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1. INTRODUCTION

Wood-based composite panel industry is 

a major consumer of amino resins such as 

urea-formaldehyde (UF) resin, melamine-urea-

formaldehyde (MUF) resin and melamine-form-

aldehyde (MF) resin because of their cost effi-

ciency and proven performance in the final 

products (Meyer et al., 1980; Pizzi et al., 1994; 

Fan et al., 2006). In general, the performances 
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ABSTRACT

This study attempted to measure molecular weight (MW) of melamine-urea-formaldehyde (MUF) resins pre-

pared by two different synthesis methods: the one-step MUF resins were synthesized in one batch procedure,

while the two-step MUF resins were prepared by a physical mixing of urea-formaldehyde (UF) resin with 

melamine-formaldehyde (MF) resin that had been synthesized in a separate procedure. The properties of me-

dium density fiberboard (MDF) panels bonded with two types of MUF resins were also investigated. MWs of 

these MUF resins were measured using gel permeation chromatography (GPC). In addition, this study meas-

ured the MWs of one-step MUF resin during its synthesis procedure. The performance of two types of MUF

resins was evaluated by determining properties of MDF panels prepared in laboratory. As the synthesis proce-

dure progressed, both number average MW (Mn) and weight average MW (Mw) of one-step MUF resin gradu-

ally increased, while the polydispersity index (PDI) decreased. And low MW species of the resin predom-

inantly decreased as the synthesis step progressed. The one-step MUF resin showed greater Mn and Mw than

those of the two-step ones even though the PDI values of both resins were very similar each other. As ex-

pected, the one-step MUF resin resulted in better properties of MDF panels than those of two-step resins. In

particular, the one-step MUF resin provided better internal bond (IB) strength and thickness swelling (TS) 

with MDF panels than those of two-step ones, indicating better water resistance of the one-step resin. These

results suggest that the preparation method of MUF resins have a great impact on the MW and final panel

properties. 
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of these adhesives are highly dependent on their 

molecular weight (MW) or molecular weight 

distribution (MWD) after their synthesis. In or-

der to achieve strong adhesion in the panel, a 

part of the adhesive should be penetrated into 

wood tissues to build a good interphase, while 

another part of the adhesive should be remained 

on the surface of wood tissues to have cohesive 

strength in the bond-line. In other words, low 

MW species of the adhesive are penetrated into 

wood cell walls, while high MW species are 

remained on the surface of wood cell walls.

The performance of MUF resins depends 

upon the MW or, MWD. And MW of MUF 

resins partially changes with the viscosity of 

MUF resins. Thus MW is one of important pa-

rameters for MUF resins. Many attempts of 

measuring MWs of the UF and MUF resins us-

ing gel permeation chromatography (GPC) have 

been done and reported so far (Zanetti et al., 

2003; Despres et al., 2006; Ferra et al., 2010, 

Paiva et al., 2012). However, there is a limited 

data available reported on the changes of the 

MWs during MUF resin synthesis. The poor 

solubility of MUF resins in most of common 

solvents used in the GPC is one of the most 

important considerations in the chromatography 

analysis, and therefore a proper choice of the 

solvent and the mobile phase is very important. 

A proper selection of the solvent affects the 

solubility of the resin, the behavior of chroma-

tographic columns, and the accuracy of 

detection. It was well known that amino resins 

including MUF resins are only soluble in 

N,N-dimethylformamide (DMF) and dime-

thylsulfoxide (DMSO) (Pavlos et al., 2001, 

Paiva et al., 2012). The result indicated that the 

use of DMSO as a mobile phase for the GPC 

shortened the lifetime of the chromatography 

columns, and caused problems of raising 

pressure in the columns because of its higher 

viscosity in comparison with other organic 

solvents and low refractive index increments. A 

number of researchers used DMF as a mobile 

phase for MW measurement of amino resins. 

For example, Ludlam et al. (1984) measured 

MWs of UF resins to understand its aging char-

acteristics using size exclusion chromatography 

(SEC). Despres et al. (2006) also determined 

the MWs of UF resin, MUF resin, and MF 

resin to study the presence of super-aggregates 

by GPC, and confirmed the formation of the 

colloidal super-aggregates with an optical 

microscopy. Using GPC/SEC analysis, Ferra et 

al. (2010) studied the colloidal phase in UF 

resins, and found that they acted as reactive 

filler at the wood joint interfaces, contributing 

for the resins bonding performance. It seems 

that the original and the centrifuged products 

(sediment and supernatant) were related to the 

strengthening of the adhesive bond in tensile 

shear strength.

However, a very limited work has been done 

to measure MWs of MUF resins in the 

literature. Thus, this work was conducted to 

measure MWs of MUF resins as well as UF 

resin and MF resin, using GPC with refractive 

index (RI) detector. Therefore, this study fo-

cused on the measurements of MWs of MUF 

resins during their synthesis, using GPC, which 
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could help us to understand a build-up process 

of the MW of MUF resins.

2. MATERIALS and METHODS

2.1. Materials

 Materials used for the synthesis of UF resin, 

MF resin and MUF resins in this work were 

technical grade of urea granules (99%), mela-

mine powder (99%) and formaldehyde solution 

(37%). Aqueous solutions of formic acid (6 

wt%) and sodium hydroxide (20 wt%) were 

used to adjust the pH during the resin synthesis 

process. The hardener used was on aqueous sol-

ution (20 wt%) of ammonium chloride (NH4Cl). 

High purity (≥ 99.9%) HPLC grade of both 

N,N-dimethyl formamide (DMF) and dime-

thylsulfoxide (DMSO) were purchased from 

Sigma-Aldrich for the GPC analysis

2.2. Methods

2.2.1. Resins preparation

We synthesized two types of MUF resins 

with a final molar ratio of 0.9, using two dif-

ferent preparation methods. In addition, UF res-

in and MF resin have been synthesized to pre-

pare two-step MUF resins. 

2.2.1.1. Preparation of one-step MUF resin

MUF resin with a F / (U + M) molar ratio of 

0.9 was also prepared following a typical alka-

line synthesis procedure. Briefly, the formalin 

was placed in a reactor, and adjusted to a pH 

of 8.5 with sodium hydroxide. Then, the mela-

mine was added into the reactor under stirring, 

and heated to 95℃ for 1 hour. The mixture 

was then condensed up to a viscosity of 200 

mPa.s (spindle #2, DV-2 + pro, Brookfield visc-

ometer, USA). The pH of the mixture was ad-

justed to 9.0, and then the MUF resin was 

cooled to 55℃ where the urea was added into 

the reactor. The final pH of MUF resin pre-

pared was adjusted to 9.5 and then cooled to 

room temperature. In order to understand 

changes of MW during the MUF resin syn-

thesis, an aliquot of the MUF resin was sam-

pled for the MW analysis using GPC. An ali-

quot amount (0.1 mℓ) of the all resin samples 

were collected right after each synthesis step as 

shown in Table 1. 

 2.2.1.2. Preparation of two-step MUF resin

Two-step MUF resin was prepared by physi-

cally mixing the UF and MF resins that had 

Sample number Synthesis stage pH Temperature (℃)

#1 Starting methylolation reaction 8.00 96

#2 The end of methylolation 8.14 90

#3 NaOH addition for pH adjust 9.29 50

#4 The addition of urea 9.63 55

#5 The end of reaction 9.20 25

Table 1. Sampling sequence of one-step MUF resin during its synthesis
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been synthesized in a separate batch. UF resins 

with 0.9 formaldehyde/urea (F/U) mole ratio 

were prepared by a conventional alkaline-acid 

two-step synthesis procedure. Briefly, the 1st 

formalin was placed in the four-neck reactor 

and adjusted the pH to 5.1 with sodium 

hydroxide. The 1st urea was added to the re-

actor under stirring, and then the temperature 

increased to 95℃. After 10 minutes, the 2nd 

urea was added into the reactor, and the pH 

was adjusted to 4.5 with formic acid for the 

condensation reaction to reach a viscosity of 

160 ∼ 180 mPa.s (spindle #2, DV-2 + pro, 

Brookfield viscometer, USA). When the target 

viscosity was reached, the pH was then ad-

justed to 5.4. And the 3rd urea was added at 9

5℃. The condensation reaction was kept to get 

the final target viscosity (550 mPa.s) within 60 

minutes.

When the final target viscosity was reached, 

the pH was adjusted to 8.1 by adding sodium 

hydroxide followed by cooling to 85℃. And 

the 2nd formalin was added and the pH was im-

mediately adjusted to 6.7 with sodium hydrox-

ide, and then the 4th urea was added. The re-

action under stirring was kept for 30 minutes to 

completely dissolve the urea, and then the last 

5th urea was added. The final pH of the UF 

resin prepared was adjusted to pH 8.1 followed 

by cooling to room temperature.

And MF resin with a F/M molar ratio of 0.9 

was also prepared following alkaline synthesis 

procedure. The formalin was placed in a re-

actor, and the pH was adjusted to 8.7 with so-

dium hydroxide. Then, the melamine was added 

into the reactor followed by heating to 90℃ for 

1 hour. The mixture was then condensed up to 

a target viscosity of 160 mPa.s (Spindle #2, 

DV-2+ pro, Brookfield viscometer, USA). The 

final pH of MF resin was adjusted to 9.5 and 

then cooled to room temperature.

 2.2.2. Characterization of MUF resins used 

this study

The viscosity of all resins prepared was 

measured with a cone-plate type viscometer 

(DV-2 + pro, Brookfield viscometer, USA). In 

these tests, spindle #2 was used at 25℃. 

Non-volatile solids contents of all resins were 

calculated by weighing resin samples before 

and after drying in the oven (105℃, 3 hours). 

The gelation time of all prepared resins was 

measured at 100℃ with 3 wt% of NH4Cl (20 

wt% concentration) as hardener, using a gel 

time meter. Properties of all amino resins pre-

pared in this study were presented in Table 2.

Resin type pH Specific gravity
Viscosity 

(mPa⋅s)

Non-volatile solids content 

(wt%)
Gel time (s)

UF resin 8.31 1.244 84 59 ± 0.3 62 ± 1

MF resin 8.88 1.279 102.5 59 ± 0.5 78 ± 2

One-step MUF resin 9.47 1.271 93.8 60 ± 0.1 71 ± 1

Two-step MUF resin 8.53 1.260 86 61 ± 0.3 121 ± 2

Table 2. Properties of UF resin, MF resin and MUF resins prepared in this study
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2.2.3. MW analysis of MUF resins using GPC

We used a GPC (YL9100, Younglin, Korea) 

system equipped with a refractive index (RI) 

detector. The columns used were the KD801, 

802, and 806 M products from SHODEX. The 

columns temperature was kept at 50℃ and the 

flow rate was 1 mL/min. DMF was used as 

the mobile phase. Resin samples were dis-

solved in the mixture of 10% DMSO and 90% 

DMF and kept them in the oven at 50℃ for 3 

hours before injection. The solutions were in-

troduced to the injection loop of the GPC after 

the filtration through a 0.45 mL filter (Pavlos 

et al., 2001).

2.2.4. MDF panel manufacture and determi-

nation of its properties

Single-layer MDF panels (450 mm × 550 

mm × 9 mm) were fabricated in the labo-

ratory using two types of MUF resins. The 

MUF resins mixed with wax emulsion and 

hardener were sprayed onto virgin fibers from 

a commercial MDF mill in a laboratory 

blender. The resin content was 12% based on 

the oven dry mass of the fiber. The fiber mat 

were hot pressed at 190℃ for 101 seconds at 

a maximum pressure of 12 kgf/cm2 to obtain 

the final panel thickness. Properties of MDF 

panels such as density, modulus of rupture 

(MOR), internal bond (IB) strength, thickness 

swelling, water absorption (WA), and form-

aldehyde emission were determined by the 

procedures of a Korean standard (KS F 3200, 

2006).

3. RESULTS and DISCUSSIONS

In general, MUF resins are synthesized via 

methylolation reaction under alkaline condition 

and then condensation reaction under acidic 

condition. In other words, the formaldehyde is 

added to urea or melamine in the alkaline addi-

tion reaction, while the methylolated species are 

condensed into oligomeric or polymeric mole-

cules with water as a by-product. As the syn-

thesis procedure progresses, the size of mole-

cules increases, which reaches a target resin 

viscosity as wood adhesive. The target viscosity 

of MUF resin depends on types of raw materi-

als and kinds of wood-based composites. For 

example, the viscosity of UF resin for plywood 

is 225 mPa.s while the counterpart for particle-

board is around 250 mPa.s (Abdullah et al., 

2010; Park et al., 2005).

Since a very limited information on the mo-

lecular weight (MW) of MUF resin during the 

resin synthesis was available, we measured MW 

of one-step MUF resin during its synthesis pro-

cedure using GPC, and the results were pre-

sented in Figs. 1 and 2. Fig. 1 shows GPC 

chromatograms of one-step MUF resin during 

its synthesis. As shown, the amount of higher 

MW species that had been eluted in the early 

stage of GPC analysis did not change much, 

but low MW species that had been eluted in 

the later stage of GPC analysis showed greater 

variation. In other words, the amount of low 

MW species in the resin decreases as the resin 

synthesis procedure progresses. These results 

suggest that low MW species during the resin 
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synthesis are converted into larger molecules 

with high MW as the reaction proceeds. 

However, the amount of low MW species 

slightly increased in the sample No. 4. This 

could be due to the formation of low MW 

methylolated species after the addition of urea 

into the reactor.

Fig. 2 shows the number average molecular 

weight (Mn) and weight average molecular 

weight (Mw) of the one-step MUF resins as the 

synthesis progressed. As expected, both Mn and 

Mw of the resin increased as the synthesis pro-

cedure progressed. As the reaction progressed, 

the Mn increased from 20,300 g/mol to 64,000 

g/mol, while the Mw increased from 31,600 

g/mol to 69,600 g/mol. And the Mw values 

were greater than those of the Mn of the resin 

except the sample #2.

 In order to compare MW distribution of the 

molecules during the resin synthesis, we also 

analyzed the polydispersity index (PDI) of each 

sample, which was obtained by dividing Mw 

with Mn. PDI values of the samples were pre-

sented in Table 3. In general, as the synthesis 

progresses, the PDI decreases from 1.56 to 1.05 

for the one-step MUF resins even though they 

are not very consistent. These results indicate 

that the MW distribution of MUF resin de-

creases with an increase in the reaction time. In 

other words, low MW species in the early stage 

have been converted into high MW species as 

the synthesis reaction progressed. Thus, the PDI 

value was reduced as the reaction progressed.

Chromatograms of the GPC analyses of 

one-step MUF resin, two-step MUF resin, UF 

resin and MF resin are presented in Fig. 3. 

Two-step MUF resins were prepared by a phys-

ical mixing of UF resin with MF resin. The 

chromatogram of one-step MUF resin is the 

Fig. 1. GPC chromatograms of one-step MUF resin 

during its synthesis. The numbers are the sample 

number as shown Table 1.

Fig. 2. Mn and Mw of the one-step MUF resins at 

each step of its synthesis procedure. The sampling 

number is the same as Table 1.

Sample No. Polydispersity index

#1 1.56

#2 1.00

#3 1.26

#4 1.05

#5 1.09

Table 3. PDI values of the one-step MUF resins dur-

ing its synthesis
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same as the sample #5 of the one-step MUF 

resin in Fig. 1. When chromatograms of all res-

ins were compared, the chromatogram exhibited 

greater variation in low MW species than high 

MW species. For example, MF resin had great-

er proportion in high MW species than other 

resins such as UF resin, MF resin and two-step 

MUF resin, while low MW species were much 

less than the other resins. The proportion of 

low MW species of the one-step MUF resin 

was higher than those of the two-step MUF res-

in, which was expected to influence the pene-

tration of resin into wood tissues. In other 

words, low MW species will penetrated into 

wood cell walls while high MW species will 

stay on the surface of wood cells, which will 

eventually impact the adhesion of the resin 

through the formation of inter-phase in the 

bond-line (Nuryawan et al., 2014). 

The MW measurement results of all the res-

ins used in this study using GPC were pre-

sented in Fig. 4. As expected from the chroma-

togram, MF resin showed the highest MW 

among all the reins. When compared two types 

of MUF resins, the one-step MUF resin had 

much higher MW than that of the two-step 

ones. And the MW of two-step MUF resin was 

similar to that of UF resin that had the smallest 

MW among the resins. In addition, the PDI 

values of all the resin were not much different 

each other, indicating a similar MW distribution 

for all the resins (Table 4). 

 In general, the viscosity of a polymer sol-

ution is proportional to the MW of a polymer 

with Mark-Houwink relationship (Anger et al., 

1984). As expected, the MWs of all the resins 

used in this work were well in the agreement 

with the theoretical relationship with an increas-

ing order of UF resin < two-step MUF resin < 

one-step MUF resin < MF resin. These results 

indicate that the control of resin viscosity dur-

ing its synthesis provide a way of manipulating 

Fig 4. Mn and Mw measurement results of all the 

resins used in this study. 

Fig. 3. GPC chromatograms of UF resin, MF resin 

and two types of MUF resins used in this study.

Resin type Polydispersity index

UF resin 1.05

MF resin 1.11

One-step MUF resin 1.09

Two step MUF resin 1.05

Table 4. Polydispersity index of all the resins pre-

pared in this study
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MW of the resin. But, a specific relationship 

between the viscosity and MW should be estab-

lished for each type of resin and its synthesis 

method.

In order to evaluate the performance of all 

the resins, MDF panels were fabricated in the 

laboratory using two types of MUF resins as 

well as UF resin and MF resin, and all the 

properties of MDF panels were presented in 

Table 5. As an indicator of the adhesion, the 

IB strength was highest for MDF panels bonded 

with one-step MUF resin, followed by two-step 

MUF resin and then UF resin. The performance 

of MDF panels bonded with MF resin was rela-

tively lower than those of the one-step MUF 

resins. This could be ascribed to higher Mw 

and shorter gel time of MF resins. These results 

are quite consistent with the MWs of the resins 

as shown Fig. 4. Both TS and WA of MDF 

panels were the best for one-step MUF resins 

could be due to greater IB strength of MDFs, 

indicating a better water resistance for MDF 

panels. MOR values of all MDF panels were 

above 30 MPa. The formaldehyde emission 

from MDF panels was the smallest for one-step 

MUF resin, which could be due to a high de-

gree of condensation of the MUF resin with 

low amount of free formaldehyde in the resin. 

But, the free formaldehyde content of all resin 

was not determined in this study. 

All properties of MDF panels bonded two 

types of MUF resins suggest that one-step MUF 

resin is better than two-step MUF resin. Thus, 

it is recommended to employ one-step MUF 

resin for the production of MDF panels. 

However, it is necessary to check the stability 

of one-step resin during its storage as a func-

tion of MW increase over time.

4. CONCLUSION

This study was conducted to measure molec-

ular weight (MW) of two types of MUF resins 

prepared by two synthesis methods (one-step 

and two-step method), using GPC, and also in-

vestigated MW impact of these MUF resins to 

the properties of MDF panel. This study also 

measured the changes of MW in the synthesis 

course of one-step MUF resins. The one-step 

MUF resin were synthesized in one batch proce-

dure, while two-step MUF resins were prepared 

by a physical mixing of urea-formaldehyde 

(UF) resin with melamine-formaldehyde (MF) 

resin that had been synthesized in a separate 

Resin type
Density

(kg/m3)

IB strength 

(MPa)

MOR 

(MPa)

Thickness swelling 

(%)

Water 

absorption (%)

Formaldehyde 

emission (mg/ℓ)

UF resin 614 0.46 ± 0.2* 32 ± 4 12.62 ± 0.2 49.26 ± 0.3 0.76 ± 0.05

MF resin 620 0.52 ± 0.3 34 ± 3 10.79 ± 0.2 40.13 ± 0.5 1.84 ± 0.12

One-step MUF resin 621 0.60 ± 0.1 35 ± 4 9.94 ± 0.1 41.57 ± 0.3 0.90 ± 0.03

Two-step MUF resin 624 0.52 ± 0.2 33 ± 5 11.11 ± 0.1 54.90 ± 0.1 1.66 ± 0.11

*Values are given with an average and standard deviation. 

Table 5. Properties of MDF panels bonded with amino resins used in this study
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procedure. As the synthesis procedure pro-

gressed, both Mn and Mw of the one-step MUF 

resin gradually increased, while the poly-

dispersity index (PDI) decreased. The one-step 

MUF resin also showed greater Mn and Mw val-

ues than those of two-step ones even though 

the PDI values of both resins were very similar 

each other. The one-step MUF resin resulted in 

better properties of MDF panels than those of 

two-step resins, particularly better water 

resistance. These results also suggest that the 

synthesis method of MUF resins have a great 

impact on the MW and final properties of MDF 

panel. 
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