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ABSTRACT

  As a part of abating formaldehyde emission of urea-formaldehyde (UF) resin adhesive, this study was
conducted to investigate chemical structures of UF resin adhesives with different formaldehyde/urea (F/U)
mole ratios, using carbon-13 nuclear magnetic resonance (13C-NMR) spectroscopy. UF resin adhesives were
synthesized at four different F/U mole ratios such as 1.6, 1.4, 1.2, and 1.0 for the analysis. The analysis 
of 13C-NMR spectroscopy showed that UF resin adhesives with higher F/U mole ratios (i.e., 1.6 and 1.4)
had two distinctive peaks, indicating the presence of dimethylene ether linkages and methylene glycols,
a dissolved form of free formaldehyde. But, these peaks were not detected at the UF resins with lower
F/U mole ratios (i.e., 1.2 and 1.0). These chemical structures present at the UF resins with higher F/U
mole ratios indicated that UF resin adhesive with higher F/U mole ratio had a greater contribution to the
formaldehyde emission than that of lower F/U mole ratio. Uronic species were detected for all UF resins
regardless of F/U mole ratios. 
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1. INTRODUCTION

  Urea-formaldehyde (UF) resin is a polymeric 
condensation product of the chemical reaction 
of formaldehyde with urea, and it is regarded as 
one of the most important types of adhesives in 
the wood-based panel industry. Among the 
formaldehyde-based resin adhesives, UF resin 
adhesives have been extensively used in the 

manufacture of particleboard (PB) or medium 
density fiberboard (MDF). So, UF resin adhe-
sives are mainly consumed by the wood panel 
industry. In fact, the production of form-
aldehyde-based resin in 2005 was about 
207,000 tons, which is 39% of the total pro-
duction of adhesives in Republic of Korea. The 
production of UF resin adhesives was about 
75% (i.e. about 155,000 tons) of the total pro-
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duction of formaldehyde-based resin adhesives. 
Compared to other wood adhesives, such as 
phenol-formaldehyde (PF) resins and diphenyl-
methane diisocyanate (MDI), UF resin adhesive 
possesses some advantages such as fast curing, 
good performance in wood panels, water sol-
ubility and lower price. The disadvantages of 
using the UF resin include formaldehyde emis-
sion (FE) from wood panels and a lower resist-
ance to water. Lower resistance to water limits 
the use of wood-based panels bonded with UF 
resin to interior applications.
  Free formaldehyde that is present in UF resin 
and hydrolytic degradation of UF resin under 
moisture and acidic conditions has been known 
to be responsible for the FE from wood-based 
panels (Dunky, 1983). In other words, the 
un-reacted formaldehyde in UF resin after its 
synthesis could be emitted from wood panels 
even after hot-pressing at high temperature. In 
addition, the reversibility of the aminomethylene 
link and its susceptibility to hydrolysis also ex-
plains the lower resistance against the influence 
of water and moisture, and subsequently the FE 
from wood-based panels (Seller Jr., 1999). 
Therefore, the FE issue has been one of the 
most important aspects of UF resin in the last 
few decades (Myer, 1983; Myer, 1984; Myers, 
1986; Myers and Koutsky, 1987; Myers and 
Koutsky, 1990; Pizzi et al., 1994). 
  Much attention has been paid to reduce or 
control FE from UF resin-bonded panels 
through resin technologies. In general, UF res-
ins are synthesized by two-step reaction proce-
dures (i.e., methylolation under alkaline con-
dition and condensation under acidic condition 
using a large amount of formaldehyde) (Dunky, 
1983). This synthesis method has been widely 
employed for the preparation of UF resins for 
many years. In the early 1970’s, however, this 
method faced with the serious problem of FE. 
So, lowering the formaldehyde to urea (F/U) 

mole ratio for the synthesis of UF resin was 
adopted as one of the approaches to reduce the 
FE of UF resin-bonded panels (Myers and 
Koutsky, 1990). Thus, lower F/U molar ratios 
from 1.1 to 1.2 were employed for the resin 
synthesis. An excellent literature review on the 
influence of the F/U mole ratio on the FE, as 
well as panel properties, was published (Pizzi, 
1983). According to the review, the gel time 
used increased with a decrease in the F/U mole 
ratio. In general, lower F/U mole ratios cause 
less FE resulted in a loss of panel properties, 
particularly internal bond (IB) strength as well 
as thickness swelling after the water immersion 
for 24 hours. Lower F/U mole ratios also re-
duced the modulus of rupture (MOR) (Myers, 
1984). In recent years, it has been reported that 
a lower F/U mole ratio (i.e. 1.0) could reduce 
the FE of particleboards (Que et al., 2007). 
  In order to study the FE issue, many authors 
investigated the chemical structures of UF res-
ins using 13C-NMR spectroscopy to understand 
their reaction mechanisms, and chemical con-
stitutions. To the authors’ knowledge, Ebdon 
and Heaton (1977) have done the first work on 
the chemical structure of UF resin, showing that 
the 13C-NMR spectroscopy was useful in pro-
viding information about the chemical con-
stitution of UF resin. In the following year, 
Tomita and Hatono (1978) did an intensive 
13C-NMR work on UF resin by assigning the 
chemical shifts and quantifying the quantity of 
specific chemical species with a particular 
structure. Meyer (1979) also employed the same 
tool to relate chemical structures of UF resin to 
the FE issue, and mentioned that the form-
aldehyde release was due to the weakest chem-
ical links in the resin like ether, or pendant 
methylol groups. 
  Kim and Amos (1990) also used the same 
tool to investigate the influence of initial F/U 
mole ratios with a fixed final F/U mole ratio of 
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1.0 to the chemical structures of UF resin 
prepared. They reported that the emitted form-
aldehyde level of particleboard decreased with a 
decrease in the initial F/U mole ratio. Gu et al. 
(1995) studied the chemical structures of UF 
resins prepared under different pH conditions, 
and reported that the content of branched struc-
tures increased as the pH decreased. Christjan-
son et al. (2002) applied the same tool for the 
investigation of structural changes of UF resins 
during storage, and showed that the main re-
action during storage was the formation of 
methylene linkages. 
  A series of very extensive work on the chem-
ical structures of UF resins using the 13C-NMR 
spectroscopy was done by Kim (1999, 2000, 
2001) and Kim et al. (2001, 2003). Kim (1999) 
reported that monomeric hydromethylureas and 
methyl-ether derivatives were formed in the ini-
tial alkaline reaction while methylene bonds 
were formed in the subsequent acidic reaction, 
splitting formaldehyde from methylene-ether 
linkages. Kim (2000) also showed that the addi-
tion of the second urea during UF resin syn-
thesis led various polymeric hydroxymethylur-
eas migrates to monomeric hydroxymethylureas. 
Kim (2001) also found a decreasing number of 
side chain branches and increasing number of 
free amid group as the initial F/U mole ratio 
decreased from 2.4 to 1.8 with the final F/U 
mole ratio of 1.15. Kim et al. (2001, 2003) re-
ported the relationship between the chemical 
structures of UF resins the formaldehyde emis-
sion of particleboard, depending on post-treat-
ments and initial F/U mole ratios. Ferg et al. 
(1993) showed that a quantitative measurement 
of peak ratios could be used to predict UF resin 
strength and subsequent formaldehyde emission 
of the resultant particleboard. Tohmura et al. 
(2000) have studied the change of chemical 
structure of UF resins prepared under different 
reaction pH conditions using 13C-NMR technique. 

One of the findings of these studies was the de-
tection of uronic structures in the UF resin pre-
pared under a strong acid condition. 
  As the number of publications on the analysis 
of formaldehyde-based resin using the estab-
lished procedures of the 13C-NMR spectroscopy 
increased, the published papers showed different 
results with some inconsistencies in interpreting 
the data obtained. In order to explain the incon-
sistencies in many published results, Valdez 
(1995) reported important parameters in the 
quantitative measurement of 13C-NMR spectro-
scopy for formaldehyde-based resins such as ad-
equate relaxation time, temperature, solvents, 
and the size of data files. Even though many 
authors investigated the chemical structure of 
UF resins prepared under different conditions, 
the work done to study the influence F/U mole 
ratio on the chemical structure of the resins has 
been limited. In particular, many researchers 
studied the influence of F/U mole ratio of UF 
resin that was adjusted by manipulating an ini-
tial F/U mole ratio. But, the F/U mol ratio in-
fluence of the second urea addition was limited. 
Therefore, this study was conducted to inves-
tigate the influence of F/U mole ratio on the 
chemical structures of the UF resin adhesives 
using 13C-NMR spectroscopy. 

2. MATERIALS and METHODS

2.1. Resin Preparation

  All UF resins used for this study were pre-
pared in the laboratory, following traditional al-
kaline-acid two-step reaction. Formaldehyde 
(37%) was placed in the reactor and heated to 
60°C and then adjusted the reaction pH to 7.5 
with sodium hydroxide (20 wt%). Subsequently, 
urea was added in equal parts at 1-min inter-
vals, and the mixture was heated to 90°C for 1 
hour. Then, the reaction pH was adjusted to 4.5 
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Table 1. Properties of the UF resin adhesives prepared at different F/U mole ratios

F/U mole ratio Specific gravity Non-volatile resin solids 
content (%)

Viscosity 
(mPa⋅s)

Free formaldehyde 
content (%)

1.6 1.26 50.1 240 0.70
1.4 1.25 51.7 248 0.38
1.2 1.25 53.3 254 0.30
1.0 1.21 54.5 160 0.27

with formic acid (20 wt%) for the condensation. 
The second urea was again placed in the reactor 
at 40°C before rapid cooling to 25°C terminated 
the reaction. Different amounts of the second 
urea were added for the synthesis in order to 
obtain F/U mole ratios of 1.6, 1.4, 1.2, and 1.0. 
For all resins prepared, final pH was adjusted to 
8.0 after the cooling. Properties of the prepared 
UF resins with different F/U mole ratios were 
summarized in Table 1.

2.2. 
13
C-NMR Spectroscopy

  The prepared UF resins were freeze-dried 
without further pH adjustment, ground to a fine 
powder, and thoroughly oven-dried at 60°C 
overnight. The powder UF resins were also dis-
solved in deuterated dimethyl sulfuroxide 
(DMSO-d6) as an internal standard (~1% con-
centration) for 13C-NMR spectroscopy. The 
13C-NMR spectra were obtained with 9.5 sec-
onds pulse width (30) and a pulse delay of 4 
seconds, using 300 MHz model (Bruker 
AMX-R300) at the Korea Basic Science 
Institute in Seoul, Korea. By using the gated 
decoupling method to minimize the nuclear 
Overhauser effect, about 20,000 scans were ac-
cumulated to obtain reliable spectra.

3. RESULTS and DISCUSSION

  The 13C-NMR spectra of the UF resins with 
different F/U mole ratios were shown in Figs. 1 

to 4. Also, the assignments of chemical struc-
tures from the 13C-NMR spectra were summar-
ized in Table 2. The 13C-NMR spectra of UF 
resins with different F/U mole ratios showed a 
peak at around 45 ppm. This chemical shift 
(around 45 ppm) was assigned to the carbon of 
methylene linkages, according to published in-
formation (Hse et al., 1994; Kim, 1999; Kim 
2001; Tohmura et al., 2000; Tomita and 
Hatono, 1978; Soulard et al., 1999). The chem-
ical shift of around 54 ppm could be attributed 
to the carbons of methylene linkage such as di-
methylene urea, trimethylene tetraurea, or tetra-
methylene pentaurea (Tomita and Hatono, 
1978). But, these methylene linkages were not 
detected for the UF resin with the F/U mole ra-
tio of 1.0. This result indicates that the chemical 
structure of UF resin with the F/U mole ratio of 
1.0 was much less branched polymer without 
trimethylene tetraureas, or tetramethylene pen-
taureas. These species were known to contribute 
the formation of branched network polymer 
structures (Pascault et al., 2002).
  The chemical shift at around 63 ppm was as-
signed to various methylol carbons of the resins 
with different F/U mole ratios. The chemical 
shifts could be due to the carbons of mono-
methylol ureas, or dimethylol ureas. This result 
was well in the agreement with the published 
report (Gu et al., 1995). The dimethylene ether 
carbon occurred at around 68 ppm for the UF 
resins with the F/U mole ratios of both 1.6 and 
1.4. In other words, this peak was fairly weak 
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Table 2. Chemical shift assignment of 13C-NMR spectra of UF resins synthesized under different 
reaction pH conditions

Chemical structure Chemical shift (ppm) References
F/U = 1.6 F/U = 1.4 F/U = 1.2 F/U = 1.0

NH-CH2-NH 45.26 45.23 45.27 45.40 6, 7
N(CH2-)CH2N-(CH2-)- 54.19 54.14 54.18 2, 12, 31

NH-CH2OH
N(CH2-)CH2OH

63.39
63.97

63.39
63.54

63.39
63.54

63.41
63.56 6, 7

-NH-CH2-O-CH2-NH- 68.91 68.91 2, 12, 31
HO-CH2-OH 81.89 81.88 2, 31

O

C

CH3OCH2N

H2C CH2
O

NCH2OCH3

O

C

HOCH2N

H2C CH2
O

NCH2OH

156.75
156.90 156.89 156.89 156.94 6, 7, 10, 22

O

C

HN

H2C CH2
O

NH 157.15 157.36 6, 7, 28

HOCH2NHCON(CH2OH)2 158.07 158.06 158.06 158.12 2, 6, 7
-HN-CO-NH-, NH-CO-NH2 159.44 159.44 159.51 6, 7, 30

for the resins prepared at the F/U mole ratios of 
1.2 and 1.0. This result indicates that UF resins 
with higher F/U mole ratios tend to form di-
methylene ether linkages. These linkages were 
also reported by other published papers (Chung 
and Maciel, 1994; Gu et al. 1996; Tomita and 
Hatono, 1978; Kim, 2001). These structures 
were known to susceptible to hydrolytic degra-
dation under acidic environment (Chung and 
Maciel, 1994).
  The chemical shift of around 81.8 ppm was 
occurred for UF resins with the F/U mole ratios 
of 1.6 and 1.4 (arrows in Figs. 1 and 2). 
However, this was not detected for the UF res-
ins with the F/U mole ratios of 1.2 and 1.0. 
This chemical shift was assigned methylene gly-
cols that were a dissolved form of free form-

aldehyde in the resin. Chung and Maciel (1994) 
reported the chemical shift of 87-92 for the 
methylene glycols while Gu et al. (1996) re-
ported the range of from 83 ppm to 95 ppm as 
the methylene glycol species. This result shows 
that higher F/U mole ratio produces more free 
formaldehyde than lower F/U mole ratio for the 
synthesis of UF resins.   
  The chemical shifts around 156 ppm could be 
assigned to the carbonyl carbons of uronic 
structures (Ebdon and Heaton, 1977; Gu et al., 
1995, 1996; Park et al., 2002). The peak at 
156.7 ppm could be assigned to the carbonyl 
carbons of urons with the di-substitutions of di-
methylene methyl ether groups (CH3OCH2N- 
C-O-NCH3(2)OCH2(3)), while the one at 156.9 
could be assigned to the carbonyl carbons of ur-
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Fig. 1. 13C-NMR spectrum of UF resin adhesive with the F/U mole ratio of 1.6.

Fig. 2. 13C-NMR spectrum of UF resin adhesive with the F/U mole ratio of 1.4.
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Fig. 3. 13C-NMR spectrum of UF resin adhesive with the F/U mole ratio of 1.2.

Fig. 4. 13C-NMR spectrum of UF resin adhesive with a F/U mole ratio of 1.0.

ons with the di-substitutions of dimethylol 
groups (HOCH2N-C-O-NCH2OH). And the che-

mical shift at around 157 ppm was assigned to 
the carbonyl carbons of uronic structures with-
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out any substitutions (Ebdon and Heaton, 1977; 
Gu et al., 1995, 1996). This assignment is in a 
good agreement with the published results. 
  Three peaks at 158 ppm and 159 ppm were 
appeared prominently for all four UF resins. 
The peak at around 158 ppm was assigned to 
the carbons of carbonyl group of tri-methylo-
lated ureas (Chung and Maciel, 1994; Gu et al., 
1995, 1996). The one at around 159 ppm was 
assigned to the carbons of substituted carbonyl 
groups of ureas (Tohmura et al., 2000; Tomita 
and Hatono, 1978; Soulard et al., 1999). The 
peak at 159 ppm was assigned to the carbons of 
carbonyl group of various urea residues (Gu et 
al., 1995, 1996). 

4. CONCLUSION 

  This study was undertaken to investigate the 
influence of F/U mole ratio to the chemical 
structures of UF resin adhesives using car-
bon-13 nuclear magnetic resonance (13C-NMR) 
spectroscopy as a part of abating formaldehyde 
emission of UF resin adhesive. UF resin adhe-
sives were synthesized at four different F/U 
mole ratios such as 1.6, 1.4, 1.2, and 1.0 for the 
analysis. The analysis of 13C-NMR spectroscopy 
showed that UF resin adhesives with higher F/U 
mole ratios (i.e., 1.6 and 1.4) had two distinc-
tive peaks, indicating the presence of di-
methylene ether linkages and methylene glycols 
(a dissolved form of free formaldehyde). But, 
these peaks were not detected at the UF resins 
with lower F/U mole ratios (i.e., 1.2 and 1.0). 
These chemical structures present at the UF res-
ins with higher F/U mole ratios indicated that 
UF resin adhesive with a higher F/U mole ratio 
had a greater contribution to the formaldehyde 
emission than that of a lower F/U mole ratio. 
Uronic species were detected for all UF resins 
regardless of F/U mole ratios.
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