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ABSTRACT   

The aim of this study is to find out the viscosity change of urea-formaldehyde (UF) resin with the synthesis parameters namely 

formaldehyde/urea (F/U) mole ratios, pH and temperature. The viscosity of UF resins, related to molecular weight and activation energy 

is very important factor of their usability.  Urea-formaldehyde (UF) prepolymer was synthesized through polycondensation reaction 

with F/U ratio 0.8, 1.0, 1.2, 1.4, 1.6. The synthesis was carried out by two steps: alkali catalysis at reaction pH 8.3, 90°C for 60 min 

and thereafter acid catalysis at pH 4.3, 83°C for 15 min. Viscosity of prepolymer was determined at acid catalysis step by simple glass 

viscometer. Weight average molecular weight (Mw) was calculated from the viscosity data of UF prepolymer using Mark-Houwink 

equation. Highest Mw (2020.9) of prepolymer was obtained at F/U molar ratio 1.0 and pH 4.3. In addition, it was found that pH 4.0 

yielded greater Mw (2049) UF prepolymer among the four reactions which were performed at pH 4.0, 4.3, 4.7, and 5.0. The energy of 

activation (Ea) of UF prepolymer was also calculated from the measured viscosity at temperature 70, 75, 80 and 85°C. The highest 

values of Ea were also found at F/U molar ratio 1.0 and pH 4.0 & lowest values was obtained at F/U molar ratio 1.6 and pH 5.0. From 

the experimental data, it was shown that the values of Ea and Mw were varied comparably with the change of reaction parameters. 
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1. Introduction   

Thermosetting polymers are used widely in various field 

like thermal and electrical insulation, utensils, building materials, 

engineering tools etc. due its hardness and good resistance to 

electric and heat [1]-[2]. However, their use become limited due 

to their inherent properties for instance low toughness, low 

flexibility, non-recyclable, difficult to coloration etc. [3]. To 

overcome the drawbacks and value addition, plenty of research 

have been carried out by the polymer scientists [4]. Some of 

those researches explore alternative use of thermosetting 

polymers where drawbacks are not considered. The use of 

formaldehyde based resin as adhesives of particle board, 

plywood has ushered in a new era [5]-[9]. These resins not only 

have adhesive properties but also have long lasting capacity 

because they contain some fraction of free formaldehyde. For 

this particular case, those compounds are unusable for making 

medical goods and food grade materials [10]. Among the 

formaldehyde based thermosetting resin, phenol formaldehyde 

resin is widely used in adhesive, wood and composite industries 

[11]. Nevertheless, phenol formaldehyde belongs phenolic resin 

is comparatively harmful to the environment [12]. Moreover, it 

is better to use urea formaldehyde because it is cheap in price, 

possess good quality, less foul-smelling and has a beautiful color 

[5], [13]-[14]. 

Urea formaldehyde resin is prepared by the 

polycondensation reaction of urea and formaldehyde (Scheme 1) 

[8]. The synthesis process of urea-formaldehyde may be divided 

into two stages, addition or alkaline methylolation and acidic 

condensation. At alkaline methylolation, dimer, trimer with low 

molecular weight methylol urea is formed by substitution 

reaction of urea and formaldehyde. Thereafter, with the change 

of reaction condition of acidic condensation relatively higher 

molecular compound might be obtained. In this stage 

polymerization is propagated by the formation of methylene (-

CH2-) and dimethylene ether (-CH2-O-CH2-) linkages with the 

reaction of methylol group and amino group [14]. Sun et al. 

studied the effect of catalysts on the UF resin preparation [17]. 

They found that in alkali catalyzed reaction, limited amount of 

UF prepolymer was formed and a large amount of free urea left.  

On the other hand acid catalyst enhanced the formation of 

methylene, ether linkages, and urons. Gonçalves et al. reported 

that degree of condensation is higher on the alkaline-acidic 

combined process than only strong acid catalyze stage [18]. 

The reaction parameter namely urea/formaldehyde (F/U) 

molar ratio, temperature, pH etc. are the major factor controlling 

the condensation reaction [19]-[22]. Dazmiri et al. stated that 

amount of free formaldehyde in resin increases at higher F/U 

ratio [21]. On the other hand, at low F/U ratio some unreacted 

urea remains in resin. In addition, high molecular weight UF 

resin is formed at strong acidic condition and high temperature 

[5]. The UF resin is converted into solid after curing with suitable 

crosslinking agent and curing condition. However, setting time 

of polymer resin should be longer. For quick solidification, 

unreacted urea and formaldehyde is remained in polymer and 

high molecular weight is seldom formed. One of big problem of 

thermosetting polymer is that, it could not melt or reshape if once 

it solidified. Therefore, it should keep in liquid state before use. 

It is mandatory to retain it in liquid form when use for adhesive 

purposes, because resin should be spread evenly on the solid  
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Scheme 1 Synthesis of UF resin from urea and formalin (I)-monomethylol urea,(II), (III)-dimethylol urea (IV)-trimethylol urea 

and (V), (VI)-uron derivatives. 

surface. For blending with other materials purposes, it is also 

important to apply the resin in a liquid state. The use ability of 

liquid resin is depended on its viscosity [13], [23]-[24]. The low 

viscous resin can penetrate and spread easily on broad panel 

when use in adhesive purposes. The viscosity of a polymer 

adhesive is controlled by temperature, pH and concentration. 

Plenty of researches have been studied the effect of reaction 

parameters on the viscosity of UF resin [24]-[25]. They 

interpreted the experimental results differently. Since cross-

linking reaction of uron derivatives takes place with 

condensation reaction, it is very difficult to get reproduce values. 

Different results can also be obtained due to the differences in 

the environment. That why, we have chosen the current topic to 

know the changes of viscous properties in our reaction setting. 

The molecular weight of UF resin were measured by using 

gel permeable chromatography (GPC), NMR, viscometry etc. 

[13], [26]. Viscometry is very simple technique which able to 

provide important information of viscous polymer solution [27]. 

The viscosity of fluids is determined both by collision among 

particles and by the force fields which determines interactions 

among molecules. It has great analytical significant for the 

characterization of polymer molecules. As like viscosity, 

activation energy (Ea) is important property of viscous polymer 

solution which influence on solvent types, concentration of 

solution, etc. [28]. DSC is most common technique to measure 

the activation energy (Ea) of UF resin [29]. Ea can be calculated 

if viscosities of solution change with temperature. The viscosity 

of polymer solution is varied with temperature which has been 

investigated in previous studies [30]-[31]. The Ea could be 

calculated from viscosity-temperature data using Kissinger 

equation [32]. No published data has been found which 

determine the value of Ea of UF resin by viscosity measurement. 

In addition, no clear information is available in the literature 

which depicted the relation of Ea with synthesis parameter of UF 

resin (F/U molar ratio and pH). In the present research, attempt 

has been taken to find the value of Mw and Ea of UF prepolymers 

by viscosity measurement. A set of experiment has carried out to 

correlate the values of Mw and Ea. 

2. Experimental 

2.1 Materials 

The technical grade urea granules (99%) and formalin 

(37%) were purchased from Merck, India. The other reagents 

used in this study were analytical grade.  

2.2 Methods 

2.2.1 Synthesis of UF prepolymer 

UF prepolymer was prepared by conventional method with 

various F/U mole ratios of 0.8, 1.0, 1.2, 1.4, and 1.6 [20]. This 

method is divided into two parts: (1) alkali catalysis: 405 ml 

formalin was taken in open glass reactor (1000 ml Pyrex 

beaker) equipped with a thermometer and heater with stirrer. 

The urea was added in two steps and in each step 50% of it was 

used. The 50% of solid urea (predetermined) was dissolved in 

formalin under stirring at 40°C. The pH was adjusted to 7.8–

8.0 by adding 0.01M sodium hydroxide solution. The reactor 
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was heated to 90°C and maintained for 60 min. The temperature 

was then cooled to 80°C. (2) Acid catalysis: at 83°C, the pH 

was adjusted to 4.3 by adding 0.05M acetic acid solution. The 

rest amount of urea was then added in solution and stirred 

continuously for 15 min at 83°C to complete dissolution of 

urea. White viscous suspension of UF resin prepolymer was 

obtained. The prepolymer was then kept at room temperature 

for slowing down the curing reaction. All the viscosities of the 

solution were quickly measured at same time by Ostwald 

viscometer. For comparative analysis, a set of prepolymer was 

prepared using F/U mole ratio 1.0 by maintaining pH 4.0, 4.3, 

4.7 and 5.0 at acid catalysis step. 

2.2.2 Molecular weight determination 

For molecular weight determination, the solutions of resin 

sample (0.01, 0.02, 0.03, 0.04 and 0.05 ml/1 ml) were prepared 

using mixed solvent Ethanol/water (1:1) just before performing 

the experiment [24]. Then the viscometric flow times were 

measured for the samples. By using measured flow time of a 

solution, viscosity is calculated by Poiseuille’s law at following 

equation [13]:  

𝜂 =
𝜋𝑟4𝑝𝑡

8𝑙𝑣
                                                                               (1) 

Where, η, kinematic viscosity, v, volume of solution, r & l 

are radius and length of the capillary tube of viscometer 

respectively, t, falling time through the capillary tube at 

pressure (p). The falling time is measured for the level of the 

liquid to pass between the two marks is proportional to the 

pressure imposed by gravity on the head of the liquid by a 

known volume.  

By simplifying equation 1 the relative viscosity (𝜂𝑟) and 

specific viscosity (𝜂𝑠𝑝) can be determined as: 

𝜂𝑟 =
𝜂

𝜂𝑜
=

𝑡

𝑡𝑜
                                                                         (2) 

𝜂𝑠𝑝 =
𝜂−𝜂𝑜

𝜂𝑜
=
𝑡−𝑡𝑜

𝑡𝑜
                                                               (3) 

𝜂𝑜 is viscosity of the solvent, t is flow time of solution and 

to is flow time of solvent. The intrinsic viscosity [η] is a measure 

of molecular dimension and is defined as  

[𝜂] =𝑐 𝐿𝑡→ 0

𝜂𝑠𝑝

𝐶
=𝑐 𝐿𝑡→ 0

𝑙𝑛𝜂𝑟

𝐶
                                                (4) 

𝜂𝑠𝑝
𝐶⁄ , reduced viscosity of the solution; 

𝑙𝑛 𝜂𝑟
𝐶⁄ ,  inherent 

viscosity; and C, the concentration of solution in
𝑔

100𝑚𝑙
.  The 

following empirical equation might be work efficiently for 

dilute solution. 

𝜂𝑠𝑝
𝐶⁄ = [𝜂] + 𝐾1[𝜂]

2𝐶 − −(𝐻𝑢𝑔𝑔𝑖𝑛𝑠)                        (5) 

𝑙𝑛 𝜂𝑟
𝐶⁄ = [𝜂] + 𝐾2[𝜂]

2𝐶 − −(𝐾𝑟𝑎𝑒𝑚𝑒𝑟)                    (6) 

If a graph is made by plotting the observed reduced or 

inherent viscosities against the concentration, the intercept of 

the straight line at C = 0 gives the intrinsic viscosity. 

From the measured intrinsic viscosity, the molecular 

weight was calculated using modified staudinger equation [31]: 

[𝜂] = 𝐾𝑀𝛼                                                                           (7) 

From the intercept of the plot log [η] against log M, values 

of K and from the slope, value of ‘α’ were found. The values of 

‘K’ and ‘α’ were found to be 0.74  10-3 and 1.05 respectively 

[33].  

2.2.3 Activation energy measurement 

Viscosity was measured by Ostwald viscometer at 70, 75, 

80, 85 and 900C in a thermostatic water bath (for activation 

energy determination). The viscometer was fixed vertically into 

water bath where the highest level of the liquid in the 

viscometer was at least one centimeter below the water level in 

the bath. The prepared of prepolymer samples were quickly 

taken into the viscometer upto the mark. Since the viscosity of 

resin continuously changed with time, the viscometer 

containing experimental solution was allowed to stand only for 

about five minutes to attain the temperature of i.e. constant 

temperature bath before each measurement. Minimum 10 

falling time was observed by stop watch for each experiment. 

After every measurement the viscometer was washed 

thoroughly and then checked by measuring the time of flow of 

distilled water. This energy is called the ‘activation energy of 

viscous flow’ (Ea). Ea is calculated using Eyring’s equation [34] 

(equation 8 & 9).  

𝜂 = 𝐴𝑒
𝐸𝑎
𝑅𝑇                                                                              (8) 

𝑙𝑛 𝜂 =  
𝐸𝑎

𝑅𝑇
+ 𝑙𝑛𝐴                                                                 (9) 

The value of Ea is calculated from the slope of plot of lnη 

versus 1/T by using equation 9. The value of R is considered 

8.314 J K-1 mol-1.  

3. Results and Discussion 

The viscosities of UF prepolymer prepared at different F/U 

molar ratio 0.8, 1.0, 1.2, 1.4, 1.6 and pH 4.0, 4.3, 4.7, 5.0 are 

calculated from measured falling time at temperature 83°C. The 

falling time of solvent ethanol:water (1:1) was taken as 

reference sample. Every UF prepolymer sample taken for 

viscosity measurement is preserved at same condition.  

The concentration of resin solution versus calculated 

reduce viscosity is plotted in Fig. 1. All the line presented in 

the figure of UF prepolymer with different F/U molar ratio 

shown the similar trend. The intrinsic viscosity is calculated 

from the intersection of those lines to Y axis. Microsoft excel 

software is used to get exact values. Weight average molecular 

weight (Mw) is obtained from intrinsic viscosity by Mark-

Houwink equation and the values are given in Table 1. It has 

been noted that the intrinsic viscosity and Mw of the resins 

prepared at different F/U molar ratio under the same acid pH 

with the same condensation time and temperature are different. 

The highest Mw (2020.9) is found at F/U molar ratio 1.0 then 

decreases with the increase of F/U molar ratio. The lowest Mw 

is found 1735.7 at greater F/U molar ratio 1.6. At higher urea 

proportions (lower F/U), the condensation reaction is faster. 

This may be due at low F/U molar ratio more amine groups 
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available to react with formaldehyde [21]. It is also assumed 

that the gel time which directly related to viscosity is 

significantly affected by molar ratios. Moreover, at very low 

F/U molar ratio (0.8) urea is not disintegrated completely in 

formalin. M. Dunkey also reported some portion of resin was 

precipitated at lower F/U ratio (>0.9) during the acid 

condensation step, causing inhomogenities in the solutions [5]. 

No remarkable differences are shown in resin density. The R2 

values indicate better correlation between reduced viscosity 

and concentration of resin solution. 

 

Fig. 1 Reduced viscosity vs concentration plot of UF 

prepolymers of different F/U molar ratio. 

The intrinsic viscosities of UF prepolymer at pH 4.0, pH 

4.3, pH 4.7 and pH 5.0 for F/U molar ratio 1.0 are obtained 

from Fig. 2 and the respective values of Mw are 2049, 2020, 

1833, and 1726 respectively which shown in Table 1. The 

polymerization process of UF resin is propagated in the acid 

condensation step. The linear or branched molecules with 

medium and even higher Mw are formed with the reaction of 

methylols, urea and free formaldehyde. The numbers of stable 

methylene (-CH2-) linkages are increased at lower pH and high 

temperature [5]. The highest Mw is found at pH 4.0 and became 

lowest at pH 5.0. The results indicate that molecular weight of 

UF resin is increasing with the decrease of reaction pH. The 

high percentage of uron derivatives might be formed under 

strong acidic conditions formulated in the past [34].  

 

Fig. 2 Reduced viscosity vs concentration plot of UF 

prepolymers of different pH. 

The change of viscosity with temperature variation can be 

explained the molecular movement in the solvent. It has been 

seen that molecular movement increases with the increase of 

temperature and hence decrease the viscosity. At high 

temperature the kinetic energy of the molecule increases and 

starts to move more rapidly and away from each other. Due to 

rapid movement of molecule at higher temperature, more bulk 

space is formed which diminishes interlayer movement 

restriction and therefore viscosity decreases. The increase of 

viscosity with the decrease of temperature is shown in Fig. 3. 

The plot shown, the viscosity of the prepolymer of different 

F/U molar ratio with temperatures gives similar trend. The resin 

contains higher formalin fraction exhibit lower viscosity 

values. In other word, concentrate solution have higher 

viscosities than dilute solution. Molecules of concentrate 

solution should have energy which overcomes the internal 

friction or resistance of fluid. 

 

Table 1 Values of intrinsic viscosity, Mw and Ea at various reaction condition. 

F/U ratio pH 

Density 

(gm.cm-3) 

Molecular weight (Mw) Energy of activation (Ea) 

[n] R2 Mw δy/δx R2 Ea (kj. mol-1) 

0.8 4.3 1.56 2.119 0.9915 1960.1 124.17 0.9873 1.0323 

1 4.3 1.52 2.188 0.9961 2020.9 131.88 0.9963 1.0965 

1.2 4.3 1.49 2.124 0.9991 1964.5 124.45 0.9993 1.0347 

1.4 4.3 1.47 1.975 0.9993 1833.1 120.88 0.9894 1.0050 

1.6 4.3 1.44 1.865 0.9973 1735.7 118.17 0.9877 0.9825 

1 4.0 1.51 2.220 0.9990 2049.0 144.87 0.9986 1.2044 

1 4.3 1.52 2.188 0.9936 2020.9 131.8 0.9963 1.0958 

1 4.7 1.51 1.975 0.9973 1833.1 117.55 0.9652 0.9773 

1 5.0 1.49 1.855 0.9590 1726.8 114.88 0.9796 0.9551 
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Fig. 3 Variation of viscosity of UF prepolymer with different 

F/U ratio at temperature 70, 75, 80 and 85°C. 

According to Fig. 3, the steepness of all line graphs 

belongs to prepolymer resin of different F/U molar ratio looks 

similar. The resin prepared at F/U molar ratio 1.0 exhibit 

slightly steeper slope in the Eyring plot than other UF 

prepolymer. The calculated Ea for the different concentrations 

are given in Table 1. The Ea value of UF prepolymer prepared 

at F/U molar ratio 0.8, 1.0, 1.2, 1.4 and 1.6 is calculated and the 

values are1.0323, 1.0965, 1.0347, 1.0050 and 0.9825 kJ mol−1 

respectively. It has been seen that the energy of activation is 

increased upto F/U molar ratio 1.0 and then decreased with the 

increase of formaldehyde content. The molecular mobility is 

decreased due to reduction of frictional resistance and hence 

decreases Ea. However, Ea of UF resin at F/U molar ratio 0.8 

lower than resin found at F/U molar ratio 1.0. Probably at high 

proportion of urea is made precipitation at unreacted form 

during polycondensation reaction [5]. The previous studies also 

stated that the solid content of UF resin is greater at higher F/U 

molar proportion [25]. 

 

Fig. 4 Variation of viscosity of UF prepolymer with various 

pH at temperature 70, 75, 80 and 85°C. 

Fig. 4 illustrated the change of viscosity of UF prepolymer 

prepared by different pH with temperature. It has been seen that 

the viscosity decreases with the increase of pH. In the 

experiment the higher molecular weight is found at pH 4.0. 

According to the studies of Tomita [35] known that lower pH 

favors the synthesis process of UF resin i.e. high molecular 

weight compound is formed at very strong acidic condition. 

Lee and Kim also declared that the mobility of the UF resin 

molecules and their reactive groups decreases when the 

molecular weight increases. In addition, molecules are 

crosslinked on the curing process which reduce the mobility 

significantly [36]. Therefore, the activation energy is found 

greater at lowest pH. The calculated values of Ea are 

120.44×10-2, 109.58×10-2, 97.73×10-2 and 95.51×10-2 is found 

at pH 4.0, 4.3, 4.7 and 5.0 respectively. The R2 values indicate 

better correlation between temperature and ln η.  

Fig. 5 presented the relation of between molecular weight 

and activation energy of UF resin prepared by various F/U 

molar ratio and reaction pH. The similar trend of Ea and Mw 

curves is shown. The highest values of Ea and Mw are found at 

F/U molar ratio 1.0 and lowest values found at 1.6. Similarly, 

highest Ea and Mw are obtained at pH 4 and thereafter their 

values are decreased with the increase of pH. 

 

(a) 

 

(b) 

Fig. 5 Change of Mw and Ea of UF prepolymer prepared by 

various F/U ratio and pH 

4. Conclusion 

This paper describes the change of molecular weight (Mw) 

and activation energy (Ea) of urea-formaldehyde (UF) 

prepolymer prepared by F/U molar ratio 0.8, 1.0, 1.2, 1.4, 1.6 

at pH 4.3. Another set of UF prepolymer made at pH 4.0, 4.7, 

5.0 with F/U molar ratio 1.0. The value of Mw calculated from 
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intrinsic viscosity using Mark-Houwink (M-H) equation. The 

results showed that Mw of UF prepolymer varied remarkably 

with reaction parameters. The highest Mw was found at F/U 

molar ratio 1.0 and pH 4. The activation energy (Ea) of UF 

prepolymer samples calculated by Eyring’s equation from 

intrinsic viscosity measured at temperature 70, 75, 80 and 

85°C. The value of Ea changed with the variation of reaction 

parameter like Mw. Activation energy decreased at higher F/U 

mole ratio and pH value. The consistent of viscosity data of UF 

prepolymer samples given similar trend in Mw and Ea values 

change of with reaction parameter. Finally, it may suggest that 

the viscosity measurement is quite effective method for 

determination activation energy of UF resin. 
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