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Abstract 
In this project, urea-formaldehyde (UF) resins were produced and investigated. UF resins are 

commonly used indoors as wood adhesives in, e.g. particle boards, in different furniture applications 

and flooring. UF resins are produced by alternating methylolation and condensation reactions, thus 

reacting urea and formaldehyde with each other and creating longer polymeric chains. The number 

of alternations, i.e. number of condensation reactions can be varied. The focus laid on the effect of 

the formaldehyde/urea molar ratio during synthesis. This includes the effect of the molar ratio on 

both the composition and structure and in turn their effect on the properties of the resin. UF resin 

was synthesized via two different methods. In method one, a reference adhesive was synthesized, 

this adhesive was produced using three condensation reactions. In method one, another resin was 

also produced using only two condensation reactions but with the same F/U molar ratios. In method 

two, only two condensations reactions were performed for each resin. In the start of the reaction, 

the F/U-molar ratio was varied in three different values. Towards the end, however, different 

amounts of urea were added to make sure that the final F/U-molar ration was kept constant. 

The results showed that the F/U molar ratio during synthesis will have an effect on both the 

composition of the resin and the structures being formed. With less urea added in the beginning as in 

the case with a high starting molar ratio, more dimethyl ether bridges and methylol groups, but less 

methylene bridges were formed in the end-product. This was formed together with a more branched 

UF structure with a higher polydispersity index. The reason for this probably originates from the 

more highly substituted amino groups formed due to the lower amount of urea in the beginning in 

the sample with a high F/U molar ratio. The composition and structure of the resin with a higher F/U 

molar ratio also seem to favor a stronger tensile strength. The increased amount of methylol groups 

and the increased PDI are thought to have a larger effect on the increased tensile strength. The shelf 

life of the finished resin also showed dependency with the F/U molar ratio, since resins produced 

with a low molar ratio gelled within 24h compared the two other variations of F/U ratios, where it 

took about 90 days to gel at the same temperature.  

  



 
 

Sammanfattning 
I detta projekt synteiserades och undersöktes urea-formaldehyd (UF) hartser. UF hartser används 

vanligen inomhus som trälimmer i t.ex. spånskivor, för olika möbelapplikationer samt vid 

golvläggning. UF-hartser produceras genom att växlingsvis utföra metylolerings- och 

kondensationsreaktioner och genom detta få urea och formaldehyd att reagera med varandra samt 

att bilda länge polymerkedjor. Antalet utförda kondensationsreaktioner kan varieras. Detta projekts 

fokus har legat på att undersöka effekten av formaldehyd/urea molkvoten under syntesen. Det som 

undersöktes var molkvotens påverkan på både sammansättningen och strukturen, och senare deras 

påverkan på egenskaperna hos hartset. UF-hartserna syntetiserades enligt två olika metoder. I metod 

ett producerades ett referens lim, vilket syntetiserades med tre kondensationsreaktioner. I metod ett 

producerades även ett lim med endast två kondensationsreaktioner men vid samma F/U molkvoter. I 

metod två utfördes endast två kondensationsreaktioner på varje harts. I början av syntesen 

varierades molkvoten mellan tre olika värden, i slutet tillsattes dock olika mängd urea för att den 

slutgiltiga molkvoten skulle bli den samma.  

Resultaten visade att F/U-molkvoten under syntesen påverkade både sammansättningen och vilka 

strukturer som bildas. När en mindre mängd urea finns tillgänglig i början, som när F/U-molkvoten är 

hög i starten, bildas en större andel dimetyleterbryggor och metylolgrupper men, däremot, en 

mindre andel metylenbryggor. Vidare, så leder en hög U/F-molkvot vid starten till att dett bildas en 

större andel grenade UF strukturer som även uppvisade ett högre polydispersitets index. 

Anledningen till detta är troligtvis att en mindre ureatillsats i början ger ureamolekyler med en högre 

substitutionsgrad. Sammansättning och strukturen hos hartser som bildats vid en högre molkvot 

tycktes även gynna en högre draghållfasthet av limmade träsubstrat. Den uppvisade högre 

draghållfastheten tros härstamma från den ökade andelen metylolgrupper och det högre PDI-värdet. 

Även lagringstiden uppvisade påverkan av F/U molkvoten då hartser syntetiserade vid en låg molkvot 

gelade inom 24h. Detta jämfört med hartser som syntetiserades vid högre molkvoter som uppvisade 

en lagringstid på ca 90 dagar vid samma temperatur 
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1 Introduction 

1.1 Adhesion 
The purpose of adhesives is to glue two pieces of substrates together; the substrates can either be of 

the same kind or of two different types. The cause for adhesion can be both chemical and physical. 

Chemical adhesion is when the adhesive and the substrates interact chemically to form covalent 

bonds between each other. Reactive groups in both the adhesive and the substrate interact to form 

crosslinks; this can be achieved with for example crosslinking agents, heat or UV-light. Physical 

adhesion can be divided into two different classes: mechanical interaction and secondary forces. The 

mechanical interactions can either be mechanical anchoring or diffusion. In mechanical anchoring, 

the adhesive fills cavities and pores of the substrate. As the adhesive cures within the pores or 

cavities, it becomes very difficult to separate the adhesive and substrate without damaging the 

surface of the substrate. In the case of diffusion, polymer chains of the adhesive and/or the substrate 

diffuse into the other material by penetrating the interphase between them. Thus, giving rise to 

entanglements that helps to keep the two substrates together. In order for diffusion to occur, both 

the polymeric chains of the adhesive and of the substrate needs to have enough mobility, and needs 

to be compatible with the other material [1].  

In the case of adhesion dependent on secondary forces, the attractive forces can be, e.g., dipol-dipol 

interactions, hydrogen bonds, electrostatic interactions or Van Der Waal-forces (VDW-forces).[2] In 

order to ensure good adhesion, it is important independently of the type of adhesion that the surface 

of the substrate has to be clean and free from dust or other particles. If the surface is dirty, the 

adhesive will partly adhere to the dirt instead of the substrate, and the adhesion to the substrate will 

thus be diminished. What also applies to almost every one of these methods is that by roughening 

the surface the adhesion can be increased. This can be explained in different ways for different types 

of adhesion. For adhesion through anchoring, a rougher surface will increase the amount of surface 

imperfections, and thereby the possible anchoring sites. For adhesion that rely on secondary forces, 

the increased surface area will increase the interface at which the secondary forces arises and thus 

the adhesion will be stronger in most cases.[1] 

1.2 Wetting 
A property that is closely connected to adhesion is wetting. Wetting is a measure of how good a 

coating will flow over and cover a surface. The driving force for wetting is lowering of the total 

surface energy of the entire system. The surface energy can be calculated by using the Young’s 

equation (equation 1): 

                    (Equation 1) 

Where γSV is the surface energy of the solid in equilibrium with the vapor phase, γSL is the surface 

energy of the solid in equilibrium with the liquid phase, γLV is the surface energy of the liquid in 

equilibrium with the vapor phase and θ is the contact angle between the surface and the droplet. 

The lower θ is, the better the wetting is. In order for the coating to wet the substrate, the coating 

needs to have a lower surface energy than the substrate. This will ensure that the total surface 

energy of the system is reduced upon coating.[2] Apart from surface energy wetting also depends on 

e.g. viscosity, temperature and surface roughness. To be able to wet a surface a coating needs to be 
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able to flow, a property that is restricted by the viscosity. If the viscosity is too high, the coating 

cannot flow and thus not wet the surface. The viscosity is in turn dependent on the temperature and 

the reaction taking place as the coating cures. During cure, the viscosity will increase and the 

coatings ability to wet a surface will, therefore, decrease. As mentioned earlier, surface roughness 

will have an impact on the adhesion. This can work in two different ways: either the adhesive wets 

the surface well and is able to penetrate into the imperfections of the surface, which will lead to 

greater adhesion or that the adhesive is not able to wet the surface, and voids of air will be formed 

between the adhesive and the substrate which will decrease the adhesion. In the first case, an 

increase of surface roughness will increase the adhesion as the total interface available for adhesion 

will be greatly increased. In the second case, the surface available for adhesion will have decreased 

and the adhesion has thus been reduced.[3] 

1.3 Wood substrates 
As a substrate, wood is very different compared to other materials.  As trees grows, and this in a 

specific direction, this will enforce a directional order of the wood fibers. This, in turn, will have a 

large impact on the properties of the wood and its behavior as a substrate. In a tree, almost all fibers 

are aligned in one direction. This means that the wood will have different properties in different 

direction; wood is thus an anisotropic material.  Wood consists mainly of cellulose, hemicelluloses 

and lignin. The cellulose molecule can arrange itself in highly ordered structures, and wood is thus a 

highly crystalline material ordered in fibers. Furthermore, these fibers have smaller parts of 

amorphous parts between them, which hold them together.  

As mentioned above, cellulose, hemicelluloses and lignin are the main constituents of wood. 

Cellulose and hemicelluloses are both hydrophilic molecules due to their many hydroxyl groups. This 

hydrophilicity causes wood to swell when subjected to humidity. This will give rise to a new problem, 

as wood is anisotropic, the wood will swell to different extents in different directions.[2, 4] This 

means that the adhesive or coating used for wood substrates have to have several inherent 

properties like: flexibility, permeability, the ability to allow the adhesive to move with the substrate, 

and to allow the wood to swell and shrink depending on the relative humidity. There are many 

different types of wood cells, and the purpose of many of them is to transport different substances, 

e.g. water and nutrients within the tree. These transport cells are hollow and wood is for this reason 

considered to be a porous material[4]. The porosity will play a large part in the swelling process but 

will also enable adhesion through for example anchoring. A more porous structure will at the same 

time have a larger surface area, available for adhesion through secondary forces. This is of especial 

importance for urea formaldehyde resins as their main method of adhesion are via hydrogen 

bonding.  

1.4 Chemical curing substances 
There are two different kinds of curing processes: either a system is physically or chemically curing. 

In this work, only chemical curing will be discussed. In chemical curing systems the molecules have a 

very low molecular weight prior to curing, this means that viscosity is low as well. The viscosity has to 

be low enough to be able to apply it to the substrate and to ensure good wetting. The low viscosity 

means that less solvent needs to be used compared to physically curing systems in order to ensure 

good wetting. The low molecular weight compounds in the adhesive contains reactive groups of 

different types, such as amine, carboxyl or hydroxyl groups, and can therefore react with each other, 
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during curing, and create larger molecules that have the possibility to adhere to surfaces together.  

To get a good coating with sufficient adhesive and mechanical properties the coating almost always 

needs to be crosslinked, these crosslinks can either be physical or chemical crosslinks. This requires 

at least one monomer with a functionality higher than two as molecules with a functionality of three 

or higher can form the branching points necessary for network formation. To initiate the curing, an 

activation of the reactive groups are often needed, this in order to exceed the activation energy 

required of the reaction. This can be accomplished with for example heat or UV light. Elevated 

temperatures are usually applied to chemical curing systems as this will help to evaporate the 

solvent, accelerate the reaction and to overcome the activation energy threshold. The curing 

reaction taking place can be of different types; it can be for example a polyaddition, as in the case of 

polyurethane production, or a polycondensation, as in the case of polyesters. In polycondensation 

reactions, a small molecule is produced as a byproduct. This byproduct has to be removed in order to 

get a high conversion of the monomers. When the byproduct is the removed, the equilibrium is 

shifted towards formation of the products, and the conversion of the monomers increases. A typical 

byproduct in a polycondensation reaction is water. In polyaddition reactions, on the other hand, no 

small molecule is produced. In this case instead, all atoms present in the starting materials will be 

present in the product, and thus no weight loss is observed. Chemically curing systems are generally 

more prone to undergo cure shrinkage than physically drying systems.[2] This can be explained by 

that they do not only lose volume due to evaporating solvent, but also due to that the molecules 

themselves decrease in size as the monomers react with each other. This is especially evident in 

polycondensation reactions, since not only are the chains shrinking due to the chemical reaction in 

the same manner as for polyaddition reactions. The small byproducts produced also contribute to a 

larger shrinkage, which results in that the total shrinkage of the molecules is larger for 

polycondensation reaction than for polyaddition reactions. 

1.5 Amino resins 
There are different kinds of amino resins. But, they all have one common characteristic; they are 

produced by letting certain amine or amino group containing molecules react with formaldehyde in a 

substitution reaction in order to create the monomer. The reaction scheme for this reaction can be 

seen in Figure 1. In a water solution, the large part of the formaldehyde will be in the form of 

methylene glycol due to its high reactivity towards water[5]. The amino group will then attack the 

methylene glycol and a methylol group will form on the amino group releasing water as a 

byproduct.[6] The monomers can interact with each other through different condensation reaction 

thus giving dimers and water. Amino resins are also often used as crosslinking agents. In that case 

the hydrogens on the methylol groups are partly replaced with longer alkyl groups, thus activating 

the molecule by creating a better leaving group in the form of a longer and more stable alkoxy group. 

This makes it possible for it to react with numerous different reactive groups e.g. hydroxyl groups 

and carboxylic acid groups.[2]  

 

Figure 1. Schematic reaction between an amine and methylene glycol to produce a methylol group 

Two substances that are commonly used in the production of amino resins are melamine and urea 

(Figure 2). Urea is tetrafunctional, but is in reality considered to have a maximum functionality of 
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three, due to that the reactivity of the nitrogens decreases with increased degree of substitution. UF 

resins are used for their initial water solubility (after curing, the resins has formed a polymer network 

and are thus no longer possible to dissolve), hardness, non-flammability, good thermal properties, 

absence of color when cured and the ability to adapt to different curing conditions, e.g. different 

curing temperatures and curing times. UF resins are suitable for bulk polymerization and are 

therefore, in combination with the cheap raw materials used, relatively cheap to produce. This is one 

of their greatest advantages, and the reason to why they are used in such a large quantity.  However, 

the reaction between urea and formaldehyde is reversible through hydrolysis, and this reaction is 

catalyzed by acid. For this reason, urea resins are commonly used indoors as rain and moisture would 

degrade the glue line which ultimately leads to the complete failure of it.[1] 

Melamine is made by reacting urea with carbon dioxide. It is hexafuctional and can, compared to 

urea, be fully substituted by formaldehyde.[2] Melamine formaldehyde (MF) resins are, due to their 

more hydrophobic nature, more water resistant compared to UF resins. This enables them to be used 

in a greater variety of environments, and can to some extent be used outdoors. They can, however, 

also degrade through hydrolysis in the same way as UF resins.[1] As melamine requires the extra 

synthesis step of urea and carbon dioxide, MF resins are much more expensive than UF resins. 

However,  MF resins are generally harder than UF resins and have a higher resistance to scratches 

and mar because of their capability of a higher crosslinking density, which makes them a desirable 

option in some applications[2].  

 

Figure 2. Schematic picture of urea (left) and melamine (right) 

One alternative to UF and MF resins is to combine the better adhesive properties of MF resins with 

the cheaper UF resins in a copolymer in so called melamine urea formaldehyde (MUF) resins. They 

are cheaper than MF resins and have better water resistance and mechanical properties than UF 

resin. This makes MUF resins a good replacement for MF resins when the need for good water 

resistance is lower. MUF resins usually have a relative mass ratio of 50:50 to 40:60 of 

melamine/urea. Furthermore, it is also possible to produce MUF resins in a much simpler way than 

copolymerization; they can simply be mixed from UF and MF resins. However, the properties of the 

mixed polymers is not as good as those of the copolymer.[1] 

1.6 Synthesis of UF resins 
The common synthesis of urea formaldehyde resins can be divided into two parts: one alkaline part 

and one acidic part. The alkaline part consists of the substitution reaction in which formaldehyde 

reacts with urea to form methylol ureas with different degrees of methylolation (degree of 

substitution by methylol groups). This part of the reaction is favored by higher pH. In the acidic part, 

the methylol ureas form UF di-, trimers and other higher oligomers through condensation reactions. 

The acidic part can be divided into different condensation steps. Each step is halted by increasing the 

pH and often followed by addition of more urea. The increase in pH is necessary in order to halt the 

condensation reaction and also to enable the newly added urea to react with the free formaldehyde 
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present in the reaction mixture. This ensures that the added urea is methylolated before the 

subsequent condensation reaction. The condensation is initiated by adding acid, thus making the 

environment acidic enough for the reaction to commence.  The condensation reaction taking place in 

the acidic part will result in different kinds of UF di- and trimers. The two different linkages between 

the UF monomers are methylene linkages and dimethylene ether linkages. If one methylol group 

reacts with an amino group, a methylene linkage would be formed and water is released. On the 

other hand, if two methylol groups react instead the result would be a dimethylene ether linkage, 

but still with water as a by-product. Schematic drawings of the two reactions can be seen in Figure 

3.[6] Furthermore, the reaction parameters can be altered in order to control which molecules that 

are formed, e.g. the degree of branching of the UF molecules. Parameters that can alter the outcome 

include: pH, reaction time, reaction temperature and formaldehyde/urea molar ratios at different 

stages of the reaction [7].  

 

Figure 3. Schematic picture of the synthesis of UF dimers with methylene linkage (top) and dimethylene ether linkage 
(bottom) respectively.  

1.6.1 The effect of the reaction temperature 

It was previously shown by K. Kumlin, [7], that the effect of the reaction temperature has on the 

synthesis is also dependent on the pH value of the reaction mixture, where these temperature 

alternations occur. Temperature variations were studied at both pH 7.0 and 8.5. The temperatures 

chosen were 60, 70 and 80°C. The temperature had no impact on the substitution reaction between 

urea and formaldehyde at pH 8.5, but an increase in amount of substituted urea was observed at pH 

7. The amount of condensed di- and triureas was also increased with temperature; however the rate 

of hydrolysis was also increased with temperature. The most pronounced effect of the reaction 

temperature was displayed at pH 7. At pH 7 the amount of substances larger than diureas, were 

increased from 9% to 55% by increasing the temperature from 60 to 80°C. [7] The effect of the 

diureas, in contrast with the triureas, on the performance of the adhesive has not been studied in 

this project. 

1.6.2 The effect of the pH value 

Previous research has shown that different types of UF dimers will be formed at different pH values. 

The dimers formed will have an impact on the properties of the finished adhesive, e.g. the 

formaldehyde emissions can be controlled by controlling the composition of dimers.  According to K. 

Kumlin, [7], UF dimers with methylene linkages are formed if the pH during condensation is kept at 8 

or less. Additionally, it was also shown that methylene linkages are favored by a decrease in pH. The 

formation of UF dimers with ether linkages had a minimum yield point at pH 8. At either side of that 

value, independently of if the pH value is increased or decreased, the formation of ether linkages 

increased. At pH 6.5-7.5, both of the substances containing methylene linkages and ether linkages 

were formed to the same extent. At pH 6 or less, however, ether linkages were formed in the favor of 
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methylene linkages. This was explained by that the methylolation of the urea was slower than at 

higher pH values. As a consequence, unsubstituted amino groups will remain to a larger extent, 

which favors the formation of methylene linkages.  

Other research performed by R.M. Rammon, [6] have shown that with a prolonged alkaline step at a 

higher pH, fewer ether linkages are formed. Furthermore, the amount of ether groups is also 

decreased if the reaction conditions are acidic. This is believed to be a result of that the ether 

linkages gets hydrolyzed in an acidic environment, and will instead form methylene linkages. The 

same pattern was shown for more alkaline environments, and is believed to be a result of the higher 

amount of formic acid that is produced in the Cannizzaro reaction at high pH values. The Cannizzaro 

reaction is both an alkaline and an acid catalyzed reaction between two formaldehyde molecules and 

water that produces formic acid and methanol.  

 

Figure 4. Schematic picture of the Cannizzaro reaction 

The span between which the pH can be altered is limited. This is due to that at pH values lower than 

4.5, the condensation reaction is too fast and cannot be controlled. At too high pH values the 

condensation reactions will not occur at all, and the increase in viscosity will be absent. [6] 

Both Kumlin and Rammon agree on that the amount of ether linkages formed can be controlled and 

suppressed by adjusting the pH value during the condensation steps. This in turn can lead to that by 

adjusting the pH value during condensation the formaldehyde emissions might be possible to reduce.  

1.6.3 The effect of the Formaldehyde/Urea molar ratio 

By increasing the F/U ratio, there will be more formaldehyde available for formation of methylol 

groups. By increasing the number of methylol groups, the possibility to form ether linkages will also 

increase. Subsequently, this will probably cause the formaldehyde emissions to increase. 

Furthermore, it has been shown that no traces of molecules larger than trimethylolureas were 

produced even at higher molar ratios.[7] This concurs with other studies and concludes that urea is 

not capable of becoming fully substituted by formaldehyde [1].  

The effect of the UF molar ratio was investigated according to two different procedures; either to 

aim for different final molar ratios or keeping different molar ratios during the synthesis. The 

different molar ratios were adjusted to equal amounts by adding different amount of urea in the 

end. When the final molar ratio was varied, it was shown that the higher the molar ratio, the higher 

the degree of branching of the UF molecules. The lower the final molar ratio (with a larger urea 

addition in the end), the lower amount of free formaldehyde was present in the product. [6] 

In the test with varying molar ratios during synthesis, the different samples all had different molar 

ratios during the acidic steps of the condensation reaction. When an appropriate viscosity had been 

reached, urea was added so that all samples would have the same final molar ratios. These tests 

have shown that if the molar ratio of the reaction mixture was too high, the condensation reaction 

was too slow. One difference between these tests and the ones with varied final molar ratios, was 

that when the molar ratios during synthesis increased the degree of branching decreased. This might 

be a result of that when adding urea during acidic conditions, the methylolation of the free urea is 



7 
 

slow and the already methylolated urea would immediately take part in the formation of methylene 

linkages. Conclusively, the high amount of formaldehyde seems to work in an inhibiting manner 

towards condensation reactions (assuming the pH value is not altered), as it is inhibiting the 

methylolation and branching. [6] 

1.6.4 The effect of the number of condensation steps 

The number of condensation steps and the duration of these has an effect on the molecular 

structure of the resin, and thus also upon its inherent properties, such as molecular weight. When 

urea is added, it will break some of the bonds already formed between different UF monomers. The 

urea will then react with the newly released formaldehyde to form methylol ureas. As the number of 

urea steps is increased, more urea will be added that breaks up the larger structures and, as a 

consequence, the reaction mixture becomes more homogenous. This means that if the number of 

condensation steps is increased, the polydispersity index (PDI) is decreased. The duration of the 

condensation steps show a different pattern, it has a central maximum value for the PDI, and around 

this point the PDI decreases. The PDI value is dependent on the differences in molecular weight 

between the molecules in the sample, a large spread in molecular weight generates a large PDI value. 

PDI is an important factor when considering adhesives. This is due to that different sizes of molecules 

have different roles to play when it comes to the adhesive property of the resin. Smaller molecules 

are better at wetting the surface, and as stated above; a god wetting enables a good adhesion. The 

larger molecules, on the other hand, have the ability to form entanglements with other polymeric 

chains. These entanglements ensure that the cohesion is strong enough for the adhesive molecules 

to hold together. Cohesion is the ability for identical or similar molecules to hold together, adhesion 

is the ability for different molecules to hold together. By combining good cohesive and adhesive 

properties an adhesive can adhere well to the two substrate surfaces, and at the same time have 

sufficient strength within the glue line.  A sufficiently high PDI would, therefore, ensure a good 

combination between adhesive and cohesive ability, which in turn ensures good adhesion. By 

lowering the number of condensation steps, the PDI will increase and with it the possibility for good 

adhesion.[8] 

Formaldehyde emissions are also affected by the number and duration of condensations steps. The 

emissions of formaldehyde were lower than the reference for both the samples with increasing 

number of condensation steps, and increasing duration for which they took place.  The decrease in 

formaldehyde emissions as a consequence of an increase in condensation steps might be explained 

by that when the numbers of condensations were increased, the F/U molar ratio decreased in each 

step. This means that the number of methylol groups added per urea molecule would be fewer and 

fewer for each step. The added urea would also break apart the larger structure. The methylol groups 

on these structures as well as on the newly formed methylol ureas would then have a greater chance 

of reacting with an amino group instead of another methylol group. Consequently, this will generate 

more methyl linkages and fewer ether linkages which might result in lower formaldehyde emissions. 

[8] 

1.7 Adhesion of UF resins upon wood substrates 
UF resins can adhere to wood in several different manners. The methylol groups that usually interact 

and form both covalent bonds as well as hydrogen bonds with amino or other methylol groups on 

other monomers, can equally well interact and form hydrogen bonds with the hydroxyl groups of the 

wood substrate. UF resins also contain amino groups that are capable of forming hydrogen bonds 
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with the hydroxyl groups of the substrate. However, the contribution to adhesion by the hydrogen 

bonds are somewhat decreased, as the resin itself contains both hydrogen bond donors and 

acceptors, and will therefore interact with itself. As a consequence, the decrease in total energy of 

the system in reality is not as big as in theory, and the adhesion thus becomes weaker between the 

adhesive and the wood substrate than would be first expected. It has been shown that the adhesion 

between adhesive and substrate will increase with increasing amount of methylol groups. This is, 

however, not surprising as they take part in the hydrogen bond formation. It has also been shown 

that by increasing the branching, and thus the steric hindrance, the adhesion will decrease. [1] This 

might be due to that by increasing the branching, the molecular weight will also be increased, and 

thus the wetting of the substrate surface will also decrease. The increased branching might make the 

adhesion between substrate and resin poorer, however, the branching has another roll to play when 

considering the overall picture. As stated above smaller molecules will be more important to the 

wetting of the surface, and thus also to the adhesion to it. Larger and more branched molecules will 

be more important to the cohesion; this might imply that branched structures are important to the 

adhesion in the bigger picture. 

1.8 Formaldehyde emissions 
Formaldehyde is a toxic and carcinogenic substance that for example is irritant and corrosive to skin 

and eyes, and one major problem with all amino formaldehyde resins is that they emit formaldehyde 

over time. [9]. In order to protect both the people producing the adhesive and the consumers 

handling the adhesive, formaldehyde emissions have to be kept as low as possible. The formaldehyde 

emissions can be divided into three different stages: free unreacted residual formaldehyde in the 

adhesive that can diffuse out, free formaldehyde can also be produced during hot curing of the resin 

as a result of that unstable species will decompose and, finally, free formaldehyde can be produced 

over time as the resin ages.[1]  

The formaldehyde emitted during the hot cure can partly be traced back to the substances 

containing methylene ether linkages. When subjected to heat, these ether bridges will decompose 

through hydrolysis and form formaldehyde.[6] The free formaldehyde emitted from aging UF resins is 

believed to be a result of that molecules containing for example methylol gropus and dimethyl ether 

bridges will decompose through hydrolysis, and thus form free formaldehyde[10]. However, if free 

urea is added to the resin, the urea will capture the free formaldehyde produced in all the different 

stages, and bind it to the resin thus decreasing the formaldehyde emissions. This is usually done by 

adding free urea at the end of the production. By adding more urea to the resin in the end, the 

formaldehyde/urea ratio is changed, and this will affect the reaction and thus also which types of 

different species of UF molecules that are formed. The free urea will not only react with the free 

formaldehyde but also with the methylol groups of the resin itself. As it is the methylol groups that 

form crosslinks during the curing process, the addition of urea will decrease the adhesive property of 

the resin. This means that the manufacturer have to sacrifice some of the adhesive properties of the 

adhesive in order to keep down the emissions of formaldehyde.[1] Another way to deal with the 

formaldehyde emissions is to re-design the synthesis of the UF resin in order to avoid production of 

the substances containing the methylene ether linkages. This includes the above mentioned methods 

of varying the different reaction parameters, such as: pH, reaction temperature, reaction time, 

formaldehyde/urea molar ratio and number of condensation steps.  



9 
 

1.9 Characterization 

1.9.1 Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) can be used among other things to determine the structural 

properties of chemical compounds. The principle behind the method is that when specific nuclei are 

subjected to a magnetic field, their spin will adapt and align itself to the magnetic field. The 

molecules are then exposed to electromagnetic waves which causes the spin to change as the nuclei 

absorbs the electromagnetic waves. Depending on the chemical environment that the different 

nuclei experiences they will absorb electromagnetic waves of different wavelengths, this is called 

resonance. When the electromagnetic waves are switched off the nuclei will again adapt and align 

itself to the magnetic field and will thus send out a signal as their spin changes, and this change in 

signal is detected. By evaluating the different signals sent out from a sample the molecular structure 

can be determined. Because the intensity of the signals detected directly corresponds to the number 

of nuclei with different spins the relative amount of each type of nucleus can be determined. By 

knowing for example the relative amount of the end-groups and that of the structural units this 

enables the degree of polymerization and thus the molecular weight to be determined for polymeric 

compounds.[11] 

There are different types of NMR methods that affect different kinds of nuclei. Hydrogen NMR, 1H-

NMR, and carbon NMR, 13C-NMR, are both part of the most common. 

1.9.2 Size exclusion chromatography  

Size exclusion chromatography (SEC) is a method in which the relative size and the size distribution of 

a molecule can be determined. The principle behind the method is that different sizes of molecules 

will interact to a different extent with particles and the molecules can thus be separated depending 

on their hydrodynamic volume. The procedure starts with the solvation of the sample in a certain 

solvent creating a so called mobile phase. The mobile phase with the sample will then be pumped 

through a column. The column is packed with particles that is called the stationary phase. As stated 

above, the molecules will interact to different extent with the particles of the stationary phase. Small 

molecules will interact more with the stationary phase as smaller molecules have access to all the 

pores and irregularities of the particle surface. The lager molecules, however, cannot interact to the 

same extent and will merely slip between the particles. This leads to that smaller molecules will be 

occupied longer in the columns than the larger molecules, smaller molecules have longer retention 

time. By comparing the retention times of the samples with a sample of known molecular weight, a 

relative molecular weight can be determined. The different fractions of the sample can be detected 

by measuring the difference in refractive index or by using UV spectroscopy. The results can be 

interpreted and evaluated in many different ways which enables a large amount of information to be 

abstracted. The different molecular fractions can be quantified by comparing them to the whole of 

the samples and a w/w % for each fraction can be obtained.[12] 

1.9.3 Viscosity 

1.9.3.1 Höppler viscometer 

A Höppler viscometer or falling sphere viscometer, as it is also known, is a quick way to determine 

the viscosity. A measurement with a Höppler viscometer is performed by letting a sphere fall 

vertically through a liquid and measure the time it takes to travel a certain distance.  The principle 
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behind the method is that the time it will take for a sphere to travel a certain distance in a horizontal 

tube will be dependent on the viscosity of the fluid of which the tube contains. The larger de viscosity 

the longer it will take the sphere to travel the distance. By knowing certain properties of the sphere, 

like its radius and its density, the viscosity of the liquid can be calculated using equation 2: 

           (Equation 2) 

Where m is the mass of the particle, g is the gravitational acceleration, η is the viscosity of the fluid, r 

is the radius of the particle, and v is the velocity of the particle.[2] 

1.9.3.2 Brookfield viscometer 

A Brookfield viscometer is a rotary viscometer in which a solid inner cylinder rotates within a hollow 

outer cylinder containing the liquid.  As the inner cylinder moves the liquid is sheared.  The higher 

the viscosity the higher the resistance against the shear forces, and with a higher resistance more 

power is needed from the motor in order to maintain the same rotational speed. By measuring the 

power needed one can determine the viscosity.[2] 

1.9.4 Contact angle 

Contact angle measurements are performed, among other reasons, in order to determine the 

wetting ability of for example an adhesive. It is not possible to measure the surface tensions of solids 

directly, instead the contact angle of liquids upon the surface is measured. The measurement is 

performed by applying a water droplet on the surface of the cured adhesive. By measuring the 

contact angle between the droplet and the adhesive, conclusions regarding the surface tension of 

the adhesive can be drawn. If the adhesive have a much lower surface tension compared to the 

substrate the total energy gain upon coating will be larger and the wetting will thus be easier.  A 

schematic figure of the measurement can be seen in Figure 5. 

 

Figure 5 - Schematic picture of the contact angle measurement 

By inserting the values in the Young´s equation (equation 1) the surface tension of the adhesive can 

be calculated.[2] 

1.9.5 Tensile strength 

Tensile testing can be used to determine some of the mechanical properties of different materials. 

The results can include for example tensile strength, yield strength, Young’s modulus and stress and 

strain at break. There are different types of tensile tests, constant load, constant displacement-rate 

and constant load-rate. The most common is to plot the stress against the strain which yields a 



11 
 

stress-strain curve. From the stress-strain curve a lot of information can be gained as can be seen in 

Figure 6. 

 

Figure 6 - Example picture of a stress-strain curve and some of the mechanical properties that could be gained from it. 

Depending on which information is of interest different types of tensile test can be used. In this 

project only the maximum strength, and thus the point of breakage, of the glue line was of interest 

and a constant displacement test was therefore chosen.  The test is performed by fastening a sample 

in the tensile tester with two clamps. The clamps are pulled apart at a constant elongation velocity, 

at an increasing load and the force at the point of breakage is measured. [13] 

2 Aim of study 
The aim of this study is to investigate what effects the formaldehyde/urea molar ratio has on the 

chemical composition, structure and performance of a urea-formaldehyde resin. By understanding 

the connection between the process parameters and their effect on the resin, the possibility to 

improve the performance of the resin increases. In order to answer how the molar ratio is affecting 

the resin the following questions have to be answered:  

 How is the structure of UF-resins affected by varying F/U molar ratio? 

 How is the chemical composition of the resin affected by varying F/U molar ratio? 

 How will these variations in structure and chemical composition will affect the performance 

of the UF-resin? 
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3 Experimental 
The procedure for the production of the UF resins can be divided in two different methods, method 

one and method two. Method one was used to synthesize a reference adhesive. In this method both 

two and three condensations were performed which means that in this method the number of 

condensation steps was varied. When synthesizing with only two condensations no other alteration 

to the recipe was made. In method two, only two condensations were performed together with a 

varying formaldehyde/urea molar ratio. The purpose of this was to investigate if the number of 

condensations could be reduced which in theory would lower the cost, and still maintain the quality.  

The molar ratio was varied between a high ratio (given value +1), an intermediate ratio (given value 

0) and a low ratio (given value -1).  

 

The final molar ratio was the same in all different samples, which means that the total amount of 

each reactant were the same in each synthesis. This was done in order to eliminate the number of 

varying variables and thus focus solely on the F/U ratio during synthesis. An overview of the molar 

ratios at the different stages of the different values can be found in Table 1. Abbreviations will be 

used in both tables and figures as well as in the text, Meth1 stands for the first methylolation step, 

Cond1 stands for the first condensation reaction, Cond2 stands for the second condensation 

reaction, Meth4 stands for the fourth methylolation step and Evap stands for the evaporation step. 

Table 1. F/U molar ratios for each reaction step for each different molar ratio value 

Test +1                      

Reaction step Meth 1 Cond 1 Cond 2 Meth 4 Evap 

F/U molar ratio 3.3 2.9 2 1.235 1.235 

      Test 0                      

Reaction step Meth 1 Cond 1 Cond 2 Meth 4 Evap 

F/U molar ratio 2.7 2.3 1.7 1.235 1.235 

      Test -1                      

Reaction step Meth 1 Cond 1 Cond 2 Meth 4 Evap 

F/U molar ratio 2.1 1.7 1.4 1.235 1.235 

 

The purpose of varying the F/U ratio was to investigate what effect this reaction parameter had on 

the finished product. The understanding gained could then possibly be used in order to, e.g. improve 

performance of the adhesive. The general procedure concerning the synthesis can be found in 

section 3.12 General procedure.  

3.1 Synthesis 

3.1.1 Material 

Ammonia (25%), Corn starch, formalin (52.5%), formic acid (85%), sodium hydroxide (45%) and urea 

were all raw materials from the Casco factory in Kristinehamn and used as recieved. 

Dimethylformamide (DMF) (>99%) and Dimethyl sulfoxide (DMSO) (99.5%) were purchased from 

Fisher Scientific. Ammonium formate (98%) was purchased from BDH AnalaR.  
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Table 2. List of the solutions used during synthesis 

Solution Substance %V/V 

Acid Formic acid 85% 20 

 
Water 80 

Base Sodium hydroxide 45% 50 

  Water 50 

3.1.2 General procedure  

In the first variation of the first method the reference adhesive was produced, from now on referred 

to as “Reference”. The general procedure for producing the reference adhesive is described 

hereafter. To a stirred solution of formaldehyde, base was added followed by urea before the 

temperature was increased. After some time the pH was lowered resulting in the start of the first 

condensation reaction. The viscosity was monitored during the condensation and when the desired 

viscosity had been reached, the condensation was halted by increasing the pH with base. The 

temperature was decreased before a second addition of urea was made. The pH was deceased, using 

acid. The viscosity was monitored during the condensation and when the desired viscosity had been 

reached the condensation was halted by increasing the pH with base. The procedure with urea and 

acid was repeated once more before the condensation was halted by increasing the pH with base. 

The temperature was decreased and urea was added before the reaction mixture was partially 

evaporated, i.e. concentrated, under reduced pressure to a desired viscosity. The pH was increased 

and the resin was allowed to decrease in temperature before viscosity, pH and gelation times were 

measured. A schematic picture of variation one, first method, can be seen in Figure 7.  

In the second variation of the first method, from now on referred to as “Reference2”, a base was 

added to a stirred solution of formaldehyde, followed by urea before the temperature was increased. 

After some time the pH was lowered resulting in the start of the first condensation reaction. The 

viscosity was monitored during the condensation and when the desired viscosity had been reached, 

the condensation was halted by increasing the pH with base. The temperature was decreased before 

a second addition of urea was made. The pH was deceased, using acid. The viscosity was monitored 

during the condensation and when the desired viscosity had been reached the condensation was 

halted by increasing the pH with base. The third urea batch was added and the pH was increased. 

After some time at constant temperature, the pH was one again increased. The temperature was 

decreased and the fourth and final urea batch was added. The reaction mixture was partially 

evaporated under reduced pressure to a desired viscosity. A schematic picture of variation two, first 

method, can be seen in Figure 8. 
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Figure 7. Schematic picture of variation one of the first method of synthesis, e.i three condensation reactions. 
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Figure 8. Schematic picture of variation two of the first method of synthesis, , e.i two condensation reactions. 

In the second method, from now on referred to as “-1, 0 or +1”, a base was carefully added to a 

solution of formaldehyde under stirring. After some time urea was added, the temperature was 

increased and the pH was decreased. The pH was then increased, the temperature was decreased 

and the second batch of urea was added. The viscosity was monitored during the condensation, and 

when the desired viscosity had been reached, the condensation was halted by increasing the pH by 

addition base. The temperature was decreased before a third addition of urea was made. The pH was 

decreased using acid. The viscosity was monitored during the condensation and when the desired 

viscosity had been reached the condensation was halted by increasing the pH by addition base. The 

temperature was decreased and urea was added before the reaction mixture was partially 

evaporated under reduced pressure to a desired viscosity. The pH was increased and the resin was 
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allowed to decrease in temperature before viscosity, pH and gelation times were measured.  A 

schematic picture of the second method can be seen in Figure 7. 

 

Figure 9. Schematic picture of the second method of synthesis , e.i two condensation reactions and varying molar ratio. 

The addition of the first batch of urea marks the start of the first methylolation step. The amino 

group on the urea will attack the methylene glycol forming methylol groups on the nitrogen; this is 

the case in all of the methylolation reactions. When the pH value has decreased enough for its 

corresponding molar ratio, the first condensation step begins. In the condensation steps the formed 

UF monomers will react with each other to form longer polymeric chains. This is done by forming 
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either methylene or ether bridges, which can be seen in Figure 3. The evaporation step was 

performed in order to remove some of the water and in order to achieve the desired viscosity and/or 

dry weight. Relevant for both methods is the temperature and pH for each reaction step is different 

depending on the current F/U ratio. This is because the reaction rate is determined not only by 

temperature and pH but also by the amount of reactants, i.e. urea and formaldehyde, available for 

reaction. This means that the temperature and pH has to be altered to suit the F/U ratio prior to the 

urea addition. This is the reason why the temperatures and pH values stated in method two vary 

over a large span, which can be seen in detail in Table 3 together with the corresponding F/U ratios.  

Table 3. F/U ratios with their respective temperature and pH value for each reaction step for each reaction 

Sample Reference 1 Reference 2 1+ 0 -1 

F/U 1 2.7 2.7 3.3 2.7 2.1 

Temperature (°C) 95-100 95-100 95-100 95-100 95-100 

pH 3.8-4.2 3.8-4.2 4.2 4.2 7.6 

F/U 2 2.0 2.0 2.9 2.3 1.7 

Temperature (°C) 80-84 80-84 95-100 88-92 80-84 

pH 5.7-6.1 5.7-6.1 3.8-4.2 5-5.2 6.2-6.3 

F/U 3 1.6 1.6 2.0 1.7 1.4 

Temperature (°C) 80-84 80-84 80-84 80-84 80-84 

pH 5.9-6.4 7.8-8.6 5.9-6.2 6.2-6.3 6.9-7.1 

F/U 4 1.2 1.2 1.2 1.2 1.2 

Temperature (°C) 73-77 73-77 73-77 73-77 73-77 

pH 7.8-8.6 7.8-8.6 7.8-8.6 7.8-8.6 7.8-8.6 

From the resulting resins samples for storage stability test is extracted and placed in ovens at 20, 25 

and 30°C. The viscosity of each sample was tested once a week in order to determine the shelf life of 

the resin. 

Measurements of the viscosity and the pH value were continuously made throughout the synthesis, 

and all measurements were made at 25°C. The pH value was measured to ensure that the pH value 

was stable and at an acceptable level, this was done using a Metrohm 744 pH-meter. The viscosity 

was measured in order to be able to know when to terminate the condensation reactions, which was 

done continuously during the reaction using a Höppler viscometer and after evaporation using a 

Brookfield viscometer. 

3.2 Characterization  

3.2.1 Nuclear magnetic resonance 

The instrument used for the NMR tests was a Bruker Avance 400 MHz NMR Spectrometer. The 

samples were not dissolved in any solvent, this in order to prevent affecting the sample in any way. 

The analyses were performed at 25⁰C with a frequency of 100 MHz. 4000 scans were performed on 

each sample. 

3.2.2 Size exclusion chromatography  

The SEC tests were performed using a Hewlett Packard 110 series SEC. The stationary phase 

consisted of a series of columns from Polymer laboratory Ltd. PL-gel columns. The series began with 

a column of 500Å that were followed by three 50Å columns. All columns had the dimensions of 
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75x300mm. Three mixtures of PEG samples were used as standards named PEGMIX 2-4, their 

compositions can be found in Table 4.  

Table 4. SEC standards compositions 

Standard Mw 1 Mw 2 Mw 3 Mw 4 

PEGMIX 2 194 600 1470 12600 

PEGMIX 3 440 4250 23000 - 

PEGMIX 4 960 7100 250000 - 

 

The detector used was a Refractive index, Waters 410, sensitivity 16, scale factor 20, temperature 

50⁰C. To prepare the SEC samples 100mg of each sample was added to its own 10ml volumetric flask. 

Each resin was dissolved in 1ml of DMSO, once dissolved the flask was filled to the mark by adding 

mobile phase. The mobile phase consisted of 95% DMF and 5% 0.5M Ammonium formate (w/w). The 

flasks were subjected to ultrasound for three minutes using a Branson 5510 ultrasonic cleaner in 

order to speed up the solvation process. If solvation of the samples proved especially difficult the 

flask were placed on a wave table. Each solution was filtered through an Acrodisc 25mm syringe filter 

with 0.45µm PTFE membrane before being analyzed.  

3.2.3 Viscosity 

The viscosity was measured in two different ways. A Höppler viscometer from Casco adhesives was 

used during synthesis. The sample were cooled to 25°C and poured into the Höppler viscometer. The 

procedure of measurement is as follows: a steel ball was allowed to sink within the tube and the time 

it took for it to fall a certain distance was measured. The time was multiplied with a factor that 

depended on the ball used, and the temperature of the sample. The analysis of the finished resins 

and the storage stability tests were performed on a Brookfield Model DV-II+ LVT viscometer. The 

sample were cooled down to 25°C and placed in the viscometer. In these tests, spindle 3 was used at 

a speed of 12rpm and the viscosity was noted after three turns of the spindle.  

3.2.4 Gelation time 

Gelation times were measured at both 50°C and 90°C, and depending on the temperature different 

hardeners were used. At 50°C, the sample was mixed with hardener A to a 100:20 weight ratio. At 

90°C, a resin/hardener weight ratio of 100:10 was used with hardener B. The mixture was poured 

into a sampling tube that was placed in a water bath for the 50°C sample and an oil bath for the 90°C 

sample. The mixtures were continuously stirred with a spatula and the time was measured. The 

samples were stirred until they had cured. The hardeners work in two ways as they both contain 

both a salt and an acid. The salt will coordinate with the hydroxyl groups in the adhesive, and thereby 

form secondary bonds between different chains. The acid will be active in very much the same way 

as in a condensation reactions and, therefore, favor condensation reactions. When there are no 

monomers left, the formation of networks is enabled. 

3.2.5 Dry weight 

In order to calculate the dry weight of the samples, a series of weight measurements had to be 

made. First, the sample disks were weighed and then the sample was placed on each disk. The disks 

with the samples were then placed in an oven at 120°C. After 2h the disks were removed from the 

oven and placed in a desiccator for 30 minutes to cool off without adsorbing any water. The weight 

of the disk with the dry sample were weighed and by subtracting the weight of the disk from that 
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measured value the mass of the dry sample could be calculated. The relative amount of dry 

substance in the sample can then be calculated by dividing the dry weight with the mass of the whole 

sample, see equation 3 and 4. 

                      (Equation 3) 

 

           
    

    
  (Equation 4) 

 

3.2.6 Storage stability 

The shelf life is the time it takes for the resin to gel without a hardener, i.e. how long it can be stored 

in for example a warehouse. The pot life, on the other hand, is the time it takes for the resin to gel 

after a hardener has been mixed in, i.e. the time available from the mixing of the resin and hardener 

until it cannot be used. Both the shelf life and the pot life are measured at a certain temperature and 

are only valid at that specific temperature. 

3.2.6.1 Shelf life 

Directly after synthesis, samples of the finished resin was placed in ovens with temperatures of 20°C, 

25°C and 30°C. To determine the storage stability, the viscosity and pH of each sample was 

monitored. The viscosity was measured once a week, and the pH value was measured once a month. 

A sample was considered to have a too high viscosity once it reached 10000 mPas. It was at this point 

considered to have reached its maximum storage time for that specific temperature. 

3.2.6.2 Pot life 

The pot life was measured at room temperature using three different hardeners at three different 

resin/hardener weight ratios: 100:5, 100:10 and 100:20. The resin and the hardener were blended 

and stirred with a spatula. Their maximum pot life was considered to be when they no longer ran 

freely.  

3.2.7 Contact angle 

The contact angle tests were performed using a KSV Instruments LTD, C 200 goniometer, the pictures 

were evaluated and the contact angle determined using the computer software Cam 2008. The resins 

tested were all the resins tested in the tensile tests, i.e. resins with the molar quote value of “0” and 

“+1” and the reference adhesive. The same hardener and the same adhesive/hardener ratio were 

used. The adhesives and hardener were mixed and spread evenly with a thickness of 80µm using an 

applicator. The films were hardened upon glass substrates at 90°C for 6 minutes. The films and glass 

substrates were then removed from the oven and left to condition for 24h at 23°C and 50% RH. 

Three droplets of 5µl each were dropped onto each surface and three pictures were taken of each 

droplet alongside the surface, see Figure 10.  

 

Figure 10. Example pictures from the contact angle measurement from sample +1, 0 and Ref respectively 
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3.2.8 Tensile strength 

The glue line quality was tested according to EN 1276-5 and performed according to Casco internal 

standard described elsewhere. [14] The general procedure for a typical sample is described 

hereafter. Tensile strength was measured using an Alwetron TCT50 tensile tester.  The glue line area 

for all samples was 10x20mm, the pulling rate was 20mm/min and a 50kN load cell was used. 10 

repetitions were performed for each resin and each test giving a total of 90 tensile tests. The 

preparation of the test pieces started with that the adhesive were mixed with the hardener C, which 

has an aluminum sulphate content of about 9% and a citric acid content of about 10%, and works in 

the same way as the hardener mentioned above. The resin and the hardener were mixed at a 100:5 

weight ratio, 180g/m2 of the mixture were spread out of a 80x13.5cm large and 5mm thick beech 

board. A second beech board of the same proportions was placed on top and the boards were placed 

in a hot press for 6 min at a temperature of 90°C and a pressure of 8x10-4 kg/cm2. The adhesives 

tested were one “0” sample, one “+1” sample and a reference adhesive..  

The glued boards were left for conditioning at standard conditions (20±2 °C and 65±5 % RH) for 7 

days before they were cut into test pieces 150 mm long, 20 mm wide, 2x5 mm thick, see Figure 11. 

The slit along the board is sawn to limit the area of adhesion between the two boards and to ensure 

that the area is constantly the same for all measurements.  

 

Figure 11. The production of test pieces. Picture A shows the beech boards glued together. Picture B shows the boards 
sawed up into smaller pieces with the slit limiting the actual test area. Picture C shows some of the finished test pieces. 

Each test piece was fastened in the tensile tester with clamps in either end and pulled as shown in 

Figure 12. The glue line marked with the red line is the area where the two sides are joined together. 

As the two sides are pulled apart the shear force of the glue line is measured.  
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Figure 12. Test piece from the tensile testing. The arrows show how it is pulled apart and the red line marks the area of 
the glue line holding the two sides together.  

Depending on which test the samples were supposed to endure, they were subjected to different 

pre-treatments. For C1 tests, the test pieces were not subjected to any additional treatment apart 

from the standard conditioning for 7 days. For C2 tests, the test pieces were left in 20°C water for 

24h before the tensile test. For C3 tests, the test pieces were submerged in 67oC for 3h and then in 

20°C water for additionally 2h before testing. In order for the adhesive to pass the tests they needed 

to have a tensile strength higher that 10N/mm2 for C1, 7 N/mm2 for C2 and 4 N/mm2 for C3. [14] 

Adhesives passing the C1 test can be used indoors with the moisture content not exceeding 15%. 

Adhesives passing the C2 test can be used indoors with occasional short-term exposure to running 

water or condensed water. The moisture content is not allowed to exceed 18%. Adhesives passing 

the C3 test can be used indoors with frequent short term exposure to running or condensed water or 

to heavy exposure to high humidity. The adhesive can also be used in outdoor-applications. [14] 
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4 Result and discussion 

4.1 Nuclear magnetic resonance 
In order to determine the compositions of the resins at different stages of the synthesis 13C-NMR was 

performed. The results were evaluated in order to find trends connecting the composition with the 

F/U molar ratio. The execution and analysis of the 13C-NMR spectra was carried out by Analys 

centrum. The results presented are summaries of some of the results obtained by evaluating the 

NMR spectrums.  

As can be seen in Figure 13, for samples with a higher molar ratio, more free urea and more 

unsubstituted amino groups will be present in the end.  These differences can be explained by the 

different amount of urea added prior to the fourth and final methylolation step.  

 

Figure 13. Distribution of added urea. Red – amount of free urea. Blue – Amount of unsubstituted amino groups. 

The F/U molar ratios were supposed to be the same in all samples independent on how they were 

varied during synthesis. In order for this to be achieved, more urea would be needed to be added in 

the end to the tests with a higher starting F/U molar ratio compared to tests with a lower molar 

ratio. As the amount of free formaldehyde left in the sample is very limited at this point in the 

reaction only a limited amount of urea can react with formaldehyde. This means that an increased 

amount of urea does not have the same possibility to react in the same extent as a smaller amount, 

and thus more free urea, with unsubstituted amino groups, are left in the sample.  Another trend 

that can be observed is that for tests with a decreased starting F/U molar ratio the part methylol 

groups present will also decrease, see Figure 14. 
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Figure 14. Distribution of structural units originating from formaldehyde. Red – amount of methylol groups. Blue – 
Amount of methylene bridges. Orange – Amount of ether bridges. 

By having more urea from the beginning there are more amino groups available for methylene bridge 

formation during synthesis and the part methylol groups in the sample therefore decreases. When 

fewer unsubstituated amino groups are available as in +1 sample more methylol groups will remain 

unreacted. The increased amount of methylol groups will, however, form more ether bridges which 

at the same time will decrease the amount of methylol groups. Additionally, the formation of ether 

bridges is reversible through hydrolysis to a greater extent than methylene bridges. This results in 

that the methylol groups are once again formed and are thus more numerous in the +1 samples. The 

observed increased amount of methylol groups and ether bridges for an increased F/U molar ratio is 

consistent with previous research, see section 1.63 The effect of the Formaldehyde/Urea molar ratio. 

The same reason can be adopted to explain yet another observed trend, with a decreased starting 

F/U molar ratio the part of ether bridges decreases and the part of methylene bridges increases, 

Figure 14.  When the starting F/U molar ratio is decreased less methylol groups is available for bridge 

formation. This will favor methylene bridges over ether bridges as methylene bridges only require 

one methylol group. This might also be explained by the fact that the formation of the ether bridges 

is more reversible. An interesting observation is that samples taken early in the reactions have 

greater variation between tests with different starting F/U ratios than samples taken from the 

second to last and last reaction steps, which can be seen in Figure 15. 
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Figure 15. Variations of a few selected structural units depending on reaction step. Red - Ether carbon attached to a 
secondary nitrogen. Blue - Methylene bridges attached to a branching carbon. Orange – Di methylol substituted amino 
groups. 

This behavior is also observed for other structural units like for methylol groups, methylene bridges 

and ether bridges. It seems that the reaction steps methylolation 4 and evaporation are equilibrating 

and a lot of the differences seen in the beginning are reduced towards the end. This tendency is 

probably caused by their individual possibilities in the beginning of the synthesis. The +1 sample has 

got fewer ether carbons attached to a secondary nitrogen oppose to a tertiary one, it has got more 

methylene bridges attached to a branching carbon and it got more di methylol substituted aminos 

compared to mono substituted. This can be explain by its high F/U ratio as with fewer amino groups 

available, each urea will be more heavily substituted with methylol groups thus creating a possibility 

for a more branched structure. The data for the branching points can be found in Table 5. 

Table 5. Some selected NMR data concerning the branching points of the samples. The values presented are from 
samples taken after the second condensation. 

Sample -1 -1 0 0 +1 +1 +1 

Distribution of methylene bridges (mol-%):               

R-NH-CH2-N-R2 (branched): 48.8 48.6 55.0 53.9 59.5 59.1 60.2 

R-NH-CH2-NH-R (linear): 51.2 51.4 45.0 46.1 40.5 40.9 39.8 

Distribution of methylol groups (mol-%): 

       -N(R)CH2OH  ("di"): 16.3 15.4 25.3 23.3 30.7 30.4 31.5 

-NHCH2OH  (mono): 83.7 84.6 74.7 76.7 69.3 69.6 68.5 
Distribution of carbon in ether bridges 
(mol-%):               

Ether carbon attached to a tertiary  nitrogen: 16.5 16.9 22.8 21.1 25.8 25.8 27.1 

Ether carbon attached to a secondary nitrogen: 83.5 83.1 77.2 78.9 74.2 74.2 72.9 

 

 The +1 sample also displays a higher percentage of methylol groups compared to methylene bridges 

and a higher percentage of ether bridges compared to the -1 sample. These observations also origins 

from the early F/U ratio as with less urea the chances of interactions that can lead to bridge 
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formation are also lessened and more of the methylol groups stays intact. However, when 

interactions do occur, there are plenty of methylol groups available and thus more ether bridges can 

form. The opposite applies to explain the observations of the -1 sample.   

4.2 Size exclusion chromatography  
SEC analyses were performed in order to see potential variations in molecular weight and 

polydispersity index between resins with different F/U molar ratios. These values could later be used 

to explain observed differences between different resins.  

The most striking and maybe the most interesting SEC result is the trend shown by the polydispersity 

index (PDI). When the starting F/U molar ratio is decreased the PDI also decreases, which can be 

seen in Figure 16. The reason for this might be that the more urea available in the beginning, the 

more chains starts to propagate. This result in the production of many smaller chains oppose to a few 

longer chains as in the case with high starting F/U molar ratio. When more urea is later added in the 

succeeding reaction steps, they will initiate new chains that are more similar to the shorter chains 

compared to the longer ones. The reason why the PDI dependence is of special interest is that the 

PDI can have a significant impact on the adhesive and cohesive properties of the resin. As stated in 

section 1.6.4, The effect of the number of condensation steps, the number of condensation steps can 

have an influence on the PDI as well. Previous work [8] predicts that by increasing the number of 

condensation steps the PDI will decrease as the chains will become more homogenous as a result of 

the increased number of methylolation and condensation steps. This trend is in fact observed and 

can be seen if the PDI for the reference test is compared to both the 0 samples, see Table 6. These 

predictions are all but certain as a lot of other factors have been altered and therefore can no 

definite conclusions be drawn. A deviation from this trend is that the PDI for the reference does not 

differ that much compared to reference 2 even though reference 2 has experienced two 

condensation reactions just as the 0 samples. This can be explained by the fact that the PDI value 

depends on a lot of different factors and not solely on the number of condensations performed. 

Table 6. PDI values from some selected samples 

Sample Ref Ref 2 0 0 

PDI 3.03 3.04 3.26 3.20 

 



26 
 

 

Figure 16. Results from the SEC measurements. PDI plotted against the different reaction steps for each sample 

The reduction of the differences observed in the early steps of the reaction can also be seen in the 

SEC results for both the weight average molecular weight and the PDI, see Figure 16 and Figure 17. 

The reason for this might partly be because the structures are broken up via hydrolysis thus 

decreasing the possible difference in chain length. As can be seen in Figure 16, the differences in PDI 

will first increase in the methylolation 4 step and then decrease in the evaporation step. The 

homogenization trend is still present in the methylolation 4 step but as a lot of small free urea 

molecules are added the PDI will first increase at the same time as the chains are broken up.  

 

Notable about both the values of Mn and Mw are that even though condensation reactions, in which 

larger molecules are created, are taking place the molecular weights are constantly decreasing after 

the first condensation step. This might be explained by the fact that the bridge formation reactions 

are counteracted by hydrolysis reactions in which the bridges are decomposed. The reaction mixture 

contains very little water in the beginning but as more bridges are being formed, more water is also 

created. This might explain why the effect of the hydrolysis reactions is not seen until after the first 

condensation step. Another very distinct trend that can be observed is that the number average 

molecular weight (Mn) increases for decreasing starting F/U ratio but the weight average molecular 

weight (Mw) shows somewhat of the opposite trend. This can be explained by first looking at the 

earlier reaction steps. If the same line of thought as for the PDI is followed that would mean that a 

lower starting F/U ratio would produce more but shorter chains, this is especially obvious if Figure 17 

is considered. This can also be seen in Figure 18 but in that case it is not as obvious.  
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Figure 17. Results from the SEC measurements. Mw plotted against the different reaction steps for each sample 

 

Figure 18. Results from the SEC measurements. Mn plotted against the different reaction steps for each sample 

The reason for that the difference is much more noticeable for Mw than for Mn is that for the weight 

average molar mass longer chains will affect the value more than for the number average molar 

mass.  The difference between the +1 and -1 samples is thus larger for Mw than for Mn. This larger 

difference in the beginning is the reason to why -1 samples give a higher Mn but a lower Mw 

compared to +1 samples. The last urea addition is larger for +1 samples and thus the drop in 

molecular weight will be larger from condensation 2 to methylolation 4. However, it is still not large 

enough push the Mw below that of the one for the -1 samples due to that the difference in the 

beginning is too big.  
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4.3 Shelf life 
The shelf life is important both to the producer and the customer as sufficient shelf life is crucial to 

avoid an extra amount of waste. It was determined in order to see if one or more of the molar ratios 

used showed a too short shelf life and could for this reason be discarded. 

Notable concerning the storage stability results is that the viscosity were measured every 7-10 days, 

this means that the day of gelation for each test might differ from the actual value as it could have 

gelled at any point between measurements, this is less of a problem the longer the shelf life is. 

No trends that connects the shelf life with the F/U molar ratio can be found and the results for the 

reference samples, the samples with value “0” and the samples with value “+1” are all entwined with 

each other as can be seen in Figure 68, Figure 69 and Figure 70 in appendix. No results for samples 

with F/U values of “-1” is presented since all samples for that value, at all storage temperatures, had 

gelled within 24h. The reason for that kind of behavior can probably be many, but a clue might be 

that during the experiment, the “-1” resins whitened earlier compared to other tests. During the 

preparation of the SEC vials, a solvation problem occurred with the same samples, there appeared to 

be insoluble particles in both of the “-1” samples. It is possible that these particles are clusters of UF 

oligomers that are interacting via rather strong secondary forces such as hydrogen interactions, as 

they varied in size and amount depending on mobile phase. Such a strong secondary force requires a 

capability of close packing. NMR results shows that the “-1” samples have far less branching points 

after condensation 1 and condensation 2, and this can be seen under “Distribution of methylene 

bridges”, “Distribution of metylol groups” and “Distribution of carbon in ether bridges”, presented in 

Table 5. A more linear chain can more easily be close packed and supports the idea of formation of 

particles at an early stage. The -1 sample also have a smaller last urea addition, free urea and other 

smaller particles present can fit between larger chains and disturb their secondary interactions. The 

variations in dry weight are very small between the different resins apart from one of the -1 samples, 

see Table 18, Table 19 and Table 20 in appendix. However, the dry weight does not seem to affect 

the result to any noticeable extent even in the case where it differed. Furthermore, another 

contribution might come from the higher percentage of methylene bridges observed in condensation 

1 and 2 as well as after the evaporation for the -1 samples, see Figure 14. These bridges might enable 

an especially close packing as their less hydrophilic nature, compared to the ether bridges, will result 

in that less water and other smaller molecules can disturb the interaction.  

4.4 Gelation time 
Gelation time is a property of the resin, which is of great importance to the customer. However, the 

need for short or long gelation time varies between different customers depending on their specific 

need. The gelation time is apart from composition and structure of the resin also dependent on the 

hardener and amount of hardener being used as well as the curing temperature. 

The gelation times for each resin can be found in Figure 19. If the results for the reference tests are 

disregarded, as they are of a finished and commercially available adhesive, the comparisons of the 

gelation times are more reasonable. The gelation times at 90°C are roughly the same for all resins 

(including the reference tests). The most probable reason for this might be that with increased 

temperature there is enough energy to conceal the differences in reactivity between different 

samples. However, the differences between samples with different F/U values are much more 
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noticeable at 50°C. The +1 samples have remarkably higher gelation times compared to those of 

lower F/U values. The same also applies for both of the reference tests. 

 

Figure 19. Gelation times for each sample at 50°C and 90°C. 

The interesting aspect here is that there appears to be no clear pattern to be seen between starting 

F/U ratio and gelation time, as the “0” and “-1” samples shows approximately the same gelation 

times and +1 samples do not. If there are some differences in reactivity between different samples 

the answer might be found in the NMR results. However, even though there is not a single part of the 

NMR results that shows the same values for “0” and “-1” samples and at the same differs from the 

“+1” samples, the answer might still partly lie in the NMR results. As can be seen in Figure 13 there 

are more free urea left unreacted in the +1 sample. The presence of smaller molecules, like water 

and urea, can diffuse between larger chains and thus keep them from interacting with each other. 

Urea is also very reactive compared to the larger chains. If greater amounts of free urea are available 

it will react with the chains more easily than two chains reacting with each other. The reaction with 

free urea reaction will, oppose to the chain-chain reaction, not cause a large increase in viscosity. 

This means that when more free urea is present, as in the “+1” sample, the chains will to a greater 

extent first react with the urea and then with other chains. A larger amount of free urea will also 

disturb the chain-chain interaction more. These two effects will delay the gelation thus giving a 

longer gelation time as observed. Another property that might influence the gelation time is the 

degree of branching. As the -1 and 0 samples both have more linear chains compared to the +1 

samples, they probably will experience less steric hindrance, see Table 5. This enables them to pack 

their chains closer to each other and this will increase the secondary interactions thus giving a 

shorter gelation time. 

4.5 Contact angle 
By measuring the contact angle conclusions regarding the wetting ability of the resin can be drawn. 

To be able to wet a surface is of great importance in order to be able to adhere to it. 

0

2

4

6

8

10

12

14

Ref Ref2 -1 -1 0 0 1+ 1+ 1+

Minutes 

Sample name 

Gelation time 

50°C

90°C



30 
 

The results from the contact angle test can be found in Figure 20, results from the -1 samples are 

absent for the same reasons as mentioned in section 4.3 Shelf life. The difference between the 

different samples is small and the practical effect might for this reason be insignificant. However, the 

“+1” sample has got a slightly higher contact angle than the “0” sample, this means that the “0” 

sample has a somewhat better wetting ability than the “+1” sample. The reason for this might be 

that the +1 sample has got a slightly higher degree of branching compared to the 0 sample, this 

means that the steric hindrance might be greater, which can lead to a poorer wetting of the surface. 

A good wetting might help to improve the adhesion as the contact between adhesive and substrate is 

better. This better wetting ability for the “0” sample is, however, not large enough to overcome the 

other drawbacks in order to get a better overall adhesion as can be seen in section 4.6 Tensile 

strength. 

 

Figure 20. Results from the contact angle test 

 

4.6 Tensile strength 
In order to draw conclusions regarding the differences in glue joint strength between different resins, 

tensile testing was performed. An increased tensile strength will mean that the resin holding the 

boards together have been able to create a stronger glue joint. 

The results from the tensile testing are presented in Figure 22. Results from the -1 samples are 

absent for the same reasons as mentioned in section 4.3 Shelf life. In the C1 and C2 tests all samples 

failed in the substrate and not in the glue line, see Figure 21. It is for this reason not possible to draw 

any conclusions regarding the resins individual adhesive capability other than that they all passed 

both the C1 and the C2 test demands. One confusing observation is that the values presented for the 

0 sample are lower compared to the reference and the +1 sample. As it is in the wood the test piece 

fails one might presumes that the values would be more or less equal for each resin, especially as 

each test is repeated 10 times and thus would have a sufficiently high credibility. This might, 

however, be explained by that one of the boards used together with the “0” sample were weaker for 

some reason. This would affect the result of all the test pieces of the “0” sample where the test piece 

broke in the substrate and thus explains why the effect can be seen in all of the C1 and the C2 tests. 
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The result for the C3 test shows that the 0-sample and the reference sample has approximately equal 

results but the +1 sample has the greatest value by far. In the C3 tests all samples broke in the glue 

line, see Figure 21, and showed to have an average value above the limit required for passing the C3 

test. 

 

Figure 21. Example pictures from the tensile testing. The C1 sample (right) broke in the substrate and the C3 sample (left) 
broke in the glue line. 

   

Figure 22. Results from the tensile testing 

These results might be explained in several different ways as several different factors probably 

contribute to give the observed results. According to previous work [8] the PDI might have a large 

impact on the adhesive capability of the resin, not only its ability to adhere to the substrate but also 

its ability to cohere to itself, see section 1.64 The effect of the number of condensation steps. As can 

be seen in Figure 16 the PDI is higher for the “+1” samples than it is for the “0” sample (the samples 

that were tested in the tensile tests were the second “0” sample and the third “+1” sample). As a 

larger range of different molecular weights can enable both a good adhesion as well as a good 
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cohesion that might be one explanation to the tensile testing results. Another possible reason 

mentioned in section 1.7 Adhesion of UF resins upon wood substrates is the presence of methylol 

groups that can form hydrogen bonds between substrate and adhesive. As can be seen in Figure 14, 

the “+1” sample have a higher percentage of methylol groups present in the sample that can further 

explain the reason for the improved adhesion. As mentioned above, the adhesion is affected by the 

wetting ability of the resin. The 0 sample has got a slightly better wetting ability, see Figure 20. The 

difference between the samples is, however, not big enough in order have a large effect on the 

results.  

5 Conclusions 
By having a varying F/U molar ratio, the composition of the resin will also vary. This is a result of that 

different conditions of the resins will give rise to different molecules. As the F/U molar ratios become 

more alike in the end the compositions becomes more equal as well. Structural elements like 

methylol groups, ether bridges, unsubstituted amino and free urea are favored by having a higher 

molar ratio from the beginning. The degree of branching also indicates to be affected by the molar 

ratio as a higher degree of branching is shown for resins with higher molar ratios. 

The F/U molar ratio will also affect the molecular weight and the polydispersity index. This is also a 

result of that with different condition different molecules will be formed. With higher F/U molar 

ratios the PDI will also be higher. The weight average molecular weight will also increase with 

increasing molar ratio, where the number average molecular weight will, on the other hand, 

decrease.  

The variation in composition will also affect the performance of the resin. The shelf life, gelation time 

and tensile strength are all affected. By having a too low U/F molar ratio the shelf life of the resin is 

decreased to a large extent. The gelation time at 50°C is increased with increasing F/U molar ratio, 

compared to at 90°C where no major variation is observed.  

The tensile strength of the adhesive varied with molar ratio. However, more tests needs to be done 

in order to confirm this. The trend that is observed is that with higher F/U molar ratio the tensile 

strength also increases. This is thought to be a result of that those certain structural elements that 

are important to adhesion are favored by a higher F/U molar ratio. 

With all of the above in mind, it seems that the composition and structure and, thereby, the behavior 

and performance of UF-resins can be altered and in some extent controlled by altering the F/U molar 

ratio at different stages during synthesis. 
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6 Future work 
This investigation of the F/U molar ratio and its effect on UF resins is not complete and a lot more 

research needs to be performed. The best way to proceed with this research is listed below.  

In order to confirm the observed results from the tensile testing more test on a larger number of 

resins of each of the three F/U molar ratio needs to be performed. Together with these tensile tests 

it would be very interesting to do formaldehyde emission tests during curing. This will be further help 

in order to find the optimal F/U molar ratio where all properties of the resins are in the most 

favorable equilibrium. 

In order to more clearly see patterns in the results and to confirm the trends mentioned in the 

report, a larger amount of tests needs to be performed. These test needs to be performed at a wider 

range of F/U molar ratios both in between the current ones but also above the +1 sample. This might 

also enable both the higher and lower limit for the F/U molar ratio to be found, outside of which the 

properties of the resins are too poor or have no practical use. 

To further connect differences in molar ratio with differences in composition, structure and 

properties of the resin it would be very interesting to insert all the data from all the different 

measurements into a multivariate data analysis program. This might make it easier to confirm 

observed trends but also to see new trends that are to discover. 
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9 Appendix 

NMR 
Table 7. Compilation of the C-NMR results for JOJE12004 

Reaction step Cond1 Cond2 Cond3 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 16,4 10,7 9,1 9,2 11,3 

R-NH-CH2-N-R2 (branched): 57,7 53,0 48,3 47,0 41,0 

R-NH-CH2-NH-R (linear): 25,8 36,3 42,6 43,8 47,7 

      R-NH-CH2-N-R2 (branched): 69,1 59,3 53,1 51,7 46,2 

R-NH-CH2-NH-R (linear): 30,9 40,7 46,9 48,3 53,8 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 42,1 30,0 20,0 16,6 12,5 

-NHCH2OH  (mono): 57,9 70,0 80,0 83,4 87,5 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 37,6 26,0 21,1 21,9 22,1 
Ether carbon attached to a secondary 
nitrogen: 62,4 74,0 78,9 78,1 77,9 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 23,7 28,2 41,0 42,6 41,1 

metylol groups: 34,0 44,3 37,3 38,3 39,3 

ether bridges: 13,8 17,6 15,4 15,0 15,6 

formalin oligomers: 9,6 1,5 0,1 0,1 0,0 

methylethers: 2,9 3,9 4,4 3,7 3,8 

nitrogen bound hemiformals: 6,9 2,4 1,0 0,2 0,1 

methylene glycol: 9,1 2,1 0,7 0,2 0,1 

hexamine: 0,0 0,0 0,0 0,0 0,0 

Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 36,7 34,7 47,7 48,2 46,6 

metylol groups: 52,6 54,5 43,4 43,3 44,6 

ether bridges: 10,7 10,8 9,0 8,5 8,8 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

 Calculation option 1: 1,7 4,8 7,3 7,1 8,5 

Calculation option 2: 8,2 8,4 11,2 9,1 9,3 

Average: 4,9 6,6 9,3 8,1 8,9 

Distribution of added urea (mol-%): 

     Free urea: 0,1 0,2 1,6 20,5 17,2 

Monosubstituerad urea: 4,4 9,5 16,4 20,0 26,7 

di-, tri och tetra substituted urea: 79,0 76,8 68,4 49,6 45,4 

Biuret: 0,2 0,3 0,6 0,6 0,8 

Triazinon: 13,4 10,2 9,4 7,3 7,1 

Urones: 3,0 2,9 3,6 2,1 2,8 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 2,3 5,0 9,8 30,5 30,6 

F/-NH2-kvot (F/(2*U+3*M)): 1,2 0,9 0,8 0,6 0,5 

F/(-NH2)2-kvot (F/(U+1.5*M)): 2,4 1,9 1,5 1,1 1,0 

Rest molar ratio at occurrence of urones and/or triazinon:  

   F/U: 2,1 1,6 1,3 0,9 0,8 

F/-NH2: 1,1 0,8 0,6 0,5 0,4 

F/(-NH2)2: 2,1 1,6 1,3 0,9 0,8 
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Table 8. Compilation of the C-NMR results for JOJE12005 

Reaction step Cond1 Cond2 Cond3 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 10,2 9,8 9,7 9,9 11,8 

R-NH-CH2-N-R2 (branched): 55,0 51,9 48,5 47,1 38,9 

R-NH-CH2-NH-R (linear): 34,8 38,3 41,7 43,0 49,3 

      R-NH-CH2-N-R2 (branched): 61,2 57,6 53,8 52,3 44,1 

R-NH-CH2-NH-R (linear): 38,8 42,4 46,2 47,7 55,9 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 31,5 21,3 16,6 13,8 10,0 

-NHCH2OH  (mono): 68,5 78,7 83,4 86,2 90,0 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 26,0 24,3 18,6 20,1 17,2 
Ether carbon attached to a secondary 
nitrogen: 74,0 75,7 81,4 79,9 82,8 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 28,7 31,4 34,4 35,4 33,7 

metylol groups: 43,3 46,6 43,0 42,5 44,0 

ether bridges: 17,8 16,9 17,9 17,7 18,6 

formalin oligomers: 1,8 0,5 0,3 0,3 0,1 

methylethers: 3,6 3,0 2,8 3,3 2,9 

nitrogen bound hemiformals: 2,6 1,1 1,1 0,5 0,5 

methylene glycol: 2,2 0,5 0,6 0,2 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 35,5 36,3 39,8 40,8 38,7 

metylol groups: 53,5 53,9 49,8 49,0 50,6 

ether bridges: 11,0 9,8 10,4 10,2 10,7 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

 Calculation option 1: 4,3 4,1 5,0 5,6 6,6 

Calculation option 2: 7,8 6,2 6,4 7,4 6,4 

Average: 6,1 5,2 5,7 6,5 6,5 

Distribution of added urea (mol-%): 

     Free urea: 0,2 6,8 2,8 19,0 16,4 

Monosubstituerad urea: 5,9 18,5 20,5 25,1 30,5 

di-, tri och tetra substituted urea: 81,6 64,4 65,8 47,4 44,0 

Biuret: 0,4 0,4 0,4 0,5 0,8 

Triazinon: 9,3 7,5 7,7 6,3 6,0 

Urones: 2,6 2,4 2,7 1,7 2,4 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 3,1 16,1 13,0 31,6 31,7 

F/-NH2-kvot (F/(2*U+3*M)): 1,0 0,8 0,8 0,6 0,6 

F/(-NH2)2-kvot (F/(U+1.5*M)): 2,0 1,6 1,5 1,2 1,1 

Rest molar ratio at occurrence of urones and/or triazinon:  

   F/U: 1,7 1,4 1,3 1,0 1,0 

F/-NH2: 0,9 0,7 0,7 0,5 0,5 

F/(-NH2)2: 1,7 1,4 1,3 1,0 1,0 
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Table 9. Compilation of the C-NMR results for JOJE12006 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 12,0 12,5 8,9 8,3 9,2 

R-NH-CH2-N-R2 (branched): 61,7 60,2 50,1 49,4 41,6 

R-NH-CH2-NH-R (linear): 26,3 27,3 41,0 42,2 49,2 

      R-NH-CH2-N-R2 (branched): 70,1 68,8 55,0 53,9 45,8 

R-NH-CH2-NH-R (linear): 29,9 31,2 45,0 46,1 54,2 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 40,0 41,3 25,3 20,3 14,5 

-NHCH2OH  (mono): 60,0 58,7 74,7 79,7 85,5 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 32,9 34,4 22,8 22,6 19,9 
Ether carbon attached to a secondary 
nitrogen: 67,1 65,6 77,2 77,4 80,1 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 13,1 27,7 38,4 39,6 37,6 

metylol groups: 44,9 39,5 39,6 41,2 42,9 

ether bridges: 23,9 16,3 16,4 16,0 16,5 

formalin oligomers: 5,2 4,7 0,3 0,3 0,1 

methylethers: 2,7 1,5 2,5 2,3 2,5 

nitrogen bound hemiformals: 6,4 5,1 1,8 0,4 0,3 

methylene glycol: 3,8 5,3 1,1 0,2 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 18,7 36,7 44,5 44,6 42,3 

metylol groups: 64,2 52,5 46,0 46,4 48,4 

ether bridges: 17,1 10,8 9,5 9,0 9,3 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: - 3,5 6,5 4,9 4,4 

Calculation option 2: 5,6 3,7 6,2 5,5 5,7 

Average: 5,6 3,6 6,4 5,2 5,1 

Distribution of added urea (mol-%): 

     Free urea: 0,2 0,2 1,0 21,9 18,0 

Monosubstituerad urea: 4,7 6,2 12,5 17,5 25,9 

di-, tri och tetra substituted urea: 82,7 80,4 75,2 52,5 47,3 

Biuret: 0,1 0,3 0,5 0,5 0,7 

Triazinon: 11,6 11,0 8,6 6,4 6,3 

Urones: 0,8 1,9 2,2 1,3 1,7 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 2,5 3,3 7,3 30,6 31,0 

F/-NH2-kvot (F/(2*U+3*M)): 1,3 1,1 0,8 0,6 0,5 

F/(-NH2)2-kvot (F/(U+1.5*M)): 2,7 2,2 1,6 1,2 1,1 

Rest molar ratio at occurrence of urones and/or triazinon:  

   F/U: 2,4 1,9 1,4 1,0 0,9 

F/-NH2: 1,2 1,0 0,7 0,5 0,4 

F/(-NH2)2: 2,4 1,9 1,4 1,0 0,9 
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Table 10. Compilation of the C-NMR results for JOJE12007 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 15,9 17,4 10,6 9,0 8,1 

R-NH-CH2-N-R2 (branched): 65,0 60,5 53,2 52,8 41,3 

R-NH-CH2-NH-R (linear): 19,1 22,1 36,2 38,2 50,7 

      R-NH-CH2-N-R2 (branched): 77,3 73,3 59,5 58,0 44,9 

R-NH-CH2-NH-R (linear): 22,7 26,7 40,5 42,0 55,1 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 45,0 45,1 30,7 20,0 13,9 

-NHCH2OH  (mono): 55,0 54,9 69,3 80,0 86,1 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 36,5 45,2 25,8 23,7 19,6 
Ether carbon attached to a secondary 
nitrogen: 63,5 54,8 74,2 76,3 80,4 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 9,7 22,6 29,8 32,7 34,3 

metylol groups: 39,1 30,4 43,5 47,4 46,5 

ether bridges: 21,0 13,3 17,2 16,1 16,0 

formalin oligomers: 10,3 12,6 1,6 0,3 0,2 

methylethers: 2,9 3,4 3,2 3,0 2,7 

nitrogen bound hemiformals: 10,1 7,9 2,6 0,3 0,2 

methylene glycol: 6,8 9,8 2,1 0,1 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 16,4 37,8 36,3 37,1 38,7 

metylol groups: 65,9 51,0 53,1 53,8 52,3 

ether bridges: 17,7 11,1 10,5 9,1 9,0 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: - - 4,8 4,6 5,8 

Calculation option 2: 6,8 10,3 6,9 6,2 5,7 

Average: 6,8 10,3 5,9 5,4 5,8 

Distribution of added urea (mol-%): 

     Free urea: 0,3 0,0 0,3 26,4 22,1 

Monosubstituerad urea: 3,3 2,3 10,8 18,8 26,6 

di-, tri och tetra substituted urea: 82,1 80,2 76,4 46,7 43,3 

Biuret: 0,1 0,6 0,3 0,4 0,6 

Triazinon: 13,7 13,8 9,8 6,2 5,8 

Urones: 0,6 3,0 2,5 1,5 1,8 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 1,9 1,2 5,7 35,8 35,3 

F/-NH2-kvot (F/(2*U+3*M)): 1,6 1,4 1,0 0,6 0,5 

F/(-NH2)2-kvot (F/(U+1.5*M)): 3,2 2,9 1,9 1,1 1,1 

Rest molar ratio at occurrence of urones and/or triazinon:  

   F/U: 3,0 2,6 1,7 1,0 0,9 

F/-NH2: 1,5 1,3 0,8 0,5 0,5 

F/(-NH2)2: 3,0 2,6 1,7 1,0 0,9 
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Table 11. Compilation of the C-NMR results for JOJE12009 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 22,2 8,6 10,9 11,0 12,6 

R-NH-CH2-N-R2 (branched): 39,1 50,8 43,5 43,2 35,9 

R-NH-CH2-NH-R (linear): 38,7 40,5 45,6 45,8 51,5 

      R-NH-CH2-N-R2 (branched): 50,2 55,6 48,8 48,5 41,1 

R-NH-CH2-NH-R (linear): 49,8 44,4 51,2 51,5 58,9 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 19,7 27,5 16,3 13,7 12,6 

-NHCH2OH  (mono): 80,3 72,5 83,7 86,3 87,4 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 14,3 19,9 16,5 17,3 18,8 
Ether carbon attached to a secondary 
nitrogen: 85,7 80,1 83,5 82,7 81,2 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 8,7 40,5 48,2 49,5 45,4 

metylol groups: 61,0 39,5 35,5 35,3 36,9 

ether bridges: 22,3 14,0 13,7 13,2 14,0 

formalin oligomers: 1,1 0,6 0,0 0,0 0,1 

methylethers: 2,4 2,5 1,8 1,5 3,2 

nitrogen bound hemiformals: 3,1 1,3 0,5 0,2 0,3 

methylene glycol: 1,3 1,5 0,4 0,2 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 10,8 46,6 53,2 54,1 50,8 

metylol groups: 75,4 45,4 39,2 38,6 41,3 

ether bridges: 13,8 8,1 7,6 7,2 7,8 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: 1,1 6,0 5,0 4,9 8,6 

Calculation option 2: 3,9 6,3 4,9 4,3 8,3 

Average: 2,5 6,2 4,9 4,6 8,5 

Distribution of added urea (mol-%): 

     Free urea: 1,6 0,7 3,4 13,5 12,4 

Monosubstituerad urea: 20,3 12,1 22,1 24,1 26,5 

di-, tri och tetra substituted urea: 65,4 74,4 62,4 52,0 49,5 

Biuret: 0,2 0,7 0,8 0,9 1,6 

Triazinon: 11,3 10,2 9,1 7,9 8,5 

Urones: 1,2 2,1 2,2 1,7 1,5 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 11,8 6,7 14,5 25,5 25,7 

F/-NH2-kvot (F/(2*U+3*M)): 1,0 0,8 0,7 0,6 0,5 

F/(-NH2)2-kvot (F/(U+1.5*M)): 2,0 1,6 1,3 1,1 1,1 

Rest molar ratio at occurrence of urones and/or triazinon:  

   F/U: 1,7 1,4 1,1 0,9 0,9 

F/-NH2: 0,9 0,7 0,5 0,5 0,4 

F/(-NH2)2: 1,7 1,4 1,1 0,9 0,9 
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Table 12. Compilation of the C-NMR results for JOJE12011 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 16,4 18,8 10,8 10,5 9,4 

R-NH-CH2-N-R2 (branched): 65,4 60,1 52,7 44,7 41,0 

R-NH-CH2-NH-R (linear): 18,2 21,1 36,5 44,9 49,6 

      R-NH-CH2-N-R2 (branched): 78,2 74,0 59,1 49,9 45,3 

R-NH-CH2-NH-R (linear): 21,8 26,0 40,9 50,1 54,7 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 45,4 45,8 30,4 7,6 15,0 

-NHCH2OH  (mono): 54,6 54,2 69,6 92,4 85,0 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 43,4 46,4 25,8 15,9 19,4 
Ether carbon attached to a secondary 
nitrogen: 56,6 53,6 74,2 84,1 80,6 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 13,0 22,5 30,0 33,6 36,7 

metylol groups: 36,6 30,3 43,3 47,0 44,0 

ether bridges: 18,7 13,2 17,1 15,9 16,3 

formalin oligomers: 11,5 12,8 1,2 0,1 0,2 

methylethers: 2,9 3,5 3,7 2,7 2,5 

nitrogen bound hemiformals: 10,0 7,9 2,6 0,5 0,2 

methylene glycol: 7,4 9,8 2,1 0,2 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 22,0 37,9 36,6 37,9 41,3 

metylol groups: 62,1 51,0 52,9 53,1 49,5 

ether bridges: 15,8 11,1 10,5 9,0 9,2 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: - - 5,5 4,9 6,1 

Calculation option 2: 7,5 10,4 8,1 5,6 5,6 

Average: 7,5 10,4 6,8 5,3 5,8 

Distribution of added urea (mol-%): 

     Free urea: 0,1 0,5 0,2 18,9 21,0 

Monosubstituerad urea: 2,8 5,0 10,5 27,4 27,8 

di-, tri och tetra substituted urea: 81,9 78,8 76,3 45,5 43,1 

Biuret: 0,1 0,3 0,2 0,6 0,6 

Triazinon: 14,2 13,2 10,1 6,2 6,0 

Urones: 0,8 2,2 2,7 1,4 1,5 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 1,6 3,0 5,5 32,7 34,9 

F/-NH2-kvot (F/(2*U+3*M)): 1,6 1,5 0,9 0,6 0,6 

F/(-NH2)2-kvot (F/(U+1.5*M)): 3,2 2,9 1,8 1,1 1,1 

Rest molar ratio at occurrence of urones and/or triazinon:  

   F/U: 2,9 2,6 1,5 0,9 1,0 

F/-NH2: 1,5 1,3 0,8 0,5 0,5 

F/(-NH2)2: 2,9 2,6 1,5 0,9 1,0 
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Table 13. Compilation of the C-NMR results for JOJE12012 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 49,0 8,6 9,6 9,4 10,9 

R-NH-CH2-N-R2 (branched): 24,7 51,4 44,0 43,4 41,1 

R-NH-CH2-NH-R (linear): 26,3 40,0 46,4 47,2 48,1 

      R-NH-CH2-N-R2 (branched): 48,4 56,2 48,6 47,9 46,1 

R-NH-CH2-NH-R (linear): 51,6 43,8 51,4 52,1 53,9 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 26,4 28,7 15,4 13,1 12,0 

-NHCH2OH  (mono): 73,6 71,3 84,6 86,9 88,0 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 19,6 21,7 16,9 15,7 17,5 
Ether carbon attached to a secondary 
nitrogen: 80,4 78,3 83,1 84,3 82,5 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 10,4 40,0 46,1 48,3 44,7 

metylol groups: 57,4 38,7 36,4 36,6 37,8 

ether bridges: 23,2 14,3 13,8 12,9 14,3 

formalin oligomers: 1,4 0,2 0,1 
 

0,0 

methylethers: 2,3 3,2 2,7 1,9 2,7 

nitrogen bound hemiformals: 4,2 2,2 0,5 0,1 0,3 

methylene glycol: 1,1 1,4 0,4 0,2 0,2 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 13,1 46,6 51,6 52,9 49,9 

metylol groups: 72,3 45,1 40,7 40,0 42,1 

ether bridges: 14,6 8,3 7,7 7,1 8,0 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: - 6,9 4,7 4,8 8,5 

Calculation option 2: 3,9 8,0 7,3 5,0 7,0 

Average: 3,9 7,5 6,0 4,9 7,7 

Distribution of added urea (mol-%): 

     Free urea: 0,9 0,7 4,0 13,4 12,2 

Monosubstituerad urea: 15,3 9,9 22,8 25,1 27,8 

di-, tri och tetra substituted urea: 72,7 77,5 61,7 51,7 50,0 

Biuret: 1,6 0,4 0,8 0,8 1,0 

Triazinon: 8,3 9,5 8,4 7,4 7,3 

Urones: 1,2 2,1 2,2 1,5 1,7 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 8,5 5,6 15,5 26,0 26,1 

F/-NH2-kvot (F/(2*U+3*M)): 1,0 0,8 0,7 0,6 0,6 

F/(-NH2)2-kvot (F/(U+1.5*M)): 2,0 1,6 1,3 1,1 1,1 

Rest molar ratio at occurence of urones and/or triazinon:  

   F/U: 1,8 1,4 1,1 0,9 0,9 

F/-NH2: 0,9 0,7 0,5 0,5 0,5 

F/(-NH2)2: 1,8 1,4 1,1 0,9 0,9 
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Table 14. Compilation of the C-NMR results for JOJE12013 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 12,6 12,4 8,5 8,1 9,4 

R-NH-CH2-N-R2 (branched): 64,3 61,0 49,3 46,2 39,8 

R-NH-CH2-NH-R (linear): 23,1 26,6 42,2 45,7 50,8 

      R-NH-CH2-N-R2 (branched): 73,6 69,6 53,9 50,3 43,9 

R-NH-CH2-NH-R (linear): 26,4 30,4 46,1 49,7 56,1 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 42,4 42,0 23,3 12,6 12,2 

-NHCH2OH  (mono): 57,6 58,0 76,7 87,4 87,8 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 35,7 34,2 21,1 19,9 18,9 
Ether carbon attached to a secondary 
nitrogen: 64,3 65,8 78,9 80,1 81,1 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 17,5 28,5 37,9 40,1 40,0 

metylol groups: 43,3 40,1 39,6 41,0 41,9 

ether bridges: 21,8 15,8 16,3 15,5 15,6 

formalin oligomers: 5,6 4,2 0,1 0,1 
 methylethers: 0,8 1,8 3,4 2,8 2,3 

nitrogen bound hemiformals: 6,4 4,6 1,6 0,3 0,1 

methylene glycol: 4,5 4,9 1,0 0,2 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 24,5 37,2 44,2 45,1 44,6 

metylol groups: 60,3 52,4 46,3 46,2 46,7 

ether bridges: 15,2 10,3 9,5 8,7 8,7 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: - 3,8 4,1 5,6 7,6 

Calculation option 2: 1,8 4,5 8,3 6,5 5,4 

Average: 1,8 4,2 6,2 6,0 6,5 

Distribution of added urea (mol-%): 

     Free urea: 0,3 0,4 0,9 18,7 17,4 

Monosubstituerad urea: 3,3 6,3 12,2 21,9 26,3 

di-, tri och tetra substituted urea: 83,5 80,1 75,1 50,7 47,2 

Biuret: 0,1 0,3 0,5 0,6 0,7 

Triazinon: 11,6 10,8 8,8 6,6 6,3 

Urones: 1,2 2,1 2,5 1,6 2,1 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 1,9 3,5 7,0 29,6 30,5 

F/-NH2-kvot (F/(2*U+3*M)): 1,3 1,0 0,8 0,5 0,5 

F/(-NH2)2-kvot (F/(U+1.5*M)): 2,5 2,1 1,5 1,1 1,0 

Rest molar ratio at occurence of urones and/or triazinon:  

   F/U: 2,2 1,8 1,3 0,9 0,9 

F/-NH2: 1,1 0,9 0,7 0,5 0,4 

F/(-NH2)2: 2,2 1,8 1,3 0,9 0,9 
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Table 15. Compilation of the C-NMR results for JOJE12014 

Reaction step Meth1 Cond1 Cond2 Meth4 Evap 

Distribution of methylene bridges (mol-%): 

    R2-N-CH2-N-R2 ("double"branched): 15,3 18,9 11,2 8,9 10,4 

R-NH-CH2-N-R2 (branched): 65,4 59,9 53,5 50,6 36,6 

R-NH-CH2-NH-R (linear): 19,2 21,2 35,3 40,6 53,0 

      R-NH-CH2-N-R2 (branched): 77,3 73,9 60,2 55,5 40,9 

R-NH-CH2-NH-R (linear): 22,7 26,1 39,8 44,5 59,1 

Distribution of methylol groups (mol-%): 

    -N(R)CH2OH  ("di"): 45,1 45,4 31,5 18,6 16,2 

-NHCH2OH  (mono): 54,9 54,6 68,5 81,4 83,8 

Distribution of carbon in ether bridges (mol-%): 

    Ethercarbon attached to a tertiary  nitrogen: 42,0 45,9 27,1 23,4 22,0 
Ether carbon attached to a secondary 
nitrogen: 58,0 54,1 72,9 76,6 78,0 

Distribution of structural units originating from formaldehyde (mol-%): 

  metylene bridges: 11,1 22,3 31,1 34,7 33,8 

metylol groups: 38,3 30,9 41,4 45,7 43,6 

ether bridges: 19,7 13,2 16,6 16,0 17,5 

formalin oligomers: 10,4 12,8 0,6 0,2 0,2 

methylethers: 2,9 3,4 4,2 2,9 4,3 

nitrogen bound hemiformals: 10,2 7,3 4,1 0,3 0,4 

methylene glycol: 7,4 10,0 2,1 0,2 0,1 

hexamine: 
     Distribution of some of the structural units originating from formaldehyde (mol-%): 

metylene bridges: 18,7 37,3 38,5 39,3 39,3 

metylol groups: 64,7 51,7 51,2 51,7 50,6 

ether bridges: 16,6 11,0 10,3 9,0 10,2 

Degree of etherfication, amount methylol groups that are methyletherified (mol-%) 

Calculation option 1: - - 4,9 5,7 6,6 

Calculation option 2: 7,2 10,5 9,6 6,1 9,3 

Average: 7,2 10,5 7,3 5,9 8,0 

Distribution of added urea (mol-%): 

     Free urea: 0,2 0,3 0,3 25,1 20,1 

Monosubstituerad urea: 3,0 3,4 6,1 21,0 28,4 

di-, tri och tetra substituted urea: 81,7 79,4 80,5 45,9 42,5 

Biuret: 0,1 0,6 0,4 0,4 0,8 

Triazinon: 14,4 13,6 9,8 6,3 6,0 

Urones: 0,7 2,7 2,8 1,2 2,3 

Part unsubstituted amine groups of urea: 

    (mol-% of total amount urea) 1,6 2,0 3,4 35,7 34,3 

F/-NH2-kvot (F/(2*U+3*M)): 1,6 1,4 0,9 0,6 0,5 

F/(-NH2)2-kvot (F/(U+1.5*M)): 3,3 2,8 1,9 1,1 1,0 

Rest molar ratio at occurence of urones and/or triazinon:  

   F/U: 3,0 2,5 1,6 1,0 0,9 

F/-NH2: 1,5 1,3 0,8 0,5 0,4 

F/(-NH2)2: 3,0 2,5 1,6 1,0 0,9 
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SEC 

 

Figure 23. Raw data from the SEC results, Sample JOJE12004, Cond1 
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Figure 24. Raw data from the SEC results, Sample JOJE12004, Cond2 
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Figure 25. Raw data from the SEC results, Sample JOJE12004, Cond3 
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Figure 26. Raw data from the SEC results, Sample JOJE12004, Meth4 
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Figure 27. Raw data from the SEC results, Sample JOJE12004, Evaporation 
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Figure 28. Raw data from the SEC results, Sample JOJE12005, Cond2 



50 
 

 

Figure 29. Raw data from the SEC results, Sample JOJE12005, Meth3 
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Figure 30. Raw data from the SEC results, Sample JOJE12005, Meth3+120min 
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Figure 31. Raw data from the SEC results, Sample JOJE12005, Meth4 
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Figure 32. Raw data from the SEC results, Sample JOJE12005, Evaporation 
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Figure 33. Raw data from the SEC results, Sample JOJE12006, Meth1 
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Figure 34. Raw data from the SEC results, Sample JOJE12006, Cond1 
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Figure 35. Raw data from the SEC results, Sample JOJE12006, Cond2 
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Figure 36. Raw data from the SEC results, Sample JOJE12006, Meth4 
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Figure 37. Raw data from the SEC results, Sample JOJE12006, Evaporation 
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Figure 38. Raw data from the SEC results, Sample JOJE12007, Meth1 
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Figure 39. Raw data from the SEC results, Sample JOJE12007, Cond1 
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Figure 40. Raw data from the SEC results, Sample JOJE12007, Cond2 
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Figure 41. Raw data from the SEC results, Sample JOJE12007, Meth4 
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Figure 42. Raw data from the SEC results, Sample JOJE12007, Evaporation 
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Figure 43. Raw data from the SEC results, Sample JOJE12009, Meth1 
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Figure 44. Raw data from the SEC results, Sample JOJE12009, Cond1 
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Figure 45. Raw data from the SEC results, Sample JOJE12009, Cond2 
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Figure 46. Raw data from the SEC results, Sample JOJE12009, Meth4 
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Figure 47. Raw data from the SEC results, Sample JOJE12009, Evaporation 
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Figure 48. Raw data from the SEC results, Sample JOJE12011, Meth1 
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Figure 49. Raw data from the SEC results, Sample JOJE12011, Cond1 
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Figure 50. Raw data from the SEC results, Sample JOJE12011, Cond2 
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Figure 51. Raw data from the SEC results, Sample JOJE12011, Meth4 
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Figure 52. Raw data from the SEC results, Sample JOJE12011, Evaporation 
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Figure 53. Raw data from the SEC results, Sample JOJE12012, Meth1 
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Figure 54. - Raw data from the SEC results, Sample JOJE12012, Cond1 



76 
 

 

Figure 55. - Raw data from the SEC results, Sample JOJE12012, Cond2 
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Figure 56. - Raw data from the SEC results, Sample JOJE12012, Meth4 
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Figure 57. - Raw data from the SEC results, Sample JOJE12012, Evaporation 
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Figure 58. Raw data from the SEC results, Sample JOJE12013, Meth1 
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Figure 59. Raw data from the SEC results, Sample JOJE12013, Cond1 
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Figure 60. Raw data from the SEC results, Sample JOJE12013, Cond2 
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Figure 61. Raw data from the SEC results, Sample JOJE12013, Meth4 
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Figure 62. Raw data from the SEC results, Sample JOJE12013, Evaporation 
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Figure 63. Raw data from the SEC results, Sample JOJE12014, Meth1 
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Figure 64. Raw data from the SEC results, Sample JOJE12014, Cond1 
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Figure 65. Raw data from the SEC results, Sample JOJE12014, Cond2 
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Figure 66. Raw data from the SEC results, Sample JOJE12014, Meth4 
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Figure 67. Raw data from the SEC results, Sample JOJE12014, Evaporation 
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Gelation time 
Table 16. Raw data from the measurements of the gelation time 

Experiment name JOJE12004 JOJE12005 JOJE12006 JOJE12007 JOJE12009 

Gelation time 50°C [min] 12,58 11,37 8,52 11,37 8,67 

Gelation time 90°C [min] 4,12 3,75 3,85 3,78 4,28 

 

Table 17. Raw data from the measurements of the gelation time 

Experiment name JOJE12011 JOJE12012 JOJE12013 JOJE12014 

Gelation time 50°C [min] 12,35 8,47 8,95 11,73 

Gelation time 90°C [min] 3,93 4,45 3,98 4 

 

Dry weight 
Table 18. Raw data from the measurements of the dry weight of sample Ref 

Experiment name JOJE12004 

Cond1 50,4 

Cond2 55,3 

Cond3 57,7 

Meth4 60,1 

Evap 70,8 

End product 71,5 

 

Table 19. Raw data from the measurements of the dry weight of sample Ref2 

Experiment name JOJE12005 

Cond1 55,8 

Cond2 58,2 

Meth3 58,4 

Meth4 60,2 

Evap 70,7 

End product 72,0 

 

Table 20. Raw data from the measurements of the dry weight of sample -1,0 and +1 

Experiment 
name 

JOJE 
12006 

JOJE 
12007 

JOJE 
12009 

JOJE 
12011 

JOJE 
12012 

JOJE 
12013 

JOJE 
12014 

Meth1 51,6 50,6 55,8 31,1 56,2 52,2 47,9 

Cond1 53,3 49,9 57,6 49,9 57,5 54,0 49,3 

Cond2 57,6 55,8 60,2 56,0 60,1 57,1 55,4 

Meth4 60,7 60,1 60,8 60,6 60,9 60,0 60,2 

Evap 71,0 71,4 72,4 71,4 67,0 70,3 72,9 

End product 72,3 71,3 - 71,9 67,6 71,4 73,9 
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Contact angle 
Table 21. raw data from the contact angle measurements 

Sample Contact Angle Stdev 

Ref 54,17 0,56 

0 48,08 1,12 

1+ 52,61 1,17 
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Shelf life 

 

Figure 68. Results from the shelf life measurements at 20
°
C 

 

 

Figure 69. Results from the shelf life measurements at 25°C 
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Figure 70. Results from the shelf life measurements at 30°C 
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Tensile strength 

 

Figure 71. Raw data from the C1 tensile test with sample Ref. 
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Figure 72. Raw data from the C1 tensile test with sample 0. 
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Figure 73. Raw data from the C1 tensile test with sample +1. 
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Figure 74. Raw data from the C2 tensile test with sample Ref. 
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Figure 75. Raw data from the C2 tensile test with sample 0. 
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Figure 76. Raw data from the C2 tensile test with sample +1. 
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Figure 77. Raw data from the C3 tensile test with sample Ref. 
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Figure 78. Raw data from the C3 tensile test with sample 0. 
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Figure 79. Raw data from the C3 tensile test with sample +1. 
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Figure 88 - Statistics from the C1 test for the Ref sample Figure 87 - Statistics from the C1 test for the 0 sample 

Figure 86 - Statistics from the C1 test for the +1 sample Figure 85 - Statistics from the C2 test for the Ref sample 

Figure 84 - Statistics from the C2 test for the 0 sample Figure 83 - Statistics from the C2 test for the +1 sample 

Figure 81 - Statistics from the C3 test for the Ref sample 
Figure 82 - Statistics from the C3 test for the 0 sample 

Figure 80 - Statistics from the C3 test for the +1 sample 
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