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ABSTRACT

  In an effort to understand the hydrolytic degradation process of cured urea-formaldehyde (UF) resins 

responsible for the formaldehyde emission of wood-based composite panels, this study analyzed the influ-

ence of acid hydrolysis on the morphology of cured UF resins with different formaldehyde/urea (F/U) 

mole ratios such as 1.6, 1.4, 1.2 and 1.0. Field emission-scanning electron microscopy (FE-SEM) was em-

ployed to observe both exterior and fracture surfaces on thin films of cured UF resins before and after 

the etching with hydrochloric acid as a simulation of the hydrolytic degradation process. FE-SEM images 

showed that the exterior surface of cured UF resin with the F/U mole ratio of 1.0 had spherical structures 

after the acid hydrolysis while the other cured UF resins were not the case. However, the fracture surface 

observation showed that all the samples possessed spherical structures in the cured state of UF resins al-

though their occurrence and size decreased as the F/U mole ratio increased. For the first time, we found 

the spherical structures in cured UF resins of higher F/U mole ratio of 1.4. After the acid hydrolysis, the 

spherical structures became a much predominant at the fracture surface. These results indicated that the 

spherical structures in cured UF resinswere much more resistant to the hydrolytic degradation by the acid 

than amorphous region.
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1. INTRODUCTION

Urea-formaldehyde (UF) resins are one of the 

most important formaldehyde-based wood adhe-

sives such as melamine-urea-formaldehyde (MUF) 

resin, melamine-formaldehyde (MF) resin, or 

phenol-formaldehyde (PF) resin. As a polymeric 

condensation product formed by chemical re-

actions between formaldehyde and urea, UF res-

in adhesives are most widely used for the man-

ufacturing of wood-based composite panel such 

as plywood, particleboard or medium density 

fiberboard. Therefore, the wood panel industry 

is a major consumer of UF resin adhesives.

UF resin possesses some advantages such as 

a fast curing time, good performance in the pan-
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el, water solubility and a lower price. However, 

a critical disadvantage of the UF resin is the 

formaldehyde emission from wood-based compo-

site panels bonded with UF resin. Additionally, 

the lower resistance to water of UF resin limits 

it use to interior applications. Furthermore, 

formaldehyde emissions from panels bonded 

with UF resins are known as one of the main 

causes of sick building syndrome in an indoor 

environment. Therefore, many authors have 

concentrated on the formaldehyde emission is-

sue of UF resin (Myers, 1983; Myers, 1986a; 

Marutzky 1986; Park et al., 2009; Pizzi et al., 

1994; Hse et al., 1994; Gu et al., 1996; Myers, 

1984).

One of the causes of the formaldehyde emis-

sion from wood-based panels is free form-

aldehyde present in UF resin after its synthesis. 

For example, the amount of free formaldehyde 

present in UF resin proportionately contributed 

to the emitted formaldehyde from particleboard 

even after hot-pressing at high temperature 

(Park et al., 2006). It is believed that the 

amount of free formaldehyde is also responsible 

for short-term emission (Myers, 1986b). The 

other important cause for the emission is the 

hydrolytic degradation, i.e., hydrolysis of UF 

resin under acidic and moisture conditions 

(Myers, 1983). The hydrolysis reactions of UF 

resins are reversible to their synthesis reactions. 

The chemical species of UF resins go through 

reversible reactions when they are exposed to 

water (Myers, 1986b). Thus, these reversible re-

actions degrade the chemical species into a sim-

pler species. In particular, the hydrolysis of 

cured UF resins within the composite seems in-

evitable because the wood substance is hygro-

scopic material when UF resins are being used 

as a binder for wood-based composites.

In general, the hydrolysis of cured UF resins 

is generally believed to contribute to the 

long-term formaldehyde emission of UF res-

in-bonded wood panels (Zinn et al., 1990; 

Myers and Nagaoka, 1981; Myers, 1984). In ef-

forts to gain a better understanding of this issue, 

much attention has been paid to investigate the 

hydrolysis of UF resins in order to comprehend 

the mechanisms of the formaldehyde released 

from cured UF resin and UF resin-bonded wood 

panels (Chuang and Maciel, 1993; Tohmura et 

al., 2000; Ringena et al., 2006; Myers, 1982; 

Kavvouras et al., 1998; Nessuer and Schall, 

1970; Myers and Koutsky, 1990; Elbert, 1995; 

Robitschek and Christensen, 1976; Park and 

Jeong, 2009). The susceptibility of the hydro-

lytic degradation of cured UF resin depends on 

its chemical structure and the degree of cross- 

linking, and could be accelerated by high tem-

perature and strong acidic conditions (Elbert, 

1995). For example, the infrared spectra study 

showed a major reduction of the content of 

methylol groups (CH2OH) and an increase of 

the tertiary amide (Myers, 1982). A solid-state 
13

C-NMR spectroscopic study on the hydrolytic 

stability of UF resins also reported that the di-

methylene ether linkages, methylol groups at-

tached to tertiary amides and poly (oxymethylene 

glycol) were the main formaldehyde emitters 

(Chuang and Maciel, 1993).

Even though many studies focused on the hy-

drolysis of UF resins, there are a few researches 

on the morphology of cured UF resins (Stuligross 

and Kousky, 1985; Johns and Dunker, 1986; 

Celzard et al., 2008). For example, Stuligross 

and Koutsky (1985) have done excellent work 

on the morphology of cured UF resins. They 

prepared two different groups of UF resins with 

different F/U mole ratios, curing conditions or 

catalyst types for comparison. They reported 

that cured UF resins of a lower F/U mole ratio 

of 1.0 displayed colloidal character and a defi-

nite crystalline that was strongly depended on 

the water content of the cured UF resins. 

However, they found that cured UF resins with 
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F/U mole ratios of 1.2 and 1.6 had little crystal-

linity and no colloidal character. A recent study 

exhibited that filament-like colloidal aggregates 

were initially formed in UF resin, which even-

tually changed to super-clusters by coalescence 

during its ageing (Celzard et al., 2008). Moreover, 

the colloidal character, or spherical structure 

was known to delay the gel point of amino res-

ins significantly (Despres and Pizzi, 2006).

In addition, several authors have reported the 

presence of crystalline structures in UF resin 

(Pratt et al., 1985; Motter, 1990; Levendis et 

al., 1992). In particular, UF resins with lower 

F/U mole ratio of 1.2 are supposed to have col-

loidal structures, which constitute a crystalline 

structure (Pratt et al., 1985; Levendis et al., 

1992). Dunker et al. (1986) also reported that 

UF resin contained colloidal regions of a semi-

crystalline nature, and ascribed the origin of the 

crystal structure to a high degree of order due 

to hydrogen bonding. They also mentioned the 

possibility that the crystalline regions could 

have arisen from the crystallization of some mi-

nor components of UF resin, like urons or other 

ring structures. 

However, to the authors’knowledge, no at-

tempt has been made to investigate the effects 

of acid hydrolysis on the morphology of cured 

UF resins. Therefore, this study attempted to 

examine the influence of acid hydrolysis on the 

morphology of cured UF resin’s using field 

emission - scanning electron microscopy (FE-SEM) 

in efforts to comprehend the hydrolytic degrada-

tion process of cured UF resins. 

2. EXPERIMENTAL

2.1. Materials

Both the urea and formalin (37%) used for 

the synthesis of UF resins were of technical 

grade. Aqueous solutions of both formic acid 

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

used to adjust the pH level during the UF resin 

synthesis process. As a hardener, aqueous sol-

utions (20 wt%) of ammonium chloride (NH4Cl) 

were used. 

2.2. Preparation of UF Resin and Its 

Properties

All UF resins used for this study were pre-

pared in a laboratory, following traditional alka-

line-acid two-step reaction. The formalin was 

placed in the reactor and then adjusted to pH 

7.8 with aqueous sodium hydroxide (NaOH) 

and then heated to 45°C. Subsequently, the first 

urea was added into the reactor in 1-minute in-

tervals to get the initial F/U mole ratio of 2.0. 

Then the mixture was heated to 90°C under re-

flux for 1 hour to allow for methylolation 

reactions. The second stage of UF resin syn-

thesis consisted of the condensation of the 

methylolureas under acidic condition. An acidic 

condition was obtained by adding formic acid 

(20 wt%) to reach a pH of about 4.6, and the 

condensation reactions were carried out until a 

target viscosity of JK was reached. This was 

measured using a bubble viscometer (VG-9100, 

Gardner-Holdt Bubble Viscometer, USA). The 

final F/U mole ratio of 1.2 for the UF resin was 

adjusted by adding a certain amount of the sec-

ond urea. Then, the UF resin was cooled to 

room temperature, and then adjusted the pH to 

8.0. 

The non-volatile solids content was de-

termined by measuring 1 gram of UF resin in 

a disposable aluminum dish before and after 

drying in a convective oven at 105°C for 3 

hours. The non-volatile solids content of the 

prepared UF resin was 54.9%. The viscosity of 

the UF resin was 250.7 mPa․s when measured 

at 25°C by a cone-plate viscometer (DV-II+, 

Brookfield, US) with a No. 2 spindle at 60 rpm. 
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Fig. 1. A set-up rig for the film preparation of cured

UF resin using glass slides.

Fig. 2. Typical morphologies of both exterior and 

fracture surfaces of cured UF resin (F/U = 

1.4) films. (a) Exterior surface, (b) fracture 

surface.

The gel time of the UF resin prepared was 168 

seconds when it was measured at 100°C by a 

gel time meter (Davis Inotek Instrument, Charlotte, 

NC) by adding 3% ammonium chloride.

2.3. Sample Preparation and FE-SEM 

Observation

In order to observe the surfaces of the cured 

UF resins, first 0.1% of the hardener was thor-

oughly mixed with the liquid UF resin- 

synthesized. Then films of the UF resin were 

prepared by casting the mixed liquid UF resin 

between two glass slides with a gap of 2 mm. 

Fig. 1 shows a set-up rig used for the prepara-

tion of the cured UF resin films. Then, the liq-

uid UF resin was cured at 60°C for 24 hours in 

a drying oven, and then the rig was dis-

assembled to remove the film specimens. In or-

der to simulate the hydrolysis process, the pre-

pared film was etched by dipping the sample 

into 1 N HCl solution for 1 minute. Next, the 

exterior surface of the etched samples was used 

for the observation by a FE-SEM. Fracture sur-

faces of cured UF resins were also prepared by 

immersing the same films into liquid nitrogen 

for 30 seconds.

A FE-SEM (S-4300, Hitachi, Japan) was em-

ployed to examine the morphology of both ex-

terior and fracture surfaces from the cured UF 

resins with different F/U mole ratios. Both sur-

faces of the cured UF resins obtained after the 

curing and/or fracturing were coated with plati-

num, and then observed at different magnifica-

tion levels using the FE-SEM with an accel-

eration voltage of 15 kV. 

3. RESULTS and DISCUSSION

3.1. Exterior Surface of Cured UF Resin

Prior to looking at the exterior surface of the 

cured UF resin films, comparisons were made 

between typical FE-SEM images of the exterior 

and fracture surfaces of cured UF resin films as 

shown in Fig. 2. The exterior surface of the 

cured UF resin was quite flat and smooth (Fig. 

2(a)). However, the fracture surface showed lin-

ear marks, which were believed to be created 

by the strain of the sample shrinkage under liq-

uid nitrogen (Fig. 2(b)). In addition, different 

sizes of pores were observed on the fracture 

surface, which might have resulted by the evap-

oration of water during its curing process. 

As shown in Fig. 3(a), low F/U mole ratio 

UF resins illustrated numerous needle-like shape 

structures on the surface, which were believed 

to be a part of the crystalline structures. When 

it was etched by the acid, the surface displayed 

a typical spherical structure (Fig. 3(e)). The 



Influence of Hydrolytic Degradation on the Morphology of Cured Urea-Formaldehyde Resins of Different Formaldehyde/Urea Mole Ratios

－ 183 －

Fig. 3. Typical exterior surfaces of cured UF resin

with different F/U mole ratios. (a)∼(d) No 

etching, (e)∼(h) with etching.

spherical structures of UF resins have been re-

ported for F/U mole ratio lower than 1.2 

(Despres and Pizzi, 2006; Stuligross and 

Kousky, 1985). In other words, lower F/U mole 

ratio UF resins have colloid particles, which are 

coalesced into clusters during the aging process. 

These clusters are known to form spherical 

structures in cured UF resins (Johns and Dunker, 

1986).

The exterior surface of the cured UF resins 

with F/U mole ratios higher than 1.2 exhibited 

many crinkles. These crinkles were believed to 

have been formed by the shrinkage of the UF 

resin during its curing process (Figs. 3(b) and 

3(f)). Similar images were obtained for all other 

samples, and the number of crinkles after the 

acid etching decreased as the F/U mole ratio in-

creased (Figs. 3(g) and 3(h)). However, the 

cured UF resins with F/U mole ratios higher 

than 1.2 did not show any spherical structures 

after the acid etching. 

3.2. Fracture Surface of Cured UF 

Resins

To compare the exterior surface’s micro-

structure, FE-SEM was also applied to the frac-

ture surface of the cured UF resin films. Fig. 4 

illustrates fracture surface images of cured UF 

resins before and after the acid etching. Unlike 

the exterior surface, the fracture surface of the 

cured UF resins with an F/U mole ratio of 1.0 

demonstrated the presence of the spherical struc-

tures even before the acid etching (Fig. 4(a)). 

After the acid etching, the spherical structures 

were dominant on the surface. As mentioned 

earlier, the spherical structures usually occur in 

UF resins with F/U mole ratios lower than 1.2 

(Stuligross and Kousky, 1985; Despres and 

Pizzi, 2006). In fact, it was reported that fila-

ment-like colloidal aggregates were initially 

formed in UF resin, and then eventually 

changed to super-clusters by coalescence during 

the aging process (Celzard et al., 2008). Thus, 

the observed structures for low F/U mole ratio 

UF resins are quite a normal phenomenon. 

After the acid etching as a simulation of the hy-

drolysis process, the fracture surface exhibited 

much more prominent spherical structures for 

the 1.0 F/U mole ratio cured UF resins (Fig. 

4(e)). This result indicates that the acid etching 

apparently removed the inter-spherical regionsor 

amorphous regions by the hydrolytic degrada-

tion process. This is believed to occur because 

the amorphous regions of the cured UF resin 

areeasily hydrolyzed by the acid, so the remain-
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Fig. 4. Typical fracture surfaces of cured UF resin 

with differentF/U mole ratios. (a)∼(d) No 

etching, (e)∼(h) with etching.

ing the spherical structuresare much more re-

sistant to the hydrolysis. In other words, these 

spherical structures could be arranged in a very 

ordered way that contributed to a crystalline 

part of the cured UF resins with low F/U mole 

ratios. Therefore, it is believed that these spher-

ical structures deliver a greater resistance to the 

hydrolytic degradation of cured UF resins. 

Similar results were also obtained for the 

cured UF resins with the F/U mole ratio of 1.2 

(Figs. 4(b) and 4(f)). However, the number of 

the spherical structures was much lower than 

those of a 1.0 F/U mole ratio cured UF resins 

(Fig. 4(a)). The spherical structures on the frac-

ture surface were quite definite before the acid 

etching (Figs. 4(c) and 4(g)). Although the fre-

quency of their number of occurrence and size 

werefairly limited and small, the fracture sur-

face still revealed spherical structures (Fig. 4(d)). 

Nevertheless, the acid etching of the fracture 

surface increased the number of spherical struc-

ture (Fig. 4(h)). 

However, the presence of the spherical struc-

ture for cured UF resins with F/U mole ratio-

shigher than 1.4 have not been confirmed yet. 

This work report, for the first time, that spher-

ical structures have been found with the cured 

UF resins of the higher F/U ratios of both 1.4 

and 1.6 even though they are less dominant in 

terms of theirnumber of occurrenceand size.

4. CONCLUSIONS

This paper reports the effect of acid hydrol-

ysis on the morphology of cured UF resins with 

four different F/U mole ratios (1.6, 1.4, 1.2 and 

1.0) to better comprehend the hydrolytic degra-

dation process that has been known to be re-

sponsible for the formaldehyde emission in 

wood-based composite panels. FE-SEM scan-

ning of both exterior and fracture surfaces for 

the cured UF resin films displayed contrasting 

images before and after the acid etching. The 

film exterior surface for the cured UF resin with 

low F/U mole ratio (1.0) showed spherical 

structures after the acid hydrolysis, while the 

other F/U mole ratios UF resins did not show 

them, but only some minor crinkling. By con-

trast, all fracture surfaces showed the spherical 

structures even before the acid etching. For the 

first time, we found the spherical structures for 

cured UF resins with F/U mole ratio higher 

than 1.4. After the acid hydrolysis, the spherical 

structures at the fracture surface became a more 

predominant structure. These results indicated 

that the spherical structures were much more re-
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sistant to the hydrolytic degradation by the acid 

than in the amorphous regions.
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