appears 
as a peak in the resulting spectrum. Each peak thus corresponds to the atom (e.g. carbon or 
hydrogen) in a certain environment and the size of the peak corresponds to the number of atoms in 
that specific environment [31, 32]. The NMR spectrum shows the applied radio frequency, i.e. 
chemical shift, plotted against the absorption of the nuclei. The chemical shift is the frequency of 
each detected signal expressed in ppm. The chemical shift is compared to a reference compound and 
corresponds to a chemical substance [33].  

1.5.5 SEC 
Size Exclusion Chromatography (SEC) is a chromatographic separation method used to determine the 
molecular weight and the molecular weight distribution of a polymer sample. The instrument 
consists of a column filled with a porous packing material. As the dissolved polydisperse polymer is 
introduced into the column, the sample will be separated according to the hydrodynamic volume of 
the molecules. The shorter polymer chains, that consequently have a smaller hydrodynamic volume, 
will travel a longer distance due to their ability to penetrate further into the pores compared to the 
larger polymer chains. The shorter chains will thus have a longer elution time than the longer chains, 
and it will therefore be a separation of the polymer sample according to the size of the chains and 
thus their molecular weight. SEC is a relative method meaning that the molecular weight 
determination is based on a calibration with a standard of known molecular weight. Due to the fact 
that it is the hydrodynamic volume of the polymer that is measured, the obtained results will depend 
on how well the polymer sample is dissolved in the solvent and will also be affected by the choice of 
standard. The results are obtained as the Number Average Molecular Weight (Mn), Weight Average 
Molecular Weight (Mw), Z-Average Molecular Weight (Mz) and the Dispersity (Ð) [34, 35].  

1.5.6 MALDI-TOF-MS 
A Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF-MS) 
can be utilized in order to characterize polymer samples. MALDI-TOF-MS is an attractive method 
when studying polycondensation specimens since it gives information about the size distribution of 
the molecular structures. This analyzing system consists of three main parts; the ion source, a mass 
analyzer and the detector. The principle is to dissolve the sample in an UV-absorbing matrix and to 
expose the solution to UV-radiation. The radiation is mainly absorbed by the matrix, which results in 
the formation of radicals and protons. These radicals and protons assist the ionization, and thus the 
volatilization, of the sample molecules. The charged molecules are transported by an electric field 
caused by an electrode through the flight tube to the mass analyzer. The sample ions have a known 
and equal electrical charge but an unknown mass.  The velocity of the flying ions depends on their 
mass, which will determine when the ions reach the detector. The ions will thus be separated 
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according to their mass-to-charge ratio. The results are obtained in the form of a spectrum with 
intensity plotted against the mass-to-charge ratio (m/z) [36].  

1.5.7 Raman Spectroscopy  
Raman spectroscopy utilizes a highly energetic monochromatic radiation source to analyze functional 
groups in molecular structures. Raman scattering is the inelastic scattering of light which occurs 
when the molecule gets excited and then relaxes down to another level instead of the original one. 
The photon which becomes inelastically scattered possesses an energy which is different from that of 
the photons that have been scattered from the original vibrational level. This energy difference is 
detected as a shift in the frequency between the scattered photons and the excitation frequency. 
The vibrational and rotational energy of the molecular bonds is related to the difference between 
these two frequencies according to Equation 1 [37].  

𝒉𝝂 = 𝒉𝝂′ + ∆𝑬𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒔     Equation 1 

1.6 Aim of Study  
The aim of the present study was to synthesize different MUF resins under varying reaction 
conditions in order to investigate how parameters such as pH, temperature, reaction time, melamine 
content, F/NH2 molar ratio, addition order of reactants and the number of addition steps affects the 
chemical structure, molecular size, molecular size distribution and curing kinetics of the MUF resins. 
Further, it was investigated how the chemical structure, molecular size and curing kinetics of the 
resins influenced the mechanical properties and water resistance of the cured glue joint.  

2. Synthesis, Formulation and Curing  
MUF resins were synthesized under varying reaction conditions. From the resin, the adhesive was 
formulated through addition of rheological modifiers. The adhesive was finally mixed with hardener 
and applied onto wood substrates which were pressed together in order for the adhesive to cure into 
a solid glue joint. 
2.1 Chemicals 
The reactants melamine, urea and formalin (52.5%), together with sodium hydroxide (50 wt%) and 
formic acid (85%) for pH adjustments, were used in the synthesis and received from the AkzoNobel 
production site in Kristinehamn. Sodium hydroxide (50%) and formic acid (85%) was diluted with 
water (50:50) to 25 wt% and 42.5 wt% respectively. Formic acid (85%) from the AkzoNobel 
production site in Kristinehamn was used as a hardener when measuring the gelation time of the 
resin. Rheological modifiers were used for preparation of the adhesives. Dimethyl sulfoxide-d6 
(DMSO-d6) (99.8 atom %D) used for the NMR-analysis was purchased from Armar Chemicals. DMSO, 
dichloromethane (DCM) and tetrahydrofuran (THF) of the grade EMSURE ACS, ISO Reag. PhEUR from 
Merck Millipore were used for the MALDI-TOF-MS analysis. Additional chemicals used for the MALDI-
TOF-MS analysis were the ion formation enhancer, Sodium trifluoroacetate (98 %) (Na-TFA), the 
matrices 2,5-dihydroxybenzoic acid (DHB), DCTB (2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile) and Dithranol, which all were purchased from Sigma-Aldrich. DMSO, 
chromatography GPC grade, used as a solvent for the SEC-analysis was purchased from Fisher 
Scientific.  
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2.2 General Procedure of the Resin Synthesis 
Seven different MUF resins were prepared with varying melamine content, F/NH2 molar ratio, 
addition order of reactants, number of addition steps and under varying reaction conditions. The 
synthesized resins can be divided into two groups. The first group consisted of two resins, A and B, 
with the same melamine content and F/NH2 molar ratio. However, the synthesis procedure of the 
two resins were different in terms of pH used, temperature settings and condensation time. A 
second group of resins was prepared under similar synthesis conditions as A but with varying 
melamine content, F/NH2 molar ratios, addition order of the reactants and number of addition steps. 
The different resins with their composition and the number of addition steps used during synthesis 
are presented in Table 1. 

Table 1: Sample labeling, melamine content, F/NH2 molar ratios and pH used during condensation and the number of 
addition steps (F=formalin, M=melamine and U=urea). 

Sample Designation Melamine Content F/NH2 Molar Ratio pH Addition Steps 
A Low Low Low 1F, 1M, 5U 
B Low Low Low and High 2F, 1M, 5U 
C High Low Low 1F, 1M, 5U 
D Low High Low 1F, 1M, 5U 
E High High Low 1F, 1M, 5U 
F Low Low Low 1F, 1M, 3U 
G Low Low Low 2F, 1M, 5U 

 
The experimental set-up used during synthesis included a round bottom flask placed in a heating 
mantle. A motor driven stirrer blade, a heat controller and a water cooling system was connected to 
the flask, Figure 12. The synthesis consisted of several steps where the addition order and the 
number of additions of formalin and urea were varied. The temperature was changed to control the 
reaction rate, and the pH used during condensation was varied between acidic and alkaline 
conditions through addition of formic acid or sodium hydroxide. Samples were taken out from the 
round bottom flask throughout the reaction in order to control the pH and the viscosity. The viscosity 
was measured with a Höppler viscometer, see section 1.5.1.1 Höppler Viscometer and section 3.1.2 
Viscosity for description of the measurement. After the synthesis, the viscosity (20 ᵒC), pH, gelation 
time and solid content of the resins were tested and the storage stability test was started.  
 

 
Figure 12: Experimental setup for the synthesis of MUF resins.  
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2.3 Adhesive Formulation  
The adhesives were formulated from the synthesized resins through addition of three rheological 
modifiers. The ingredients were mixed with a Diaf high speed dispersion stirrer at a frequency of 50 
Hz for 10 minutes followed by stirring for another 5 minutes under vacuum at a frequency of 20 Hz. 
Vacuum was applied in order to remove air which would interfere with the application and 
wettability of the adhesive.  

2.4 Application and Curing 
In order to investigate the mechanical strength of the adhesives, 0.1 mm glue joints were prepared 
from each adhesive according to the following procedure. Hardener was added to the adhesive and 
the mixture was then applied with a glue spreader onto the beech substrate (13.5x80 cm), 
conditioned for 7 days at 20 ᵒC and 65 % relative humidity (RH), in order to form 0.1 mm thick glue 
joints. The glued wood substrates were cold pressed at 20 ᵒC and 65 % RH at 8 kg/m2 overnight in a 
Joos press system in order for the glue joint to cure. The same mixing times, open assembly times, 
closed assembly times, hardeners and resin-to-hardener weight ratios were used for A and its 
modified versions, and other parameters were used for B. The curing parameters used are presented 
in Table 2 below. The mixing time is the time between mixing of the resin and hardener, and 
application of the mixture on the wood substrate. The open assembly time is the time before the 
second substrate is placed on top of the glued substrate, and the closed assembly time is the time 
from where the second substrate is placed on top of the glued substrate until the substrates are 
placed in the press.  
 

Table 2: The different curing parameters used for the resins. The same parameters used for A were used   for all its 
modified resin versions.  

Resin Adhesive:Hardener 
(weight ratio) Hardener Mixing 

Time (min) 
Open Assembly  

Time (min) 
Closed Assembly 

Time (min) 
A 10:9 7555 - 5 12 
B 1:1 2526 7 3 15 

3. Characterization  
The characterization was divided into two parts where the synthesized resin and the cured glue joint 
were studied respectively. The resins were characterized by their chemical structure, curing kinetics 
and molecular size. For the cured glue joints, it was of interest to examine the mechanical properties 
and water resistance. 

3.1 Characterization of the Resin  
The resins were characterized in terms of storage stability, gelation time, solid content and the free 
formaldehyde content. Further, the chemical structure of the resins were studied with solution 13C-
NMR, the molecular weight and molecular weight distribution were examined through analysis with 
SEC and MALDI-TOF-MS. Lastly, the curing process was investigated by means of Raman 
spectroscopy. The resulting resin properties and structure are related to the composition, addition 
procedure of the reactants, and the pH and temperature used during synthesis.  
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3.1.1 pH-Measurement  
The pH of the reaction mixture was measured with an A PHM210 Standard pH Meter from 
Radiometer Analytical. The pH was measured throughout the synthesis in order to monitor the rate 
and extension of the condensation reaction at 25 ᵒC if not other was stated.  

3.1.2 Viscosity 
The viscosity was measured at 25 ᵒC continuously during the synthesis with a Höppler viscometer. A 
Brookfield viscometer was used to determine the viscosity prior to storage and during the storage 
stability test at different storage temperatures. 

3.1.2.1 Höppler Viscometer  
A sample was taken out from the reaction vessel and was cooled down to 25 ᵒC before measurement. 
The liquid was poured into a vertical glass tube marked with one upper and one lower line. A steel 
sphere was dropped into the liquid and the time it took for the sphere to fall between two marks was 
measured. Two spheres with different diameter, weight and density were used depending on the 
viscosity of the sample. Sphere 1 was used at the beginning of the synthesis (<150 mPas) and sphere 
2 was used towards the end of the synthesis (>150 mPas) in order to speed up the measurement. The 
viscosity (mPas) was calculated by multiplying the time (s) with a constant specific for each sphere 
that includes properties such as radius and density. It is desired to have a final viscosity after 
synthesis within the range 600-800 mPas [38, 39]. 

3.1.2.2 Brookfield Viscometer 
The viscosity of the resins was measured continuously during the storage stability test with a 
Brookfield viscometer Model DV-III +. The viscometer operates at a given shear rate and measures 
the viscosity and shear stress of the fluid. The sample was placed in a 250 ml plastic container and 
then placed in an oven until a temperature of 25 ᵒC was reached. The viscometer was calibrated to a 
torque of zero before spindle 3 was attached. The spindle was immersed in the sample and a rotating 
speed of 12, 6 or 3 rpm was used depending on the viscosity of the resin and thus the required 
torque.   

3.1.3 Solid Content  
The solid content of the resin was measured with a HB43-S halogen Moisture Analyzer from Mettler 
Toledo and the method of Adhesives was used. A filter paper was placed in an aluminum sample pan 
and 2.0-2.1 g of the resin was placed on the filter paper. A second filter paper was placed on top of 
the resin and the measurement started. The sample was heated and the solid content was given as 
percentage of the solid weight compared to the total sample weight.  

3.1.4 Gelation Time  
The gelation time of the resin was measured by mixing the resin and hardener to a 100:10 weight 
ratio. 30 g of resin was mixed with 3 g of formic acid (85 %) and the mixture was poured into a glass 
tube. The tube was placed in a water bath of 50 ᵒC. The mixture was continuously stirred with a 
wood rod and the time it took for the liquid to transform into a hard solid, i.e. the time before the 
sample started to gel, was measured.  

3.1.5 Storage Stability 
The storage stability of the resins was studied by placing samples in ovens at 2 ᵒC, 15 ᵒC, 20 ᵒC, 25 ᵒC 
and 30 ᵒC. The viscosity was measured once every week with a Brookfield viscometer; see section 
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3.1.2.2 Brookfield Viscometer for a more detailed description. The maximum storage time for each 
resin at a specific temperature was determined as the time when the viscosity exceeded 10 000 
mPas. The resin has a desired storage stability when the viscosity is less than 10 000 mPas after three 
months.  

3.1.6 Free Formaldehyde 
The amount of free unreacted formaldehyde present in the resin, was analyzed according to the 
internally standardized method IAR015 for measuring content of free formaldehyde in MF, MUF and 
UF resins in the AkzoNobel analytical laboratory in Kristinehamn. The principle of the method is to 
allow the formaldehyde present in the resin to react with the added sodium sulphite. Each 
formaldehyde molecule forms one sodium hydroxide molecule upon reaction with sodium sulphite 
and water. The sample solution was then titrated with hydrogen chloride under cooling until a color 
change occurred. The volume and concentration of the hydrogen chloride together with the molar 
mass and mass of the resin sample was used to calculate the amount of free formaldehyde (%) 
present in the resin.  

3.1.7 Solution 13C-NMR 
The chemical structure of the resins was analyzed with a Bruker 400 MHz Avance NMR spectrometer, 
equipped with both liquid nitrogen and helium as cooling agents. A 1H-decoupled 13C-NMR method 
was used in order to remove the influence of the 1H-protons and to measure the shifts of only 13C-
protons. 1 g of resin and 2 g of the solvent DMSO-d6 were weighed into a 10 nm NMR-tube. The tube 
was shaken thoroughly to ensure sufficient mixing. MeOH, with a chemical shift at 49.5 ppm, was 
used as an internal reference. The operating time of the instrument is between 8-10 hours where 
each sample is scanned 6000 times at a temperature of 26 ᵒC.  

3.1.8 SEC 
The molecular weight and the molecular weight distribution of the resins were determined by SEC. 
Resins that had been freeze dried 1-3 weeks after synthesis were used for the analysis. Initially 2 
mg/ml of the freeze dried resin was prepared but the concentration was gradually increased for each 
sample to 5 mg/ml to improve the detector signal. The sample was dissolved in the mobile phase 
consisting of DMSO and 0.5 % w/w LiBr, with a flow rate of 0.5 mL min-1 at 60 ᵒC. The system 
consisted of three GRAM PreColumns, 100 Å and 10000 Å analytical columns, in series from Polymer 
Standards Services (PSS). The columns were 30 cm long and 0.8 cm in diameter. The standard used 
for calibration was pullulan, provided by Polymer Standard Services (PSS), with a molecular weight 
range of 342-708 000 Da. The samples were detected with a refractive index detector, SECcurity 
1260 from Polymer Standard Services (PSS), with a temperature of 40 ᵒC. The results were obtained 
in the form of average molecular weights (Mn, Mw and Mz) and Ð of the samples.  

3.1.9 MALDI-TOF-MS 
The possibility of using MALDI-TOF-MS to study the size range and size distribution of the molecular 
structures present in the MUF resins was investigated. In order to be able to analyze a sample with 
MALDI-TOF-MS there is a need for complete dissolution of the sample, solvent and matrix. The resins 
were analyzed with MALDI-TOF-MS 1-3 weeks after synthesis. Different solvents and matrices were 
investigated in order to find the most optimal system for the analysis. Further, several methods were 
examined where only the dissolved sample was analyzed, or the sample together with only the 
matrix or ion enhancer respectively. The affect of the application method, including addition order of 
the components on the MALDI-plate and the drying of the solvent, was also investigated. See 
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Appendix, section MALDI-TOF-MS, for a description of the different methods investigated during 
optimization of the system prior to analysis. The only solvent that was able to properly dissolve the 
resin was DMSO, and the matrix that resulted in the most homogenous solution and the most even 
films on the MALDI-plate was DHB dissolved in water. This water-based system was therefore used 
for analysis of all resins. A description of the sample preparation follows. 2,5 μl of DHB dissolved in 
water was applied on the MALDI-plate followed by 1 μl of the resin dissolved in DMSO. The plate was 
heated with a heating gun in order to evaporate the solvent, and lastly 1 μl of Na-TFA dissolved in 
water was added. The samples were analyzed with a MALDI-TOF-MS Ultraflex from Bruker with an 
irradiation source equipped with a nitrogen laser (wavelength of 337nm). The measurements were 
performed under a polarity-positive condition and a pulse ion extraction of 40 ns - 200 ns. The 
software used was Flexcontrol and the obtained spectra were further processed in the program 
Flexanalysis. Methods with different molecular mass regions (m/z) were tested in order to determine 
in what range the samples should be analyzed.  

3.1.10 Raman Spectroscopy  
Raman spectroscopy was utilized in order to study the curing process of the resins. Two different 
systems were used during the preparation of the analysis. However, since the first system, described 
in Appendix, Section Raman Spectroscopy, lack similarities to the real system and gave results that 
were difficult to interpret, the second method was used for analysis of all resins. This system was 
inspired by an earlier research report by AkzoNobel Wood Finishes Adhesives where the curing 
kinetics of A was studied through Raman spectroscopy [40]. Resins with a final viscosity of 600 - 800 
mPas (25 ᵒC) after synthesis that had been stored for 1 - 3 weeks at 2 ᵒC were used. For each resin, 
two model systems based on the same hardener (7555) as used for the adhesive application and glue 
joint preparation in section 2.4 Application and Curing, were prepared. The first model system 
consisted of a high hardener-to-resin mixing ratio (90:100) and the second model system consisted of 
a low hardener-to-resin mixing ratio (20:100). The study by AkzoNobel Wood Finishes Adhesives 
showed that components present in the hardener contribute to the peak corresponding to the 
methylene bridge in the spectra obtained from the Raman-analysis. Therefore, a hardener consisting 
of the same wt% of the active component, formic acid (85%), as the original hardener was used and 
water was added to compensate for the other components. Several samples were prepared by 
mixing the resin and hardener system and placing the mixtures in 250 μl glass vials purchased from 
Agilent. The curing process was allowed to proceed to different extents before they were analyzed in 
order to obtain spectra of the samples after 0, 1, 3, 7, 24 and 48 hours. For the first group of resins, A 
and B, the samples in the two model systems were also analyzed after approximately 4 days (88 
hours). Additionally, in order to study the relation between the curing kinetics and pH, the pH of the 
resin/hardener mixture was investigated for A and B in the fast and slow curing system respectively. 
A Perkin Elmer Spectrum 2000 NIR FT-Raman spectrometer was used and each sample was scanned 
32 times using a laser power of 1500 mW. A wavenumber region of 4000 cm-1 - 450 cm-1 was used, 
and the resolution and the interval were set to 4.0 cm-1 and 1.0 cm-1 respectively. 

3.2 Characterization of the Glue Joint  
The mechanical properties and water resistance of the cured glue joints were investigated according 
to an European standard method for load-bearing timber structures.  



20 
 

3.2.1 Mechanical Properties and Water Resistance  
The mechanical properties of the cured glue joints were studied according to EN 302-1, a European 
standard test method for load-bearing timber constructions. The method involves different 
pretreatments of the glued substrates followed by measurement of the bond strength through 
tensile shear testing in the longitudinal direction of the glue joint. The method gives indications of 
the mechanical properties and water resistance of the glue joint. The bond strength (MPa) of the 
adhesive determined as the load at break, was tested by using conditioned (7 days at 20 ᵒC and 65% 
RH) beech substrates. As described in section 2.4 Application and Curing, the adhesive was applied to 
form a glue joint of 0.1 mm and the substrates were pressed at 8 kg/m2 overnight in a Joos press 
system at room temperature (20 ᵒC and 65 % RH). Samples were prepared and each sample was 
pretreated in several ways before testing. First, the sample was tested without any pretreatment 
other than the standard conditioning, referred to as A1 in the EN 302-1 standard. Then, samples 
were placed in boiling water for 6 hours and tested in the wet state (A4). See Appendix, Table 16, for 
the different pretreatments with the corresponding designation and the limits (MPa) to pass each 
test. Tensile testing after treatment A1 gives indications about the mechanical properties, while 
tensile testing after treatment A4 is more related to the water resistance of the glue joint. In order to 
determine the mechanical properties of the samples after each treatment, an Alwetron TCT50 
Tensile Tester was used. The two ends of the sample were fastened with the grips so that the load 
transfer was to be parallel with the long axis of the sample. The sample was pulled apart at a rate of 
5mm/minute until the sample failed. Each sample was tested as many times required in order to 
obtain 10 valid results [41]. In addition to the bond strength, the proportion of the sample surface 
covered with wood fibers (%) was determined to get further indications about the strength of the 
adhesive.    

4. Results and Discussion  
The results are presented and discussed according to the division into the resin and the cured glue 
joint respectively. The variation in resin composition and synthesis procedure is thought to be the 
reason for the difference in molecular weight and molecular weight distribution, chemical structure 
and hence curing kinetics of the resins. These properties will in turn influence the mechanical 
properties and water resistance of the cured glue joint. 

4.1 Resin  
The obtained results from the different analyses of the synthesized resins are presented and 
discussed in the following sections. The structural information about the resins obtained from the 
NMR spectroscopy analysis was the foundation for interpretation and discussion of the results 
obtained from the storage stability test, gelation time measurement, free formaldehyde 
determination, molecular weight and molecular weight distribution obtained from SEC and MALDI-
TOF-MS, and the curing kinetics studied with Raman spectroscopy. Additionally, the results obtained 
from the molecular weight analyses, solid content measurement and the free formaldehyde 
determination were related to the synthesis procedure and the resin composition. 

4.1.1 Solution 13C-NMR  
When studying the chemical structure of the resins focus were on the structural unit’s: methylol 
groups and, methylene and ether bridges. Additionally, the distribution of linear and branched 
methylene bridges, molar-% free urea and the amount of unsubstituted amine groups in urea and 
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melamine was compared. It is important to mention that even though the differences in distribution 
of structural units (molar-%) between the resins are small, the reproducibility when analyzing 
different batches of the same resin was plausible. Hence, the structural differences observed in the 
following figures have been related to the synthesis parameters and composition of the resins.  
 
In Figure 13, the distribution of structural units formed by reaction with formaldehyde for the two 
resins A and B is presented. The lower amount of methylol groups present in B could be explained by 
the longer condensation time, allowing the formed methylol groups to undergo condensation 
reaction to form methylene and ether bridges to a higher extent. Furthermore, a higher amount of 
ether bridges can be found in B compared to in all other synthesized resins and the amount of 
methylene bridges are quite similar for both A and B. As described in section 1.2.2.4 The Effect of the 
pH, the formation of methylene bridges dominates at low pH (<7) and the formation of ether bridges 
occurs to a higher extent at high pH (≥9). The results are consistent with the theory since B was 
synthesized at the higher (and the lower) end of the pH-range and A was synthesized at lower pH. 

 
Figure 13: Distribution of structural units that origins from formaldehyde for the two resins synthesized under different 

pH-conditions.  

 
Comparing the distribution of the structural units of A and B in Figure 14 it can be seen that the 
longer reaction time used during synthesis of B has resulted in a lower molar-% of unsubstituted 
amine groups in urea and a lower amount of free urea present in the resin. As described in section 
1.2.2.4 The Effect of the pH, the methylolation reaction of urea is favored at both low and high pH. 
Therefore, the longer reaction time used during synthesis of B will favor the reaction between urea 
and formaldehyde, hence decrease the number of unsubstituted groups in urea. However, it can be 
seen that there is a higher amount of unsubstituted groups in melamine in resin B. In section 1.2.2.4 
The Effect of the pH it is also showed that the methylolation of melamine and urea, respectively, are 
competitive reactions and it is difficult to determine which reaction that actually dominates under 
the used conditions. However, the higher amount of unsubstituted melamine in B might be related 
to the reaction conditions where the reaction rate is decreased through adjustments of the pH. 
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Towards the end of the synthesis, the condensation is performed at high pH, where the 
methylolation of melamine is favored. However, the larger molecules that have been formed at this 
point will hinder the bulky melamine to react. It is therefore possible that the reaction of melamine is 
favored at the shorter reaction time, used during synthesis of A, as a consequence of lower pH. Since 
a faster reaction probably will favor the reaction of melamine over that of urea due to its higher 
functionality. Hence resulting in a higher amount of unsubstituted groups in urea and a lower 
amount of unsubstituted groups in melamine, in resin A.  
 

 
Figure 14: Molar-% unsubstituted amine groups in urea and melamine respectively for the two resins synthesized under 

different pH-conditions. 

 
Figure 15 presents the distribution of structural units for the group of resins with varying melamine 
content, F/NH2 molar ratio, addition order and number of addition steps of reactants during 
synthesis. It can be seen that the highest amount of methylol groups can be found in the resins with 
higher melamine content, C and E. This result is consistent with the theory discussed in section 
1.2.2.3 The Effect of the Molar Ratio of Melamine, since a higher amount of melamine will result in 
more amine groups being available for methylolation by formaldehyde. An even higher amount of 
methylol groups can be found in the resin with three U-additions, F. The reason for this is believed to 
be the higher amount of urea present in the beginning of the synthesis, which enables more urea to 
become methylolated. Due to the higher amount of reactants present in the reaction mixture at the 
same time, the condensation time will not be sufficient enough and a higher amount of unreacted 
methylolated groups will be left in this resin. Furthermore, it is worth mentioning that the highest 
amount of methylene bridges can be found in the resin with two F-additions, G. One possible 
explanation for this findings is that the lower amount of formalin added in the beginning of the 
synthesis results in a lower amount of methylol groups. The methylol groups are therefore more 
likely to react with amine groups than other methylol groups and will hence form methylene bridges 
to a higher extent. Considering the distribution of methylene bridges and ether bridges in the resins 
it can be seen that methylene bridges dominates. As already discussed, the lower pH used during 
synthesis of these resins favors the formation of methylene bridges and the results is thus consistent 
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with the theory. When comparing the distribution of linear and branched methylene bridges in the 
resins, it can be seen that there is a higher amount of branched methylene bridges and a smaller 
linear-to-branched ratio in the resin with a higher F/NH2 molar ratio, D, and for the resin with two F-
additions, G. These results could be explained by the division of formaldehyde in two additions which 
enables the amine groups in the later added melamine to become methylolated. Additionally, it was 
found that a considerably lower amount of methylol groups were left in the resins, D and G, and that 
the amount of unsubstituted amine groups in melamine was very low. This means that a higher 
number of connection points were present in the resins which enabled more melamine and urea 
molecules to react, and hence resulting in more branched structures.  
 

 
Figure 15: Distribution of structural units that origins from formaldehyde for the resins with varying melamine content, 

F/NH2-molar ratio, addition order and number of addition steps.  

 
From Figure 16 it can be concluded that the molar-% unsubstituted NH2-groups in melamine was the 
highest for the resins with the highest melamine content, C. The higher molar-% unsubstituted amine 
groups in melamine can be explained by the lower formaldehyde-to-melamine ratio when the 
melamine content is increased, and the bulky structure of melamine causes sterical hindrance in the 
resin. When considering urea, it could be observed that the molar-% unsubstituted amine groups in 
urea were the highest for the resin with the higher melamine content and low F/NH2 molar ratio (C) 
and lowest for the resin with low melamine content and high F/NH2 molar ratio (D). The resins with 
high melamine content has an increased amount of melamine and hence a total lower amount of 
urea in the reaction mixture. Furthermore, due to the higher amount of active reaction sites on 
melamine, the reaction between melamine and formaldehyde will dominate over the reaction 
between urea and formaldehyde. A higher amount of melamine will thus cause an increased amount 
of unsubstituted amine groups in urea. It is important to mention that the resins with higher F/NH2 
molar ratio, D, and the resin with two formalin additions, G, have a significantly lower amount of 
methylol groups, free urea, unsubstituted amine groups in urea and a low amount of unsubstituted 
groups in melamine. This means that the resin D and G consists of more substituted urea and 
melamine molecules compared to the other resins in this group, and the reason is believed to be the 
increased access to formaldehyde. This result will be further verified in section 4.1.6 SEC.  
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Figure 16: Molar-% unsubstituted amine groups in urea and melamine respectively and the molar-% free urea present in 

the group of resins with varying melamine content, F/NH2-molar ratio, addition order and number of addition steps. 

4.1.2 Solid Content  
The solid content of the synthesized resins is an important property both when considering economy 
and performance of the adhesive. If the solid content is too low, there will be excessive water 
present in the adhesive, that needs to be absorbed by the wood substrate during pressing and curing 
of the glue joint. Additionally, the high water content will reduce the viscosity of the adhesive and 
complete cross-linking may be prevented, hence reducing the strength of the adhesive-substrate 
bond [1]. However, a too high solid content is economically unfavorable since the adhesive will 
contain a higher amount of resin than necessary in order to obtain the required properties. A 
description of the solid content measurement can be found in section 3.1.3 Solid Content. The 
theoretical and measured solid content for the different resins can be seen in Table 3 and Table 4.  

Table 3: Measured and theoretical solid content of the resins synthesized under different pH-conditions. 

Resin Measured Solid Content (%) Theoretical Solid Content (%) 
A 67,4 75,1 
B 66,3 75,1 

 

Table 4: Measured and theoretical solid content of the resins with varying melamine content, F/NH2 molar ratios, 
addition order of reactants and number of addition steps. 

Resin Measured Solid Content (%) Theoretical Solid Content (%) 
C 67,7 75,4 
D 66,2 74,2 
E 67,4 74,6 
F 67,0 75,1 
G 67,1 75,1 
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In Table 3 and Table 4 it can be observed that the determined solid content of all resins differs from 
their corresponding theoretical value. This is due to the fact that the theoretical solid content of the 
resins is based on the solid content of the reactants and does not consider the formation of water 
molecules during the condensation reaction between urea and melamine, as showed in Figure 3 and 
Figure 4. Depending on the extent of the condensation reaction, the amount of water formed will 
vary and therefore also the solid content of the final resin. Furthermore, it should be mentioned that 
the determination of the solid content is influenced by several different parameters such as the 
viscosity of the resin, the amount of resin added to the sample pan and how much the resin is spread 
out on the filter paper. There will thus be a slight variation of the solid content depending on these 
parameters even when the measurement is performed several times on the same resin. These 
parameters could explain the variations in the values of the resins in Table 3 and Table 4, that 
theoretically should have the same solid content. This measurement was thus mainly used to control 
that the solid content of the resins were within the desired range according to valid product 
specifications for A and B, and thus that the addition steps contained the right amount of reactants 
and were made correctly throughout the synthesis [39, 38].  

4.1.3 Gelation Time 
The gelation time of the resins is closely related to the curing time of the cold press-curing MUF 
adhesives. It is desired to find an optimal gelation time where the adhesive simultaneously has a 
suitable viscosity for a long enough time in order to enable application and wetting of the substrate, 
and a short curing time from an economical point of view. The gelation time of the resins was 
determined according to the procedure described in section 1.5.2 Gelation Time. The results 
together with the viscosity, which is believed to influence the gelation time, for the two groups of 
resins can be seen in Table 5 and Table 6. In Appendix, Table 12, the gelation times for all synthesized 
resins are presented. For all investigated resins, the obtained gelation time was within the standard 
range according to valid product specifications for A and B [39, 38]. The gelation time is a difficult 
property to evaluate since it is dependent on several parameters and it is also very much influenced 
by how the test is performed. Furthermore, from the results it is clear that the resin viscosity have a 
great impact on the gelation time. In Table 12 it can be seen that a high final viscosity at the end of 
the synthesis generally results in a shorter gelation time. This could be explained by the fact that a 
higher degree of condensation yields larger structures which are able to form a cross-linked polymer 
network faster than less reacted and unsubstituted molecules. It seems that the final viscosity has a 
greater impact on the gelation time than the composition of the resin. Therefore, in order to 
evaluate the influence of the other parameters, the resins with similar viscosity needs to be 
compared. 
 

Table 5: The gelation time and viscosity of the resins synthesized during different pH-conditions. 

Resin Gelation time (s) Viscosity at 20 ᵒC (mPas) 
A 187 1720 
B 285 1020 

 
As can be seen in Table 5 there is a significant difference (>50%) in gelation time between A and B. 
The longer gelation time of B can be related to results obtained from the NMR Spectroscopy analysis, 
showing that a significantly higher amount of ether bridges and a lower amount of methylol groups 
can be found in B compared to in the other resins. The reaction of methylol groups into methylene 
bridges and ether bridges is believed to be faster than the rearrangement of ether bridges into 
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methylene bridges since the second requires both breaking and formation of new bonds. The higher 
amount of ether bridges and the lower amount of methylol groups present in B will therefore result 
in a longer time before a stable cross-linked network has been formed, hence a longer gelation time. 
Furthermore, it is also possible that the higher amount of sodium hydroxide used during synthesis of 
B will have a buffering affect when formic acid is added. This will prevent a fast pH-decrease and 
consequently lead to a slower curing reaction. The slower pH-decrease, or the higher hardener-to-
resin mixing-pH, of B was verified by the Raman spectroscopy analysis and the results are presented 
in section 4.1.8 Raman Spectroscopy.  

Table 6: The gelation time and the viscosity of the resins with varying melamine content, F/NH2 molar ratios, addition 
order of reactants and number of addition steps. 

Resin Gelation time (s) Viscosity at 20 ᵒC (mPas) 
C 204 1390 
D 205 1020 
E 195 1190 
F 195 1078 
G 170 1250 

 
From Table 6 it can be observed that, even though the viscosity is similar for the resins, there is no 
significant difference (<10%) in gelation time between A and its modified versions. According to the 
theory discussed in section 1.2.2.2 The Effect of the Addition Order of the Compounds, the buffering 
ability of melamine, in addition to its larger molecular size and more bulky structure compared to 
that of urea, will result in a longer cross-linking reaction. This would lead to a longer gelation time for 
the resins with higher melamine content. However, as been shown in section 4.1.1 Solution 13C-NMR, 
the resins with higher melamine content and F/NH2 molar ratio also have higher amount of methylol 
groups. These groups are more reactive than the un-methylolated amine groups on melamine and a 
higher melamine content and F/NH2 molar ratio of the resins is therefore believed to result in a 
shorter gelation time [42]. Furthermore, considering the resin with three U-additions, F, the results 
from the NMR spectroscopy showed that the resin contained a high amount of unsubstituted groups, 
free urea and methylol groups which indicates that a longer time is needed in order to form a high 
molecular weight network. However, this resin also contains the highest amount of reactive methylol 
groups which are believed  to favor the condensation reaction. At last, the resin with a higher F/NH2 
molar ratio, D, and the resin synthesized with two formalin additions, G, was believed to contain a 
lower amount of unsubstituted groups in melamine and urea, which was confirmed in section 4.1.1 
Solution 13C-NMR. These resins have shown to contain larger molecules with a higher degree of 
substitution and the formation of a network should therefore be enhanced, thus resulting in a 
shorter gelation time. However, it seems that the structural differences between A and the resins 
with varying melamine content, F/NH2 molar ratio, addition order of reactants and number of 
addition steps are too small in order to have an observable effect on the gelation time measured 
with this method. It can thus be concluded that the difference in gelation time between these resins 
is quite small.  

4.1.4 Storage Stability  
The storage stability of the resins is an important property to consider since a long shelf life is desired 
from both an economical and an environmental point of view. In order to investigate how the 
storage stability is affected by temperature, the resins were stored at 15 ᵒC, 20 ᵒC, 25 ᵒC and 30 ᵒC. 
Additionally, since the resins were stored at 2 ᵒC prior to the Raman spectroscopy analysis, the 
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storage stability was investigated at this temperature as well. The shelf life times at 20 ᵒC for the two 
resins synthesized under different pH-conditions are presented in Figure 17 and the shelf life at 20 ᵒC 
for the group of resins with different melamine content, F/NH2 molar ratio, addition order and 
number of addition steps are presented in Figure 18. Additionally, the shelf life at all the investigated 
temperatures for some representative resins are presented in Appendix, Figure 36 - Figure 46. 
Comparing the storage stability at different temperatures, the trend is the same for all resins where 
the shelf life is shortest for the higher temperature and longest for the lower. It can also be observed 
that the shelf life is more similar for the resins at the higher temperatures, and as the storage 
temperature decreases the difference in shelf life between the resins becomes more clear. This can 
be related to the theory in section 1.2.2.7 Storage Stability, were it is explained that a higher storage 
temperature will enhance the chain movement and thus formation of hydrogen bonds between the 
chains. The storage stability is therefore improved at lower temperatures where the chain 
movements are restricted. Therefore, due to the enhanced movement at higher temperatures the 
ability to orientate and form hydrogen bonds will be similar for all resins. However, at the lower 
temperatures were the chains are more restricted, the difference in storage stability will be more 
related to the chemical structure of the different resins. Additionally, it was noticed that the resins 
with the higher viscosity had a considerably shorter shelf life at all investigated temperatures. The 
reason for this, which is explained in section 1.2.2.7 Storage Stability and verified in section 4.1.3 
Gelation Time, is that the structures with a higher degree of condensation are able to form a, 
physical or chemical, high molecular weight cross-linked network faster than smaller entities.  
 
Considering the storage stability of the first set of resins, A and B, shown in Figure 17 and in  
Appendix, Figure 36 - Figure 38, a clear difference can be seen. The resin synthesized during alkaline 
conditions at higher temperatures and for a longer condensation time, B, show an improved storage 
stability at all investigated temperatures over the resin synthesized at acidic conditions at lower 
temperatures for a shorter condensation time, A. The improved storage stability of B can be related 
to the results obtained from the NMR spectroscopy analysis. The resin B has a higher amount of  
ether bridges and a lower amount of methylol groups. As discussed in section 1.5.3 Storage Stability, 
the presence of ether bridges enables the resin structure to be more flexible, hence preventing the 
formation of hydrogen bonds between the chains. Additionally, as described in section 1.2.2.7 
Storage Stability, the methylol groups are responsible for the formation of hydrogen bonds and the 
lower amount of methylol groups will thus favor the storage stability of this resin. Furthermore, an 
increased amount of linear chains can be found in B and these are believed  to favor the formation of 
hydrogen bonds, and hence cause a reduced storage stability of the resin. However, as can be 
concluded from Figure 17, the amount of flexible ether bridges have a greater influence on the 
storage stability than the linear-to-branched ratio of the chains.  
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Figure 17: Shelf life at 20 ᵒC of the first group of resins, A and B,  synthesized under different pH-conditions. 

In Figure 18 and in Appendix, Figure 39 - Figure 45, the storage stability of the second group of resins 
with varying melamine content, F/NH2 molar ratio, addition order of reactants and number of 
addition steps is presented. It can be observed that the resin with the higher F/NH2 molar ratio, D, 
had the longest shelf life and a similar shelf life to resin A. As discussed in section 4.1.1 Solution 13C-
NMR, the resins with a higher F/NH2 molar ratio had a greater amount of branches. One of the 
reasons for the improved storage stability could thus be the higher degree of branches since their 
presence will prevent the chains from forming hydrogen bonds. Furthermore, it can also be 
concluded from the NMR spectroscopy analysis that the resin D had the highest amount of flexible 
ether bridges and the lowest amount of hydrogen bond forming methylol groups. Furthermore, it can 
be seen that the resin with higher melamine content and F/NH2 molar ratio, E, had an improved 
storage stability over the resin with only higher melamine content, C. This confirms that the higher 
degree of branching found in E is important for a long shelf life. It can be concluded that the storage 
stability of all resins, except for D, in Figure 18 is similar to each other and lower compared to that of 
A and B in Figure 17. It is likely that the reduced storage stability of these resins is due the higher 
amount of methylol groups available for hydrogen bonding as well as the higher free formaldehyde 
content which possibly could enable the reaction to proceed to some extent even during storage. 
Additionally, there are specific structures in each resin composition which are believed to contribute 
to the reduced storage stability of the resins in Figure 18. The reduced shelf life of the resins with 
higher melamine content, C and E, could be related to the high reactivity of melamine. As described 
in section 1.2.2.7 Storage Stability, earlier studies have been able to show that the amount of 
methylolamines decrease during storage. It is thus possible that the high reactivity of melamine will 
cause the condensation reaction to proceed to some extent even during storage. Therefore, it is clear 
that a higher melamine content will lead to formation of molecules with higher molecular weight and 
thus a faster increase in viscosity. Additionally, the reduced storage stability can be related to the 
results obtained from the NMR spectroscopy analysis discussed in section 4.1.1 Solution 13C-NMR. 
From the results it was concluded that the higher melamine content resulted in a higher amount of 
methylol groups in the resins. It is possible that with a higher amount of methylol groups and at 
higher temperatures, the formation of hydrogen bonds are enhanced. The shelf life of the resins 
synthesized with three U-additions, F, and two F-additions, G, also showed a similar storage stability 
to the resins with higher melamine content. The poor shelf life of these resins is partly believed to be 
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due to the presence of a higher amount of free urea. The flexibility of these unreacted urea 
molecules, compared to that of the already formed chains, enhance the formation of hydrogen 
bonds. Additionally, F had the highest amount of methylol groups and G had the highest amount of 
the more easily packed methylene bridges. However, it is important to mention that even though G 
had a higher degree of branching than D , the shelf life was significantly shorter for G. Besides the 
already mentioned reasons, it seems that the shorter shelf life of G is due to the lower F/NH2 molar 
ratio. It is possible that both a high F/NH2 molar ratio and a high degree of branching is important in 
order to obtain an improved storage stability.  
 

 
Figure 18: Shelf life at 20 ᵒC of the second group of resins with different melamine content, F/NH2 molar ratio, 

synthesized with different addition order and varying number of addition steps. 

4.1.5 Free Formaldehyde  
As discussed in section 1.2.2.6 Formaldehyde Emission, the amount of free formaldehyde present in 
the resin is believed to be one of several sources of formaldehyde emissions from the MUF resins 
and adhesives. Considering the health aspects of the usage of the final MUF adhesive, a low free 
formaldehyde is an important property. There are different classifications depending on the 
concentration of formaldehyde (wt% free formaldehyde) present in the resin. According to 
AkzoNobel Industrial Coatings, Product Safety and Regularity Affairs, a free formaldehyde below 0.1 
wt% means that the resin can be unclassified, a free formaldehyde of 0.1-0.2 % requires a health 
hazard pictogram and a free formaldehyde of 0.2-1 wt% requires both a health hazard pictogram and 
a warning pictogram [43]. In Appendix, Table 14, the classification according to the free 
formaldehyde can be found together with a description and corresponding pictograms. It can easily 
be understood that a free formaldehyde below 0.1 wt% is desired since no classification is needed. 
However, when comparing the AkzoNobel resins with different amount of free formaldehyde it has 
been shown that the resins with a free formaldehyde below 0.1 wt% have a lower reactivity and thus 
a prolonged curing time compared to the resins with a free formaldehyde content above 0.1 wt%. 
Therefore, it is desired to find a balance between performance and health effects of the resins.  

In Table 7 and Table 8, the free formaldehyde present in the resins in each group can be seen and in 
Appendix, Table 13, the free formaldehyde content in all resins is presented. The measurement 
procedure of the free formaldehyde can be read in section 3.1.6 Free Formaldehyde. From Table 7 it 
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can be observed that A has a significantly higher free formaldehyde compared to B. The reason for 
this is believed to be due to the longer condensation time used for synthesis of B, which allows a 
higher amount of formaldehyde to react. It is also possible that the free formaldehyde is lower for B 
due to the alkaline conditions used during synthesis, which favors the methylolation reaction 
between formaldehyde and urea/melamine, as discussed in section 1.2.1 MF and UF Resins and in 
section 1.2.2.4 The Effect of the pH. 

Table 7: Free formaldehyde (wt%) in the resins synthesized under different pH-conditions.  
Resin Free Formaldehyde (wt%) 

A 0,17 
B 0,07 

 
From Table 8 it can be concluded that all resins have a higher free formaldehyde compared to A and 
B. The resins with a higher F/NH2 molar ratio, D and E, is believed to have a higher free 
formaldehyde (wt%) since the higher amount of added formaldehyde probably will cause an increase 
in the amount of unreacted formaldehyde in the resin. The higher free formaldehyde of the resin 
with higher melamine content, C, compared to that of A, could be related to the results from the 
NMR-spectroscopy showing that this resin have a higher amount of unsubstituted groups in urea and 
melamine. This means that less formaldehyde has methylolated urea and melamine,  hence resulting 
in a higher free formaldehyde in the resin. It can also be seen that resin with two formaldehyde 
additions, G, has a higher free formaldehyde content. A possible reason for this is that the second 
addition of formalin, gives a shorter reaction time for formaldehyde. Additionally, at the time for the 
second formalin addition, it is more likely that melamine and urea already have become 
methylolated and that longer chains have formed. Hence, a lower amount of unsubstituted groups in 
the resin is free for reaction with formaldehyde. This is consistent with the results form the NMR 
spectroscopy analysis which showed that melamine in the resin G had the highest degree of 
substitution. F had the lowest free formaldehyde of the resins in Table 8 but a slightly higher free 
formaldehyde than A. The higher free formaldehyde of F compared to that of A could be related to 
the higher degree of substitution and the lower amount of free urea present in the resin A. That is to 
say, it is more likely that the reactions between formaldehyde, urea and melamine in A have 
occurred to a greater extent compared to that in F. However, comparing the structural information 
of F to that of the other resins Table 8, it seems that it contains a higher degree of un-reacted 
species. It is possible that the lower free formaldehyde of F is related to the addition steps during 
synthesis, where the higher amount of urea added in the first step consumed more formaldehyde 
compared to in the original addition procedure. 

 
Table 8: Free formaldehyde (wt%) in the resins with varying melamine content, F/NH2 molar ratio, addition order of 

reactants and number of addition steps. 

Resin Free Formaldehyde (wt%) 
C 0,21 
D 0,22 
E 0,22 
F 0,20 
G 0,22 
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4.1.6 SEC  
SEC was used in order to investigate the range of the molecular weight and molecular weight 
distribution of the synthesized MUF resins. It was desired to know if the MUF resins were mainly 
oligomers or if larger polymers were present. It is important to mention that this method has its 
limitations for analysis of the MUF resins. The standard, pullulan, is suited for analyses of polymer 
samples with a molecular weight of 342 - 708 000 Da. The low molecular weight of the samples 
compared to that of the standard needs to be considered when interpreting the results. The results 
from the SEC-analysis are presented as Mn, Mw, Mz and Ð. In Table 9 the results from the resins 
synthesized under different pH-conditions can be found, and in Table 10 the results from the resins 
with varying melamine content, F/NH2 molar ratio, addition order of reactants and number of 
addition steps is presented. The raw data from the SEC-analysis for each resin can be found in 
Appendix, Figure 47 - Figure 60. As can be observed from Table 9 - Table 10, the MUF resins are 
polydisperse (Ð>1), with a broad range of molecular weights. As mentioned in section 1.1.3 Wetting, 
a polydisperse resin is important for the adhesion and cohesion of the adhesive, and hence for the 
formation of a strong glue joint. Furthermore, from Mn in Table 9 and Table 10, molecular weights 
around 1000 Da can be seen. The presence of chains in the MUF resins with this molecular weight 
will be further verified in section 4.1.7 MALDI-TOF-MS. 

Table 9: Average molecular weights (Mn, Mw and Mz) and dispersity (Ð) of the resins synthesized under different pH-
conditions.  

Resin Mn (g/mol) Mw (g/mol) Mz (g/mol) Ð (Mw/Mn) 
A 1350 2130 3290 1,57 
B 1120 2490 5740 2,2 

 
As can be seen in Table 9, the resin B, synthesized under alkaline conditions at higher temperature 
and for a longer condensation time has a greater molecular weight dispersity. One possible reason 
for this is believed to be the addition of formalin at the end of the synthesis, which will initiate a new 
methylolation reaction and therefore also propagation of new chains. Considering the molecular 
weight of the resins it can be observed from Mw and Mz that there exist molecules of longer chains in 
B. This result was expected, and agrees with the theory in section 1.2.2.5 The Effect of the Reaction 
Time, since the longer condensation time of B allows for a more extensive propagation of the chains. 
The smaller Mn-value of B is related to the larger Ð, since new shorter chains were formed when the 
second formalin was added. 
 

Table 10: Average molecular weights (Mn, Mw and Mz) and dispersity (Ð) of the resins with varying melamine content, 
F/NH2 molar ratio, addition order of the reactants and number of addition steps.  

Resin Mn (g/mol) Mw (g/mol) Mz (g/mol) Ð (Mw/Mn) 
C 1150 1540 2020 1,35 
D 1370 2080 3080 1,52 
E 1170 1610 2140 1,38 
F 1600 3740 6890 2,3 
G 1130 3510 8180 3,1 

 
Comparing the molecular weights and the dispersity of the different resins in Table 10, it can be seen 
that the chains in the resins with higher melamine content, C and E, also have a slightly lower 
molecular weight and therefore a smaller Ð. This could be related to the results obtained from the 
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NMR spectroscopy analysis which showed that the resins with higher melamine content also have a 
higher molar-% unsubstituted amine groups in melamine. As already mentioned, the unmethylolated 
amine groups have a lower reactivity compared to that of the methylolated groups in melamine. 
Therefore, it is possible that the presence of melamine in the chains will hinder further condensation, 
and consequently result in formation of a higher number of shorter chains. The shorter chains will 
result in a lower molecular weight and a smaller molecular weight distribution of these resins. 
However, a larger affect on the dispersity is achieved when the number of addition steps is changed 
during synthesis. As can be seen in Table 10, F and G have a significantly larger dispersity than the 
other resins. A possible explanation to the increased dispersity of F is that when an increased amount 
of urea is added simultaneously, many chains starts to propagate at the beginning of the synthesis 
which result in many chains of different lengths. Additionally, as discussed in section 1.2.2.1 The 
Effect of the Number of Reaction Steps, it is also possible that the large amount of urea added in the 
first two steps enable longer chains of urea to form which results in an increased molecular weight of 
the resin compared to the other resins. The same argument as for F and B can be used for the large 
Ð-value of G. The later addition of formalin during synthesis give rise to a new methylolation step 
and thus enables new chains to propagate. Additionally, some of the substituted high molecular 
weight structures in G are able to react further which results in a number of  chains of higher 
molecular weight as can be seen when comparing the Mw of the resins. 

4.1.7 MALDI-TOF-MS 
MALDI-TOF-MS was used as a complement to SEC with the aim to investigate the molecular size and 
molecular size distribution of the MUF resins further. In comparison to SEC, MALDI-TOF-MS gives 
results of higher resolution, making it possible to distinguish specific peaks corresponding to a certain 
molecular structure. Therefore, it was also investigated if MALDI-TOF-MS-analysis could be used as a 
complement to solution 13C-NMR spectroscopy to obtain further information about the molecular 
structure and connectivity of melamine and urea in the MUF resins. It should be mentioned that also 
this method has its limitations when it comes to analysis of the MUF resins. MALDI-TOF-MS is 
commonly used to analyze monodisperse polymers. Therefore, when analyzing MUF resins, the 
obtained spectra need to be interpreted carefully since no reference spectra have been found. The 
molecular weight distribution of the species in the sample was investigated by choosing a mass range 
of 100 - 3400 Da. In the lower end of the molar mass region (< 400 Da) there are many low molecular 
weight species that might belong to the sample or to other structures present in the matrix or on the 
MALDI-plate. The results obtained from this region thus have a great uncertainty and these peaks will 
therefore not be analyzed or discussed further. Additionally, no peaks were detected above 1600 Da 
and it is therefore believed that this is the highest molecular weight present in the resin. This was 
confirmed by choosing a method were the samples were analyzed in the region 1600 - 3500 Da. 
Through observation of the spectra it could be seen that the intensity of the high molecular weight 
substances was lower compared to that of the low molecular weight structures. This does not 
necessarily mean that there is a larger amount of the smaller molecules present in the samples. The 
ionization of the low molecular weight compounds are easier compared to that of larger molecules 
which results in a higher amount of small molecules being able to reach the detector. It is also worth 
mentioning that the resulting spectra are dependent on the sample preparation and on how the 
manually controlled laser is regulated.  

When comparing the obtained spectra for the different samples no significant differences could be 
observed in terms of peaks or intensity. However, it could be concluded that the number of peaks 
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were increased and the intensity of these were improved when a matrix and ion enhancer was added 
compared to if only the dissolved sample was analyzed. The system of DHB and Na-TFA in water was 
chosen due to the improved solubility of the sample, the more even film formed on the MALDI-plate 
and due to the crystallization of the sample on the MALDI-plate. From a representative spectra it 
could also be observed that the molecular weight were ranging from 400 - 1000 Da. These results 
confirms the large Ð presented in section 4.1.6 SEC. Even though the intensity of the peaks above 
400 Da in general was lower, it is believed that the peaks belong to the resin due to the high 
molecular weight and because the peaks have the shape of a molecular weight distribution curve. 
The closely located peaks indicate that molecular units have been added to the chains, thus resulting 
in an increase and a distribution of the molecular weight. Due to the possibility that other molecular 
structures than the sample are corresponding to some of the peaks in the spectra and to the complex 
structure of the multifunctional monomers in the resin, nothing has been concluded from the MALDI-
TOF-MS spectra about the exact molecular structure or connectivity of melamine and urea in the 
resins. Therefore, the results from the MALDI-TOF-MS analysis should more serve to strengthen the 
results obtained from the SEC-analysis. However, the detected molecular weights give indications 
about the number of molecular units that is present in the chains. From the structure of urea and 
melamine, seen in Figure 1, an estimation of the theoretical minimum of the number of molecular 
units connected to each other can be made. The theoretical highest molecular weight of the 
reactants is a fully methylolated melamine molecule, and the ether bridges has a higher molecular 
weight than the methylene bridges. Hence, a molecular weight above 400 Da corresponds to at least 
two fully methylolated melamine molecules connected with an ether bridge and a molecular weight 
of 1000 Da corresponds to at least three fully methylolated melamine molecules connected with 
ether bridges. It should be mentioned that molecular weights up to 1600 Da was observed in some of 
the spectra which means that at least five fully methylolated melamine molecules connected with 
ether bridges are present in one chain. The number of units depends on if the chains consists of 
melamine or urea molecules, the degree of methylolation of these and if they are connected with 
ether or methylene bridges. 

4.1.8 Raman Spectroscopy  
Since it was of interest to examine the difference in curing kinetics between the resins with different 
compositions and hence chemical structures, it was attempted to eliminate possible influencing 
factors such as the viscosity and age of the resins. Similar viscosity and age of the resins were 
obtained by terminating the condensation reaction when a desired viscosity was reached, and then 
analyzing the resins 1-3 weeks after synthesis. In Figure 19, a typical Raman spectra for an uncured 
(red dash line) and fully cured (blue solid line) MUF resin respectively can be seen. The peaks of the 
characteristic groups used to evaluate the curing process are marked and their corresponding 
wavenumber can be found in Table 11. The Triazine ring was used as a reference peak for 
normalization of the spectra, since this functionality is not participating in the cross-linking reaction. 
As described in section 1.4 Curing, during the curing reaction, methylol and amine groups react to 
form ether and methylene bridges. The less stable ether bridges will eventually rearrange to form 
methylene bridges. As can be seen in Figure 19, the results agree with the theory. The amount of 
methylol groups is high in the beginning of the curing reaction (0 hours) and decreases as the 
reaction proceeds. As the amount of methylol groups decreases, the amount of methylene bridges 
increases (48 hours). It is believed that the rearrangement of ether bridges occurs very rapidly and 
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there will thus not be a visible increase in the Raman spectra before the amount of ether bridges 
decreases due to the rearrangement.  

 
Figure 19: Raman spectra of an uncured (0h) MUF resin (red dashed line) and a fully cured (48h) MUF resin (blue solid 

line).  
 

Table 11:  Characteristic functionality in MUF resins and their corresponding wavenumber [40].  

Functionality Wavenumber (cm-1) 

Ether bridges 900 
Triazine rings (reference peak) 978 

Methylol groups 1000 
Methylene bridges 1435 

 

Two model systems for each resin sample were prepared, one with a high hardener-to-resin mixing 
ratio (90:100), fast curing system, and one with a low hardener-to-resin mixing ratio (20:100), slow 
curing system. Measurements were performed after 0 hours (or 5 minutes), 1 hour, 3 hours, 7 hours, 
24 hours and 48 hours for each resin and model system respectively. Additionally, the two resins A 
and B were also analyzed after approximately four days (88 hours). In section 3.1.10 Raman 
Spectroscopy a detailed description of the Raman analysis can be found. It is important to mention 
the fact that the curing mechanism studied in this project differ from the real curing process 
occurring between two wood substrates under pressure. First of all, the model system used lack 
some of the components present in the real hardener which may have an influence on the curing 
process, as was explained in section 1.5.7 Raman Spectroscopy. Additionally, in this study the curing 
process occurs in glass vials instead of in-between wood substrates. The already discussed 
hygroscopic properties of wood will lead to absorption of water from the adhesive, which will reduce 
the movement of the reactants and thus most likely hinder the curing process. It is therefore 
believed that the curing is somewhat slower in the real system compared to in the studied model 
system. Furthermore, due to limited access to the Raman spectroscopy instrument, different samples 
had to be prepared for measurement at the different times. This means that parameters such as 
weighing of hardener and resin, and mixing of the system will have an influence on the results and 
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are a possible reason for some of the deviant measurement points found in Figure 20 - Figure 31. 
Another possible reason for the deviant values is the signal-to-noise ratio. The obtained spectra had 
a lower signal-to-noise ratio than desired which sometimes made it difficult to determine where the 
baseline was. The spectra obtained from the model systems with a low hardener-to-resin mixing 
ratio had a less noisy baseline than the spectra of the model systems with a high hardener-to-resin 
mixing ratio. A possible explanation for this is that the former was less diluted. However, the results 
from this analysis confirm that it is possible to detect the functional groups and follow the curing 
process of MUF resins with Raman spectroscopy, and the results can be used to improve the 
understanding of the curing kinetics of MUF resins. Figure 20 - Figure 25 presents the kinetic profiles 
for the fast and slow curing system respectively, and in terms of disappearance of methylol groups 
and ether bridges as well as formation of methylene brides for the two resins synthesized under 
different pH-conditions, and Figure 26 - Figure 31 shows the kinetic profiles for the resins with 
different melamine content, F/NH2 molar ratio, varying addition order and number of addition steps 
used during synthesis.  

 
Figure 20: Kinetic profile for the transformation of methylol groups into ether and methylene bridges for the two resins 

synthesized under different pH-conditions. The resins are presented in the form of the fast curing model system. 
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Figure 21: Kinetic profile for the transformation of methylol groups into ether and methylene bridges for the two resins 

synthesized under different pH-conditions. The resins are presented in the form of the slow curing model system. 

In Figure 20 and Figure 21 the disappearances of methylol groups can be observed in the fast and 
slow curing system respectively. No true trend can be observed when comparing the rate of 
consumption of methylol groups. One possible explanation for this findings is that the consumption 
of methylol groups is less pH-dependent than the rearrangement of ether bridges, and that the initial 
reaction leading to formation of ether and methylene bridges occurs at similar rate in both the fast 
and slow curing system respectively. For both systems, the rate of disappearance of methylol groups 
seem to be greatest the first hour.  
 

 
Figure 22: Kinetic profile for the rearrangement of ether bridges into methylene bridges for the two resins synthesized 

under different pH-conditions. The resins are presented in the form of the fast curing model system. 
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Figure 23: Kinetic profile for the rearrangement of ether bridges into methylene bridges for the two resins synthesized 

under different pH-conditions. The resins are presented in the form of the slow curing model system. 

In Figure 22 and Figure 23 the kinetic profiles of the rearrangement of ether bridges into methylene 
bridges can be observed. The rate of rearrangement of ether bridges is greater for the fast curing 
system. As will be discussed further below, the formation of methylene bridges is favored at low pH, 
and the reaction will thus be faster in the fast curing system due to the greater pH-decrease. Since 
the formation of methylene bridges partly occurs through rearrangement of ether bridges, it seems 
that the consumption of ether bridges will be faster in the fast curing system. In the slow curing 
system where the pH-decrease is smaller, the formation of methylene bridges will be less favored 
and hence a slower decrease of the amount of ether bridges can be seen for this system. Comparing 
the rearrangement of ether bridges in the two resins it seems that the reaction is initially faster in 
resin B. However, an interesting and unique trend for B can be observed, in both the fast and slow 
curing system, between 7 and 48 hours. It seems that the rate of rearrangement of ether bridges 
reaches a plateau between 7 and 24 hours, and then increases again between 24 and 48 hours, 
hence indicating that the reaction is not completed. Comparatively, the rearrangement of ether 
bridges in A constantly decreases until somewhere between 24 – 48 hours where no significant 
change in the reaction rate is observed. As discussed in section 4.1.3 Gelation Time, the 
rearrangement of ether bridges into methylene bridges was believed to be the rate determining step 
during the curing process. Due to the higher amount of ether bridges, in addition to the lower 
amount of methylol groups, in B the curing process is prolonged compared to that of A. Additionally, 
through measurement of the hardener-to-resin mixing-pH of A and B in the fast and slow curing 
system respectively, the buffering effect of B could be confirmed since a higher pH was noted in both 
systems compared to the pH of A. See Appendix, Table 15, for the hardener-to-resin mixing-pH of the 
resins in the two systems. Hence, the high amount of ether bridges, low amount of methylol groups 
and the buffering effect are believed to be responsible for the prolonged curing process of B 
compared to that of A.  
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Figure 24: Kinetic profile for the formation of methylene bridges for the two resins synthesized under different pH-

conditions. The resins are presented in the form of the fast curing model system. 

 

 
Figure 25: Kinetic profile for the formation of methylene bridges for the two resins synthesized under different pH-

conditions. The resins are presented in the form of the slow curing model system. 

When comparing the kinetic profiles of the formation of methylene bridges in the two systems seen 
in Figure 24 and Figure 25, it seems that methylene bridges were formed faster in the fast curing 
system compared to in the slow curing system. It can also be observed that the curing rate is highest 
during the first hour in the fast curing system compared to a more prolonged curing during the first 
seven hours in the slow curing system. Additionally, the final degree of cross-linking of the resins is 
obtained somewhere between 7–48 hours in the fast curing system compared to somewhere 
between 2–4 days in the slow curing system. This result can be related to the pH-dependence of the 
formation of methylene bridges as discussed in section 1.2.2.4 The Effect of the pH. The higher 
hardener-to-resin mixing ratio in the fast curing system will cause a greater pH-decrease and hence a 
faster formation of methylene bridges compared to in the slow curing system. Additionally, in Figure 
24 and Figure 25 it is indicated that the amount of obtained methylene bridges are higher for the 
resins in the fast curing system compared to that of the slow curing system. The lower amount of 
methylene bridges in the slow curing model system is an indication of a lower final degree of cross-
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linking. As discussed in section 1.4 Curing, the final degree of cross-linking will affect the 
performance of the glue joint. When comparing the curing kinetics of the two resins it was found 
that, in both curing systems, resin A showed a greater initial curing rate. Additionally, in the slow 
curing system, the slower increase in the amount of methylene bridges for resin B is more apparent. 
A possible explanation for the slower curing process of B compared to that of A in the slow curing 
system can be related to the discussion of the rearrangement of ether bridges and the buffering 
effect. The low amount of hardener used in the slow curing system does not result in a sufficient pH-
decrease to overcome the buffering effect or the slow rearrangement of the ether bridges present in 
resin B. Therefore, the pH-decrease, and hence the curing rate, will be lower for B compared to A. 
However, it seems that both resins reach their final degree of cross-linking after a similar curing time.  

 
Figure 26: Kinetic profile for the transformation of methylol groups into ether and methylene bridges for the resins with 
varying melamine content, F/NH2 molar ratio, addition order and number of addition steps. The resins are presented in 

the form of the fast curing model system.  

 

 
Figure 27: Kinetic profile for the transformation of methylol groups into ether and methylene bridges for the resins with 
varying melamine content, F/NH2 molar ratio, addition order and number of addition steps. The resins are presented in 

the form of the slow curing model system. 
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Figure 28: Kinetic profile for the rearrangement of ether bridges into methylene bridges for the resins with varying 

melamine content, F/NH2 molar ratio, addition order and number of addition steps. The resins are presented in the form 
of the fast curing model system. 

 

 
Figure 29: Kinetic profile for the rearrangement of ether bridges into methylene bridges for the resins with varying 

melamine content, F/NH2 molar ratio, addition order and number of addition steps. The resins are presented in the form 
of the slow curing model system. 
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Figure 30: Kinetic profile for the formation of methylene bridges for the resins with varying melamine content, F/NH2 

molar ratio, addition order and number of addition steps. The resins are presented in the form of the fast curing model 
system. 

 

 
Figure 31: Kinetic profile for the formation of methylene bridges for the resins with varying melamine content, F/NH2 

molar ratio, addition order and number of addition steps. The resins are presented in the form of the slow curing model 
system. 

 
In Figure 26 - Figure 31, the kinetic profiles for the resins with different melamine content, F/NH2 
molar ratio, addition order and varying number of addition steps is presented in the fast and slow 
curing system respectively. As could be observed from the first group of resins, the rate of 
disappearance of methylol groups seen in Figure 26 and Figure 27 in the fast and slow curing system 
respectively is similar and no true trend can be observed between the different resins. That is to say, 
the argument about the less pH-dependent reaction of methylol groups is further verified. 
Furthermore, also for this group of resins, the rearrangement of ether bridges in Figure 28 and Figure 
29 have shown to be more pH-dependent then the reaction of methylol groups, since the 
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rearrangement occurs faster in the fast curing system. However, the chemical differences between 
the resins does not seem to be great enough in order to result in an observable difference in the rate 
of rearrangement of ether bridges. As for the first group of resins, it can be noted from Figure 30 and 
Figure 31 that the curing rate is highest during the first hour in the fast curing system compared to a 
more prolonged curing in the slow curing system, where highest increase in curing rate is observed 
during the first seven hours. The resins seem to have reach their final degree of cross-linking 
somewhere between 7–24 hours in the fast curing system compared to 24–48 hours in the slow 
curing system. When observing the formation of methylene bridges, the order of curing rate varies 
between the resins and the systems, and the differences in curing rate between the resins are small. 
Additionally, no evident connection between the curing rate and the resin structures could be found. 
Hence, no clear trend in curing rate of the resins with different melamine content, F/NH2 molar ratio, 
number of addition steps and the addition order of reactants in the two systems could be identified. 
This could be related to the small structural differences between these resins or to the few 
measurement points.  

4.2 Glue Joint  
The results obtained from the tensile testing are summarized in the following sections. The relation 
between the composition, chemical structure, molecular weight and molecular weight distribution of 
the resins and the mechanical properties and water resistance of the final cured glue joint are 
discussed. 

4.2.1 Mechanical Properties and Water Resistance  
In order to study the mechanical properties and water resistance of the glue joint, tensile shear 
testing was performed on glued substrates. A description of the pretreatments and of the tensile 
testing procedure can be found in section 3.2.1 Mechanical Properties and Water Resistance. The 
pretreatments together with the limit (MPa) to pass each test can be found in Appendix, Table 16, 
and the raw data from the tensile test of the two groups of resins is presented in Appendix, Table 17 
- Table 18. In Figure 32 - Figure 35, the tensile strength (MPa) of the glue joints obtained from tensile 
shear testing after pretreatment A1 (standard conditioning followed by testing in the dry state), and 
pretreatment A4 (boiling for 6 hours followed by testing in the wet state) are presented. In Figure 32 
and Figure 33, the tensile strength of the glue joints prepared from the two resins that were 
synthesized under different pH-conditions are shown. In Figure 34 and Figure 35, the tensile strength 
of the glue joints prepared from the resins with varying melamine content, F/NH2 molar ratio, 
addition order and number of addition steps are presented. It should be mentioned that the 
mechanical properties of the glue joints are highly influenced by several parameters which makes the 
interpretation of the results somewhat difficult. As explained in section 1.3 Wood Substrates, the 
porosity, moisture content, density and hardness of the wood are important parameters that have to 
be controlled prior to adhesive application, curing and testing. Furthermore, the viscosity of the resin 
will affect its penetration into the wood cavities which in turn will have an impact on the strength of 
the glue joint. According to the theory and earlier studies summarized in section 1.2.2.3 The Effect of 
the Molar Ratio of Melamine/Urea, a higher melamine content in the resin should give rise to a 
stronger glue joint and improved water resistance. The strength of the glue joint is believed to be 
improved with increasing melamine content in the resin, since the bonds between melamine 
molecules are stronger than the bonds between urea molecules. Furthermore, the water resistance 
is believed to be improved since the adhesive is thought to contain longer sections of the more water 
resistant MF resin. Another parameter that is believed to affect the mechanical properties of the glue 
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joint is the cohesion and adhesion of the adhesive. As explained in section 1.1.3 Wetting, the 
presence of longer chains are important for the cohesion of the adhesive and the shorter chains can 
penetrate the substrate more easily, hence improving the adhesion. When only considering the 
affect of the cohesion and adhesion, the results presented in section 4.1.6 SEC suggests that the 
mechanical properties should be improved for the resins synthesized with different number of 
addition steps (F and G) since these contains the longest molecular chains and the broadest 
molecular weight distribution. Comparatively, the resin with higher melamine content, C, had the 
lowest molecular weight and molecular weight distribution, and should therefore result in a weaker 
glue joint.  

A1 is a test with focus on the mechanical properties and A4 is, in addition to the mechanical 
properties, used to evaluate the water resistance. From the results below it can be concluded that all 
tested samples showed a greater tensile strength after pretreatment A1 compared to after the 
harsher pretreatment A4. This result was expected, and it is often necessary to change pressing and 
curing parameters in order for the glue joints to endure the treatment of boiling water. Additionally, 
after the treatment of boiling water, the wood substrates are likely to be weaker than before. It is 
important to mention that the tested samples sometimes showed glue joints that was 100 % covered 
in wood fibers. That is to say, the sample failed in the wood substrate, hence the glue joint was 
stronger than the substrate. In these cases nothing can be said about the strength of the cured glue 
joint. Furthermore, even though some of the resins did not pass the tensile tests, it is possible to 
compare the strength of the resins to each other.  
 

 
Figure 32: Results obtained from tensile testing in the form of tensile strength (MPa) for the resins synthesized under 

different pH-conditions after pretreatment A1; standard conditioning and testing in the dry state. 

 
From Figure 32 a significantly lower tensile strength of B compared to that of A can be seen. Since 
glue joint A passed the limit (>10 MPa) for the tensile test it can be concluded that the cured glue 
joint is strong enough even though the test showed 100 % wood fibres. However, 100% wood fibres 
were also detected on sample B. Hence, it is possible that the glue joint is strong enough to pass the 
test, but nothing can be said about the tensile strength for certain. Therefore, the strength of the 
two glue joints cannot be compared from this test.  
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Figure 33: Results obtained from tensile testing in the form of tensile strength (MPa) for the resins resins synthesized 

under different pH-conditions after pretreatment A4; boiling for 6 hours followed by testing in the wet state. 

 
After the treatment in boiling water the sample of A showed 0 % fibres while the sample of B showed 
100 % fibres. From Figure 33 it can be concluded that A did not pass the limit of the tensile test (>6 
MPa) while nothing can be said about the strength of the glue joint B.  
 

 
Figure 34:  Results obtained from tensile testing in the form of tensile strength (MPa) for the resins with different 

melamine content, F/NH2 molar ratio, varying addition order and different number of addition steps after pretreatment 

A1; standard conditioning and testing in the dry state. 

Comparing the samples from the resins in Figure 34 it was observed that all glue joints were covered 
in 100 % fibres. However, since the resins C, D and F passed the limit of the tensile test (<10 MPa) it 
can be concluded that these glue joints were strong enough and can be compared to each other. 
However, as can be seen from  Figure 34, there is no significant difference in tensile strength of these 
three resins. The small observed differences might as well be related to the material, sample 
preparation or testing method.  
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Figure 35: Results obtained from tensile testing in the form of tensile strength (MPa) for the resins with different 

melamine content, F/NH2 molar ratio, varying addition order and different number of addition steps after pretreatment 
A4; boiling for 6 hours followed by testing in the wet state. 

 
After observations of the glue joints after the tensile test it was found that close to 0% was covered 
in wood fibres. It can thus be concluded that none of the resins in Figure 35 above passed the tensile 
test limit (<6 MPa) after pretreatment A4. Furthermore, there is no significant difference in tensile 
strength between the resins with the exception of C. The significantly lower tensile strength 
observed for C could be related to the shorter molecular chains and the smaller molecular weight 
distribution which results in reduced cohesion and adhesion of the resin, especially when exposed to 
the harsher pretreatment A4. However, it is also possible that the results are related to the testing 
procedure or the adhesive application. Comparing the obtained tensile strengths of the glue joints 
after pretreatment A1 (Figure 34) and A4 (Figure 35) respectively, it is clear that the water resistance 
is a property worth improving for these resins. 
 
Conclusively, the increased amount of melamine used in the resins in this project is not enough in 
order to improve the mechanical properties or water resistance of the cured glue joints detectable 
with this method. However, as discussed in section 1.2.2.3 The Effect of the Molar Ratio of 
Melamine/Urea, earlier studies have shown that a higher melamine content increases both strength 
and water resistance of the resins. Therefore, it cannot be excluded that the mechanical properties 
could be improved if an even higher amount of melamine is used in the resins. Furthermore, it seems 
that even though there exists structural differences between the resins, they had rather similar 
kinetic profiles, as could be observed in section 4.1.8 Raman Spectroscopy, Figure 30. That is to say, it 
is possible that the chemical differences of these resins are not large enough in order to lead to a 
significant difference in mechanical strength of cured glue joint detectable with this method. 
Parameters including properties of the wood substrate, viscosity and application of the adhesive are 
believed to have a greater influence on the test results than the chemical differences of the 
investigated resins. 
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5. Conclusions  
From the NMR spectroscopy analysis it can be concluded that the resin synthesized under alkaline 
conditions for a longer condensation time contained a higher amount of ether bridges and a lower 
amount of methylol groups, and  therefore also a lower amount of free formaldehyde compared to 
the resin synthesized under acidic conditions for a shorter time. Furthermore, the resins with a 
higher melamine content and the resin synthesized with fewer addition steps contained a higher 
amount of unsubstituted melamine but also an increased amount of methylol groups, hence a lower 
degree of condensation. However, when the F/NH2 molar ratio was increased, or when two formalin 
additions were used, a higher amount of substituted amine groups was obtained, and as a 
consequence, a more branched structure. These resins also contained structures with the highest 
degree of condensation.  

From the SEC-analysis it could be observed that Mn of all synthesized resins were between 1000 -
1600 g/mol. The molecular weight of the resin chains seem to increase with increasing condensation 
time, number of connection points and when a larger amount of urea is added in fewer steps. 
Further, an increased melamine content, causing a lower number of reactive connection points and 
sterical hindrance, decreased the molecular weight of the chains. When the number of addition steps 
was changed the molecular weight dispersity increased significantly. The molecular weight range and 
the broad molecular weight distribution were further verified by the MALDI-TOF-MS analysis. 

From the Raman spectroscopy analysis it was found that a higher hardener-to-resin mixing ratio 
resulted in a faster curing process. Further, the reaction rate of methylol groups showed to be similar 
in both systems while the rearrangement of ether bridges and the formation of methylene bridges 
was faster in the fast curing system. It was also found that a higher final degree of cross-linking was 
obtained for the resins in the fast curing system. No clear trends could be related to the chemical 
structure or composition of the resins in the second group when comparing their kinetic profiles. In 
the first group an indication of a prolonged curing process for the resin with the highest amount of 
ether bridges and the lower amount of the reactive methylol groups was observed.  

At last, no significant difference in tensile strength between the resins could be observed from the 
tensile test results. Hence, no clear trends was found between the strength of the glue joint and the 
chemical structure, molecular size or curing kinetics of the resins. It can thus be concluded that the 
increased melamine content used in this project did not significantly improve the mechanical 
strength or water resistance of the cured glue joints, from what could be observed with the used 
method.  
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6. Future Work  
From variation of the F/NH2 molar ratios and melamine contents in the resins, interesting structural 
differences could be observed. Since only two different F/NH2 molar ratios and melamine contents 
were investigated, it could be interesting to confirm the effects that have been observed through 
further variation of these. Additionally, the modified resins synthesized from fewer addition steps 
could be interesting from an industrial point of view. Hence, it is recommended to further examine 
the structure of the resin with three U-additions and to improve its properties by increasing the 
degree of condensation of the included structures, which is believed to be possible by increasing the 
F/NH2 molar ratio. Furthermore, the molecular weight and molecular weight distribution of the 
resins examined by means of SEC could be further verified by using a more suitable standard such as 
PEG (polyethylene glycol) [44].  

Only a few curing kinetics studies were undertaken in this work. To verify the observed trends, more 
experiments are needed, both within and outside the chosen time interval. Furthermore, the curing 
process can also be analyzed with other techniques in order to obtain complementary information, 
such as Differential Scanning Calorimetry (DSC). From the DSC analysis, the curing rate and curing 
time needed for a specific resin system is obtained by heating the sample and simultaneously 
measure the exothermic reaction heat released from the curing process [13].  

The method used for evaluation of the mechanical properties of the cured glue joint is influenced by 
many parameters. It is therefore recommended to use other methods for further investigation of the 
properties of the cured glue joint. A suggestions of such a method is Dynamic Thermomechanical 
Analysis (DTMA), where  a free standing film of the adhesive mechanical stress under heating. The 
curing reaction can thus be followed through measurements of the dynamic modulus and the 
viscoelastic energy dissipation parameter. This method is especially valuable since the complete glue 
joint can be analyzed, which gives information about both the curing process and the final cured glue 
joint [45]. Furthermore, it could be interesting to measure the formaldehyde emissions from the glue 
joint and relate the results to the chemical structure and composition of the resin. Further 
understanding about the influence of the resin composition and structure on the resulting chemical 
structure of the cured glue joint can be obtained by means of solid state 13C NMR [14]. At last, the 
chemical structure and composition at different depths of the glue joint are believed to be possible 
to study with confocal Raman spectroscopy.  
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Appendix  
 

Gelation Time 
 

Table 12: The gelation time, dry weight and final viscosity at the end of the synthesis for each resin. 

Sample Designation Gelation time (s) Solid Content (%) Viscosity (20 ᵒC) 
A 185 67,14 1316 
C 170 66,9 2010 
C 174 63,54 4879 
D 205 66,17 1020 
E 195 67,4 1190 
A 187 72,15 1720 
C 211 73,23 1910 
C 204 68,1 1390 
F 195 66,99 1078 
E 196 66,94 900 
G 165 66,99 2090 
G 170 67,09 1250 
B 285 66,33 1020 
F 197 66,93 1010 
A 184 67,13 1070 
A 195 66,38 852 
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Storage Stability  
 

 
Figure 36: The shelf life of the resin A determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 

 

 
Figure 37: The shelf life of the resin A determined as the viscosity as a function of days at the  

temperatures 15 °C, 20 °C, 25 °C and 30 °C. The resin had a lower viscosity compared to that of the resin in Figure 36 prior 
to storage. 

 

 

 

 

 

 

0

2000

4000

6000

8000

10000

12000

0 20 40 60 80 100

V
is

co
si

ty
 

 (m
Pa

s)
 

Days 

Shelf Life of A 

15C

20C

25C

30C

0

2000

4000

6000

8000

10000

12000

0 20 40 60 80 100

V
is

co
si

ty
 

 (m
Pa

s)
 

Days 

Shelf Life of A 

15C

20C

25C

30C



55 
 

 
Figure 38: The shelf life of the resin B determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 

 
 

 
Figure 39: The shelf life of the resin C determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 
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Figure 40: The shelf life of the resin C determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. The resin had a higher initial viscosity compared to that of the resin in Figure 39.  

 
 

 
Figure 41: The shelf life of the resin D determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 
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Figure 42: The shelf life of the resin E determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 

 

 
Figure 43: The shelf life of the resin F determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 
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Figure 44: The shelf life of the resin G determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. 

 

 
Figure 45: The shelf life of the resin G  determined as the viscosity as a function of days at the temperatures 15 °C, 20 °C, 

25 °C and 30 °C. The resin had a higher initial viscosity compared to that of the resin in Figure 44. 
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Figure 46: The shelf life of all resins stored at 2 °C. The viscosity was measured at 20 °C. 
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Free Formaldehyde 
 

Table 13: Data obtained from the analysis of free formaldehyde present in the resins. 

 
 

Table 14: Classification of MUF resins according to formaldehyde concentration [43]. 

 

 

 

 

 

 

 

 

  

Sample Designation Free formaldehyde (%) 
A 0,17 
C 0,18 
C 0,16 
D 0,22 
E 0,22 
A 0,17 
C 0,19 
C 0,21 
F X 
E 0,26 
G 0,18 
G 0,22 
B 0,07 
F 0,20 
A 0,16 
A 0,18 
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SEC 
 

 
Figure 47: Detector Response plotted against elution volume for resin A.  

 

 
Figure 48: Molecular weight distribution curve and raw data for resin A.  
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Figure 49: Detector Response plotted against elution volume for resin B.  

 

 
Figure 50: Molecular weight distribution curve and raw data for resin B. 
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Figure 51: Detector Response plotted against elution volume for resin C. 

 

 
Figure 52: Molecular weight distribution curve and raw data for resin C. 
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Figure 53: Detector Response plotted against elution volume for resin D. 

 

 
Figure 54: Molecular weight distribution curve and raw data for resin D. 
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Figure 55: Detector Response plotted against elution volume for resin E. 

 

 
Figure 56: Molecular weight distribution curve and raw data for resin E.  
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Figure 57: Detector Response plotted against elution volume for resin F.  

 

 
Figure 58: Molecular weight distribution curve and raw data for resin F.  
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Figure 59: Detector Response plotted against elution volume for resin G.  

 

 
Figure 60: Molecular weight distribution curve and raw data for resin G. 
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MALDI-TOF-MS 

Methods  
Upon sample preparation, several solvents and matrices were tested and different application 
methods were investigated. The solvents that were tested include methanol, ethanol, acetone, 
toluene, THF, dimethylformamide (DMF), acetonitrile and DCM. None of the solvents were able to 
dissolve the resin. It was attempted to improve the solubility of the resin through removal of water 
by freeze drying. Unfortunately, the solubility was not improved. Upon sample preparation, the first 
system that was investigated was a mixture of DMSO and DCM to dissolve the sample and DHB in 
THF (10 mg/ml) was used as a matrix. The systems were prepared by adding approximately 0.5 ml of 
DMSO in a glass vial together with approximately 1 mg of the resin followed by thorough mixing. 
When the resin was believed to be dissolved, 1 ml of DCM was added to the solution and mixed 
properly. However, the dissolution was not successful and therefore it was decided that DMSO 
should be used as a solvent from there on. Furthermore, in order to find the optimal system for the 
analysis, different matrices were tested. The evaluated matrices include the previously mentioned 
DHB in THF (10 mg/ml), DCTB in THF (10 mg/ml), Dithranol in THF (10 mg/ml) and DHB in water (10 
mg/ml). Furthermore, Na-TFA dissolved in THF (3 mg/ml) was used as an ionization enhancer. 
Different systems were prepared with only the dissolved sample, and the sample together with only 
the matrix or ion enhancer respectively. For all systems, except the ones with the water-based 
matrices, the so called “sandwich-method” was used upon application of the system on the MALDI-
plate. 5 μl of the sample solution was placed on a spot on the MALDI-plate followed by a drop of the 
matrix on top of it. Thereafter, another drop of the sample solution was added. Two different 
methods were tested in order to vaporize the DMSO. The first method involved heating the MALDI-
plate with an electric heat gun and the second method was to place the MALDI-plate in a vacuum 
oven for 30 minutes. At last, a drop of Na-TFA ionization enhancer was added on the plate. There 
were no significant difference between the spectra obtained from the samples with different 
matrices. However, due to the improved solubility of the resin, DMSO and the water based matrix 
DHB, and due to the more homogenous film that also crystallized on the MALDI-plate, this system 
was determined to be used for analysis of all resins.  
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Raman Spectroscopy  

Methods 
Two different resin/hardener systems were investigated prior to analysis of the resin curing process. 
In the first method, 100:10 of the resin and 85%, 42.5% and 20% formic acid respectively was tested 
in order to study the curing and to measure the approximate curing time. The curing systems were 
studied both in beakers and in the form of 0.1 and 1 mm films on glass substrates. In order to speed 
up the curing process due to limitation on the usage of the instrument, a resin system of 5:1 of resin: 
formic acid (85%) was examined. The resins used had a final viscosity of 600 - 800 mPas after finished 
synthesis and had been stored at 15 ᵒC for approximately 3 weeks. One measurement was 
performed on the original untreated resin before the curing process was investigated. Right before 
the measurement of the curing process, the resin and acid were mixed properly and a small amount 
of the mixture was placed in a NMR-tube which in turn was placed in the instrument. One 
measurement was performed directly (t0), and then after 5 minutes (t5), and thereafter every tenth 
minute (t15, t25, t35, t45), and the last measurement was performed after the last 15 minutes (t60) 
of the hour. However, the curing process was clearly not finished after one hour and the system 
differed from the real method and curing process. Therefore, a new model system was prepared and 
used for analysis of all resins, as described in section 3.1.10 Raman Spectroscopy.  

 

Hardener-to-Resin Mixing-pH 
 

Table 15: The Hardener-to-Resin Mixing-pH of the two resins synthesized under different pH-conditions in the slow 
curing system (low hardener-to-resin mixing ratio) and in the fast curing system (high hardener-to-resin mixing ratio) 

respectively. 

Resin 
pH at Low Hardener-to-Resin 

Mixing Ratio (20:100) 
pH at High Hardener-to-Resin 

Mixing Ratio (90:100) 
A 4,45 3,15 
B 4,74 3,26 
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Mechanical Properties and Water Resistance  
 

Table 16: Different treatments prior to tensile testing and the limits (MPa) to pass each test [41]. 

Designation Treatment Limits (MPa)  

A1 Conditioning in standard climate (20ᵒC 65% RH). 
The substrate is tested in the dry state. 

> 10 
 

A4 Samples are immersed in boiling water for 6 h 
and are then tested in the wet state. > 6 

 

 
Table 17: Results from the tensile testing in the form of maximum tensile strength (MPa), limit (MPa) and standard 

deviation (std) for the resins synthesized under different pH-conditions. 

Resin Dry Max Dry std Dry Limit Boil max Boil std Boil Limit 

A 
 12,25 1,42 10 4,81 1,6 6 

B 
 7,26 0,37 10 4,71 0,34 6 

 
Table 18: Results from the tensile testing in the form of maximum tensile strength (MPa), limit (MPa) and standard 

deviation (std) for the resins with different melamine content, F/NH2 molar ratio, varying addition order and number of 
addition steps during synthesis. 

Resin Dry Max Dry std Dry Limit Boil max Boil std Boil Limit 

C 
 11,39 1,38 10 0,56 0,21 6 

D 
 10,89 2,22 10 4,53 1,87 6 

E 
 8,78 0,51 10 4,22 0,83 6 

F 
 10,09 1,01 10 2,54 1,36 6 

G 
 8,63 0,52 10 3,67 0,7 6 

 

 

 

 

 

 


