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ARTICLE INFO ABSTRACT

The formaldehyde to urea molar ratio (F/U) plays an important role on the properties of urea formaldehyde (UF)
resins and of the medium density fiber board (MDFs) bonded with them. This work presents a hypothesis that
besides the final F/U molar ratio in UF resin preparation, the initial F/U affects both the formaldehyde emission
levels and the physico-mechanical properties of the boards. Three initial molar ratios F/U of 1.9, 2.1 and 2.3 in
resin synthesis have been examined in this work. The structural changes and thermal curing behavior of UF
resins were tracked by >C NMR and DSC, respectively. At parity of final F/U molar ratio, the resin with initial F/
U = 2.1 yielded the highest proportion of linear methylol groups, resulted in the best internal bond strength and
lowest thickness swelling of the board. A resin synthesized with the initial F/U = 1.9 provided the highest
proportion of total methylene linkages, most methylene ether linkage and lowest free formaldehyde, consistently
yielding the lowest formaldehyde emission. These results partially explained why UF resins with lower F/U
molar ratios showed relatively poor adhesion when used to manufacture wood-based composites. MDFs bonded
with a UF resin having the initial F/U = 2.3 had a relatively good performance with the exception of free
formaldehyde, but also showed the best storage stability compared to the other resins having lower initial F/U
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molar ratios.

1. Introduction

Formaldehyde (HCHO) is an extremely versatile building block used
for the synthesis of complex compounds and materials in many che-
mical and industrial processes, especially in the wood panels (WBPs)
industry. Urea-formaldehyde (UF) is a major amino plastic resins which
is widely used in the modern wood-composite industry due to its good
properties, namely fast curing, good internal bond (IB) strength, rela-
tively low price, and a clear color [1].

The wood-composite industry relies strongly on the use of these
synthetic resins as adhesives for the bonded products constituting the
majority of the wood panels on the market today. Notwithstanding the
considerable tonnage of UF resin resins produced yearly, the dis-
advantages of this resin should not be ignored, like its problematic
formaldehyde emission and poor water resistance from the wood
boards bonded with it. This results from the low stability of the amino-
methylene bridges, as well as its lack of weather resistance, which
precludes exterior uses [2-4]. In the past decades, to overcome these

problems, great efforts have focused on modifying the resin synthesis
methods by investigating resin manufacturing parameters such as re-
action pH, temperature [5-7], different F/U molar ratios [2,8-10] and
the use of additives [11-14].

Conversely, resin manufacturing can be manipulated to produce
quality urea-formaldehyde (UF) resins as well as better physico-me-
chanical performance such as the UF resin prepared by using formalin
[15] and using different acids (e.g. Ammonium salts) during the
synthesis of UF adhesives [16,17].

Studies have indeed provided many useful details about the struc-
tures of the polymers, however, they provided limited information
about how these structures are formed and why they are different in
relation to the different conditions used.

The main objective of the modern resin industry is to produce ef-
fective UF resins with very low, if not zero, formaldehyde emissions
[18]. Many authors published studied about alternative latent catalysts
systems for curing UF resins [19]. Besides, an effective reduction in
formaldehyde emission with a remarkable improvement in the
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durability and stability of UF bonded wood panels could further de-
velop the applications and markets for these products.

Many studies suggest that the formaldehyde to urea molar ratio
affects the final characteristics of UF resins, such as resin reactivity,
degree of condensation during resin synthesis, free formaldehyde con-
tent, branching and cross-linking in curing [1]. Previous studies have
shown that the F/U molar ratio of the UF resin has a significant impact
on the formaldehyde emission during pressing and after manufacturing
of the board [20]. The molar ratio also influences the physico-me-
chanical properties of the boards such as internal bond (IB) strength,
modulus of elasticity (MOE), module of rupture (MOR) [21]and
thickness swelling (TS) [22].

13C NMR analysis is a well-known technique to examine the changes
in the proportions of the compounds formed at different temperatures
and F/U molar ratios during resin synthesis [23]. Quantitative 13C NMR
analysis has been used to follow the typical three-step preparation of UF
resin, aiming at determining the changes in the resin chemical struc-
tures [10].

Differential scanning calorimetry (DSC) is widely used to provide
easy and fast cure kinetics evaluation for curing reactions of thermo-
setting resins [24]. A number of studies by DSC have been used to
characterize the thermal curing behavior of liquid and solid UF ad-
hesives and show that they are affected by different molar ratios
[25,26].

Nevertheless, in spite of such studies on the final F/U molar ratio of
UF adhesives, there is still limited information on the influence of the
initial F/U molar ratio on the structure, properties of UF resins and of
the medium density fiber board (MDFs) bonded with them. On the
other hand, there is no extensive information on the thermal analysis
(DSC) UF resins synthesized with different initial formaldehyde/urea
ratio on the literature search. In this work, the effect of three types of
UF resin, prepared by different initial F/U molar ratios, on the curing
and chemical structure of the resin itself has been examined ex-
tensively. The final molar ratio F/U = 1.14 was selected for synthe-
sizing all of the samples. Quantitative '>C NMR and DSC tests were
carried out for analyzing the chemical structure and the thermal curing
behavior of the UF resins prepared, respectively. Medium density fi-
berboard panels were prepared with the sample resins and their phy-
sico-mechanical properties were evaluated. This issue has relevance to
better understand the relationship between initial F/U molar ratio and
the performance of the resin in wood-base panels.

2. Material and methods
2.1. Materials

Urea-formaldehyde condensate (UFC) containing 60% for-
maldehyde with urea percentage of 25% was supplied by Chassbsaz
Company (Sari, Iran). The aqueous solutions of HCOOH and NaOH,
used to adjust the pH level during the UF resin synthesis, were supplied
by Arvand Petrochemical Company and Guangxi Liucheng Chuandong
Fine Chemical Co., Ltd, respectively. Granular industrial urea was ob-
tained by Kermanshah Petrochemical Industries Co. (KPIC), Iran.
Industrial Ammonium sulfate ((NH4)»SO,4), purchased from Urmia
Petrochemical Company, Iran, was used as curing agent of the resin in
MDF production. The chemicals were used as received without further
purification. Wood fibers were provided by Arian Sina, Sari, Iran as a
fiberboard manufacturer.

2.2. UF resin preparation

The UF resin samples were synthesized according to the alkaline-
acid-alkaline process. 1200 g of UFC (60% CH,0, 24 mol) and (25 wt %
urea, 5 mol) along with 450 g H,O were placed in a 3-L three-neck flask
equipped with a condenser, heating, mechanical stirring, cooling de-
vices, and a thermometer. The pH of the solution was adjusted between
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Table 1

The addition of urea at different stages during UF resin synthesis.
Resin UF1 UF2 UF3
Initial F/U for U, stage 1.9 2.1 2.3
U (® 457.9 385.7 326.1
U, (8) 505.4 577.6 637.2

8 and 9 using a 30 wt% NaOH solution. The temperature was then
raised to 40 °C. Subsequently, the first urea (Ul) was then charged to
the reactor. After complete urea dissolution, the temperature was raised
to 90 = 1 °C and maintained for 30 min with a constant pH of 8.2. The
pH was then adjusted to 4.7-5.1 with formic acid (HCOOH) and the
acid-promoted reaction was carried on at 96 = 1 °C to obtain the de-
sired viscosity. The viscosity of the resulting mixture was measured by a
Nr.3 Ford cup (at 50 °C). The reaction mixture was then cooled for
25min, until a temperature of 60 °C was attained. At this point, a
second urea (U2) was added to provide a final F/U = 1.14 M ratio. The
reaction mixture was then cooled down to ambient temperature.
Table 1 shows the proportions of first and second urea added during
resin preparation.

2.3. Resin properties determination

Gelation time, Viscosity, pH, non-volatile solids content, specific
gravity and free formaldehyde content were determined at the end of
each synthesis. The viscosity of the resins was measured by a Ford cup
(Nr.4) at 25 °C. The resins pH was measured with a Metrohm 827 pH-
meter. The non-volatile solids content was determined by evaporation
of volatiles from measuring approximately 1.5 g of resin in a disposable
aluminum dish and taking an accurate weight before and after drying in
a convection oven for 2h at 120 °C. The gel time of the resin, is when
5g of resin sample after addition of 10% (NH4)>SO4 (20% aqueous
solution) as cure catalyst was converted at 100 °C to a high viscosity gel.
The specific gravity values of the liquid resin were obtained by density
hydrometer. The storage stability of the synthesized resins was mea-
sured by placing the resin samples in a convection oven at 30 °C and
checking the viscosity changes daily for 40 days. The formaldehyde
analysis was carried out by the Na,SOj titration method to measure the
free formaldehyde content in the aqueous resin solution.

2.4. 13C NMR spectroscopy

The '3C nuclear magnetic resonance (*3C NMR) spectra were ac-
quired with a Bruker AVANCE 400 and 500 MHz instrument using
Deuterated dimethyl sulfoxide (DMSO-d6) as the solvent. The 40 mg
liquid resin was directly mixed with 10mL of dimethyl sulfoxide
(DMSO-d6) for '3C NMR determination. About 400-600 scans were
accumulated for each spectrum. Spectra were internally standardized
with tetramethylsilane (TMS). Peaks are recorded in ppm downfield of
TMS. All chemical shifts were reported as (ppm) values. The observed
chemical structures and chemical shifts were assigned according to the
literature [27-31]. The relative contents (%) of all methylene carbons
(or molar distribution) were calculated as the ratio of the integral value
of each type of methylene carbon over the total value of all methylene
carbons, from the following formula:

Molar% = 2L x 100%
ZAi

The Ai is the integral area of a methylene carbon, and the ZAi is the
sum of the integral areas of all methylene carbons. The relative content
of different carbonyl carbon atoms in urea were also calculated using
the same method.
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2.5. Differential scanning calorimetry (DSC)

DSC measurements were carried out with a DSC (TA METTLER
TGA/STTA 851, Switzerland) equipped with a thermal analysis (TA)
system and related software. The sample resins were tested by placing
about 3-5mg of each sample into a hermetic pan. A heating rates of
10 °C/min, and a temperature scan range of 30-220 °C, at a pressure of
4MPa, with nitrogen as the flushing gas were selected during the DSC
scanning. As a crosslinking catalyst, 20 wt% solution of (NH,4)»SO4 was
mixed into the UF resin (2 wt% of the dry salt per solid content of the
resin).

2.6. MDFs preparation and determination of properties

The three different UF resins which were synthesized in this work
were initially mixed with water to reach a 55 wt% solids content fol-
lowed by the addition of 2% on total UF resin solids of an oven dry
weight (NH4),SO4 as hardener. The resin samples so prepared were
added and mixed well with the fiber at a ratio of 10:90 wt: wt (solid
content of resin to dried fiber). Finally, laboratory boards of
25cm X 25cm X 10mm  (length X width X thickness) dimensions
were prepared under identical conditions, namely hot-pressed for
5minat 180 °C at a maximum pressure of 3.5MPa. The MDF panels
were prepared at a density of 700 kg/cm®. After pressing, the boards
were stored in a conditioned room (at 20 * 2 °C and relative humidity
of 65 + 5%) [32].

To evaluate the mechanical properties of the panels, the modulus of
elasticity (MOE) and modulus of rupture (MOR) (3 samples from each
board) were measured according to EN 310: 1999. The internal bond
(IB) strength (3 samples from each board) of the manufactured panels
were measured according to EN 319:1999. Physical properties such as
the thickness swelling (TS) after 24 h soaking in cold water (3 samples
from each board) were determined according to the procedure specified
in EN 317:1999. Formaldehyde emission from the MDF panels prepared
was assessed according to EN 120:1999 (perforator method).
Mechanical properties of the MDF panels were measured in an IMAL
(IB600) universal testing machine on the premises of the Arian Sina Co.
Ltd, Iran. The data reported represent the average of multiple mea-
surements.

3. Results and discussion
3.1. Resin properties

The physicochemical properties of UF resins prepared at different
initial F/U molar ratio during resin synthesis are summarized in
Table 2. The effect of the initial molar ratio is markedly related to the
free formaldehyde content of the resin. The actual formaldehyde con-
centration in each case was also measured using the titration method
mentioned in the experimental section, as shown in Table 2. It can be
seen that the high free formaldehyde content in the UF3 resin is caused
by the high initial molar ratio (F/U = 2.3). When compared with other
resins prepared at different initial molar ratios, the free formaldehyde
content decreased with the decrease of the initial molar ratio. In the
resin which was prepared with F/U = 1.9, the excess urea reacts with
the exiting free formaldehyde, and therefore the free formaldehyde

Table 2
Properties of UF resins synthesized with different initial F/U molar ratios.
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content of the resin is reduced. Viscosity is one of the most important
parameters influencing resin penetration, which is an indicator of ad-
vancement of hardening, polymerization, and the number of side
branches in the resultant polymer [33,34]. Resins with a higher-visc-
osity lead to poor resin penetration, while the resins with a lower-
viscosity can cause starved bond-lines because of excessive resin pe-
netration.

It must also be noted that the viscosities of the resins prepared under
the same acid pH with at the same condensation time were completely
different. The condensation potential was increased at the lower initial
F/U molar ratio. As a result, the molar mass of the UF resin is increasing
towards the point where it passes from liquid to a partly gelled state.
The effect of the initial molar ratio was also shown by the measurement
of the resin reaction end point determined by the reaction time required
to achieve the same cloud (turbidity) point during UF resin synthesis. At
higher urea proportions (lower F/U), the condensation stage was faster
than at lower proportions of urea (high F/U). This occurs because there
are more amine groups available to react with formaldehyde.
Furthermore, this accelerates the condensation reactions during resin
synthesis.

As expected, the use of different initial molar ratios has significant
effects on the resins gel time. In general, the non-volatile solid content
of the resin decreased as the F/U molar ratio increased. Differences in
resin specific gravity were also non-significant.

The gel time results indicate that the curing reaction of the initial F/
U = 1.9 resin is slower than that of the other resins. For a lower initial
molar ratio (F/U = 1.9), there is a very limited proportion of free for-
maldehyde in the system. If a same amount of (NH4),SO4 hardener is
added, the effect of time on the pH will become very limited. When an
adequate amount of formaldehyde is not present, the amount of H,SO4
released by (NH4).SO;, is not sufficient to equalize the content of so-
dium hydroxide (NaOH) in the system as in the other molar ratios.

According to the traditional alkaline-acid-alkaline UF synthesis
procedure, the appearance of a cloudy point (turbidity point) indicates
that the condensation has reached the end of the acid stage. Table 2
indicates that the reaction end point for an initial F/U = 1.9 UF resin
was about 35 min as compared to 85 and 215 min, respectively, for F/
U = 2.1 and F/U = 2.3 resins.

3.2. 3C NMR spectra

The effect of the initial molar ratio (F/U;) on resin structure was
investigated by *C NMR spectroscopy. The '*C NMR spectra of resins
prepared at different F/U; are shown in Figs. 2-4. Table 3 shows the '°C
NMR quantitative measurement results for the samples.

The '3C NMR spectra form two main groups. The first group illus-
trates different methylene containing functional groups represented by
a wide range of chemical shifts between 40 and 100 ppm, into three
distinguished sections, each of which is interpreted in detail later. The
methylene bridges can be categorized into three section. The different
carbon of the methylene linkages peaks appeared at 46, 53, and
60 ppm. The signal at 60-61ppm is completely absent in all of resins,
indicating that the methylene bridge (= N-CH,-N = ) was not formed.
The peak of 64-66 ppm is attributed to the hydroxymethyl linkages of
the type -NH-CH,OH. Furthermore, the peaks at 68, 75 and 78 ppm are
assigned to the carbon in type I, II, and III methylene-ether groups

Initial F/U pH SPG" (gr/cm®) Curing time (s) Viscosity (mPa.s) Endpoint (min) Solid content (%) Free Formaldehyde
1.9 8.4 1.270 59 270 35 65.30 0.22
2.1 8.1 1.269 53 230 85 64.40 0.43
2.3 8.3 1.268 50 170 215 63.80 0.71

2 Specific gravity.
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Fig. 1. Proposed formation of methylene, methylene ether linkages and uron structure.

(-CH,OCH,-). The peak at 78 ppm refers to the carbon of the —-CH,-
groups of uron derivatives. The condensation reaction generates, par-
ticularly, methylene-ether group (=N-CH,OCH,N = and —CH, of the
Uron ring) with shift at 77-78 ppm, but the products are minor in re-
lation to the methylene bridge carbons. Weak chemical shifts are found
in the 80-90 ppm range this belonging to free formaldehyde in the
spectrum of UF resin. As shown in Fig. 1 the increase in molecular
weight of the UF resin will result from a combination of reactions
leading to the formation of methylene bridges between aminogroups
nitrogens (-NH,) by the reaction of methylol groups in methylolureas
and amino groups in urea. Methylene ether linkages are also formed by
the reaction of two methylol groups; and uron by the hydration reaction
forming stable five-member rings (Fig. 1).

The second group illustrates the carbonyl carbons region between
150-170 ppm, the assignment depending on the different levels of urea
substitution. The changes in the carbonyl region of the NMR spectra

164 162 160 158 156 154  ppm

WW O w

.

cannot be quantitatively explained. The main reason for this is the very
strong overlap of signals from different environments. The condensa-
tion reaction causes the decrease of the >C signals intensities of car-
bonyls of methylol ureas (159 and 161 ppm). As the condensation ad-
vances this leads to the formation of complicated chemical structures
presenting different substitution patterns. This is evident from the re-
lative increase in intensity of signals in the 159-161 ppm region be-
cause of the continuing substitution on urea amino groups. Intra-mo-
lecular Michael addition [35] of a di or tri-methylolurea can produce
cyclic ether structures, like uron. Although the uron structures were
observed in all resins, the proportion of uron carbonyls are much lower
than those of other carbonyls throughout the whole condensation stage.
This result clearly shows that the formation of cyclic ether structure is
minor in comparison to other methylene ether linkages.

Fig. 2 shows the spectrum of the sample which is prepared by F/
U; = 1.9 and the quantitative results are also listed in Table 3. The
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Fig. 2. '3C NMR spectrum of UF resin with initial F/U = 1.9.
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Fig. 3. ®C NMR spectrum of UF resin with initial F/U = 2.1.

resin synthesis by F/U initial molar ratio 1.9 produced the highest
proportion of methylene linkages as compared respectively to UF2 and
UF3 and also UF1 provided the most methylene-ether groups, but the
least total hydroxymethyl linkages (-NH-CH,OH). Thus, the use of low
F/U initial molar ratio and extension of the reaction to a higher visc-
osity point carried out in this study resulted in increasing the linear
ether linkages content. In summary, the lower content of methylol
linkage (57.07%) are present in F/U = 1.9 compared to 2.1 and 2.3,
confirming and explaining the longer gel time in the F/U = 1.9.

As it can be seen from the quantitative results for the UF resin
synthesized with initial F/U = 2.1 in Table 3, hydroxymethyl groups
maximum (-CH,OH) was reached at 61.31% of reaction. At the first
stage of polycondensation, the steric barrier suppresses the reaction
between two hydroxymethyl groups to form an N-CH,-N bridge, and
accordingly, the formation of methylene ether bridges is faster. The F/
U=21 gave the higher proportion of trisubstituted urea

(-NH-CO-N =) but the lower amount of monosubstituted urea
(NH,—CO-NH-). As shown in Table 3, the uron carbonyls account for
1.94% of the total urea carbonyls, observed in the F/U = 2.1 case,
higher than for initial F/U = 2.1 (1.34%) and F/U = 1.9 (0.7%), re-
spectively. The carbon from unbranched methylene bridge at
46-49 ppm accounts for 10.41% and the peak at 53-55 ppm belonging
to the methylene carbon of the branched bridge -NH-CH,-N =, was
11.77%. The total proportion of methylene ether linkages was calcu-
lated to be 16.51% specially for the -NH-CH,OCH,-NH- (I) type and
for -NH- CH,OCH,OH at 68-70 ppm at most it accounts for 10.73%.
According to data listed in Table 3, the F/U = 2.3 resulted in the
highest proportion of monosubstituted urea (NH,—~CO-NH-) and di-
substituted urea (-NH-CO-N-), but the lower proportion of methylene
linkages and methylene ether groups than other resins. It can be seen in
Table 3 that the type I linear ether linkage at 68-70 ppm only decreased
by 1.04% from F/U = 2.1 to F/U = 2.3. During hot pressing wood-

170 160 150 140 130

120 110 100 90 80 70 60 ppm

Fig. 4. 'C NMR spectrum of UF resin with initial F/U = 2.3.
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Table 3
The relative content of the methylene and carbonyl carbons (%) of UF adhesive
samples by'>C NMR.

Structures Chemical Relative Relative Relative
shifts/ peak area peak area peak area
ppm for for for

F/U=19 F/U=21 F/U=23
(%) (%) (%)

Methylene linkages Total 24.4 22.18 19.8

-NH-CH,-NH- (I) 46-49 12.60 10.41 9.74

-NH-CH,-N= (II) 53-55 11.80 11.77 10.06

= N-CH,-N= (Il 60-61 - - -

Methylene-ether groups Total 18.53 16.51 14.81

-NH-CH,OCH,-NH- (I) 68-70 13.51 10.73 9.69
-NH- CH,OCH,0H

-NH-CH, O CH,-N= (II) 75-77 3.01 3.86 2.69

= N-CH,OCH,N = (III) 78-80 2.01 1.92 2.43
Uron-type ether

Total methylol groups Total 57.07 61.31 65.39

-NH-CH,OH (I) 64-66 52.35 55.38 59.68

-N(-CH,) CH,OH 71-72 4.12 5.55 5.23

HO-CH,-OH 82-84 0.6 0.38 0.3

HOCH,-0O-CH,-OCH,OH 86-88 - - 0.18

Carbonyl groups

NH,-CO-NH- 162-163 17 16.47 19.10

-NH-CO-NH- 160-162 36.30 33.95 38.50

-NH-CO-N = 158-160 46 47.64 41.06

Uron 154-157 0.7 1.94 1.34

1-2 ppm movement to high field occurred for UF resins because more DMSO-dg
was used.

based composites, and curing, further condensation and re-rearrange-
ment, and release of formaldehyde do occur. To scavenge the unreacted
formaldehyde and formaldehyde released by the breakage of the con-
densed resin structures in industrial wood composites during their long-
term use, an excess of urea is necessary. Nevertheless, the use of ad-
ditional urea may influence negatively the UF resin chemical structure
and may show poor adhesion performance when applied to the man-
ufacture of wood-based composites. The peak at 46-49 ppm assigned to
methylene bridge decreased when increasing the initial F/U ratio,
showing that molecular mobility of the UF resin increased with in-
creasing the initial F/U ratio used during its synthesis.

3.3. DSC analysis

Fig. 5 shows typical DSC curves for UF resins which are synthesized
with different initial F/U molar ratios at a heating rate of 10 °C/min
over a temperature range of 30-220 °C. A dynamic DSC scanning of a
UF resin by a controlled heating rate method can provide many in-
formation related to resin curing, such as total reaction heat, onset
temperature, exotherm peak temperature followed by an endotherm
peak temperature.

Table 4 summarizes the DSC thermograms results of the exotherm
peaks for the UF resins synthesized with different initial F/U molar
ratios (Fig. 5). The exotherm peak appearing before 100 °C belongs to
the condensation reaction between primary amide groups of unreacted
urea and methylol groups (-CH,OH). The endothermic heats of reaction
vary widely within the temperature range of 100-140 °C as they are
certainly related to the evaporation of condensed water, free for-
maldehyde, and decomposition of the methylene-ether bridges [36].
Enthalpy of the curing reaction (AH curing) Was measured as the region
under the curing transition peak in the DSC analysis. This region also
presents the total heat liberated during the curing reaction. According
to the isothermal DSC curing curves, the exotherm peak temperatures
were 84.8, 86.2 and 88.7 °C and endothermic peak temperatures were
116.4, 110.8 and 120.3 °C, respectively for the initial F/U molar ratios
2.3, 2.1 and 1.9. The UF resin peak temperature span is the peak
temperature difference between the exothermic and endothermic peak.
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There are some noteworthy results obtained through the DSC test,
such as:

a) The F/U molar ratio 1.9 provided the highest peak temperatures for
both exothermic and endothermic reactions with the highest exo-
thermic heat of reaction, and the biggest peak temperature span.

b) The initial F/U molar ratio 2.3 resulted in the lowest peak tem-
perature for the exotherm, but in the highest heat of reaction for
both the endotherm and exotherm than the other resins,

c) The resin which is synthesized with an initial F/U = 2.1 presented a
lower endothermic heat of reaction but an exotherm enthalpy lower
than that of the initial F/U = 2.3 resin.

d) The enthalpy of the curing reaction (AH exothermic) of the initial F/
U = 1.9 ratio UF resin was the lowest, compared to those of the
other resins. It was expected that the longer gel time of the UF resin,
prepared with F/U = 1.9, could give a greater exothermic heat of
reaction, but this was not the case.

3.4. Storage stability

The storage stability of the synthesized resins is as an important
property from both an economical and an environmental point. They
are shown in Fig. 6. Having low stability during storage is a dis-
advantage, imposing strict limits in term of allowable shipping distance
and storage life. In storage stability tests, the samples have been al-
lowed to stand at room temperature (~24 °C) and the viscosity changes
have been checked daily for 50 days.

As it can be observed, the resin with low initial molar ratio (F/
U = 1.9) gave the fastest increase in resin viscosity and the lowest shelf
life, eventually gelling in about 20 days. This could be related to a
higher proportion of methylene-ether bridges, methylene linkages,
lower content of hydroxymethyl (-NH-CH,OH) groups and other fac-
tors. The resin with the lower initial molar ratio has the least number of
side-chain branches as well as the highest amount of free amino lin-
kages -NH, on the UF polymer chain.

The resin synthesized at F/U; = 2.3 showed the best storage stabi-
lity compared with the other initial F/U molar ratios, which can also be
related to the results obtained from the *C NMR analysis.

3.5. Physical and mechanical properties of MDFs

The average value of the mechanical properties and the free for-
maldehyde emission from the MDFs bonded with the urea for-
maldehyde resins are shown in Table 5. Results showed that the initial
F/U molar ratio in the UF resins was the most significant factor influ-
encing MDFs samples.

According to Table 5, the highest IB, MOR, MOE and the lowest
thickness swelling were found for the panels bonded with the UF resin
prepared with F/U = 2.1. Initial F/U = 2.1 showed several favorable
resin properties, namely; a) adequate methylene bridge proportion for
great cohesive strength of cured resin and great resistance to hydrolytic
degradation, b) the lowest endothermic heat of curing indicating easier
removal of moisture during resin curing.

One of the most significant results of this study is that reducing the
initial F/U molar ratio in the UF resins reduces the amount of free
formaldehyde in the boards. Table 5 presents the result for free for-
maldehyde emission. As expected, the formaldehyde content of MDFs
made with the resin with F/U initial molar ratio of 2.3 is considerably
higher. The formaldehyde emission is determined from different
sources: unreacted formaldehyde, hydrolysis of methylene-ether lin-
kages and hydrolysis of hexamine. Moreover, the UF resin with F/
U = 2.3 has the highest proportion of hydroxymethyl linkages (mostly
—-NH-CH,OH), which causes free formaldehyde emission because of the
reversibility of alkaline hydroxymethylation reaction between urea and
formaldehyde. The most striking effect of the UF resin with F/U = 1.9
was its lowest free formaldehyde emission. These results may be related
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Fig. 5. DSC curves of UF1(F/U = 1.9), UF2(F/U = 2.1), UF3(F/U = 2.3) resins at a heating rate of 10 °C/min.

to the lower free formaldehyde content and hydroxymethyl end groups
as well as amino group -NH, which can react with more free for-
maldehyde and methylol groups in the condensation step. Many studies
investigated the crystalline and domain size of UF resins with different
F/U molar ratios. As the F/U molar ratio decreases, the crystallinity of
cured UF resins increases. As well as the UF resins with lower F/U molar
ratios (about 1) showed crystalline regions, the hydrolytic stability of
cured UF resins improved, but decreased when the particle size de-
creased. Conversely, these crystalline regions did not change, de-
pending on cure temperature and time, hardener type and level, which
suggested that the crystalline regions of the cured of UF resins were
inherently present [37,38]. By decreasing the initial F/U molar ratio,
the formaldehyde content of the UF resin so prepared will be lower,
which leads to a decrease the proportion of hydroxymethyl groups
especially of the -NH-CH,OH. Thus, this condition would influence the
physical-mechanical properties of the MDFs produced. MDFs bonded
with the initial F/U = 2.3 synthesized UF resin yielded the most me-
thylol groups, monosubstituted and di-substituted urea. Conversely,
they presented the lowest proportion of methylene and ether linkages.
Table 5 shows that the F/U = 2.3 has relatively good performance.

The poor internal bond (IB) strength of UF resins synthesized under
a F/U = 1.9 initial molar ratio, could be explained by the fact that the
hydroxymethylol groups proportion of a UF resin decreases with a de-
crease of the initial F/U ratio. In the other words, a decreased methylol
groups proportion in a UF resin induces a greater flexibility (i.e., less
rigidity) of the molecular network formed. This could cause a lower
cohesive strength, and result in a poorer performance with a lower
bond strength and a higher thickness swelling.

Table 4

4. Conclusions

This study examined the effect of different initial F/U molar ratios
in UF resin synthesis and its relation with the properties of the resins
and of the MDF bonded with them. The urea-formaldehyde resins were
formulated with three different initial F/U molar ratio of 1.9, 2.1 and
2.3, respectively, during resin synthesis while maintaining a final resin
molar ratio of F/U = 1.14. These resins have been extensively eval-
uated by '>C NMR, DSC and storage stability analysis and finally the
physical-mechanical properties of the bonded MDFs have been in-
vestigated. Resins which are synthesized by an initial F/U = 2.1 re-
sulted in the best MDF performance with the exception of formaldehyde
emission. Accordingly, highest IB, MOR, MOE and lowest TS, correlated
to the lowest exothermic heat of curing and formation of a tighter cross-
linked network in the cured resin. This better performance of MDFs
bonded with the resin at initial F/U = 2.1 compared to the other resins
can be the consequence of various parameters, such as: a) an increased
methylol groups content, enhancing the number of hydrogen bonds
between the adhesive and the wood surface and increasing the initial
bond strength of the adhesive, b) adequate viscosity due to the higher
reactivity, c) lowest exothermic and endothermic peak temperatures
and smallest peak temperature span. The resin with an initial F/U = 1.9
yielded significantly higher viscosity and longer gelation time than the
other initial molar ratios and also yielded the highest peak temperature
for both exothermic and endothermic peaks, with the lowest for-
maldehyde emission (FE) as confirmed by 13¢ NMR spectra (lowest
proportion of hydroxymethyl groups). The resin with initial F/U = 1.9
ratio negatively affected both physical and mechanical properties of the
MDF board, with higher thickness swelling (TS) but lower MOR and
MOE as well as IB values. This poor performance could be related to the

Peak temperatures for the curing reaction of various initial F/U molar ratios UF resins determined by DSC measurements at 10 °C/min heating rate.

Initial F/U molar ratios Exothermic Peak Exothermic AH (J/g)
1.9 88.7 34
2.1 86.2 43
2.3 84.8 46

Endothermic Peak Endothermic AH (J/g) Peak temperature span

120.3 234 31.6
110.8 68.83 24.6
116.4 294 31.6
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Fig. 6. Storage stability of UF resins with different initial F/U molar ratio.

Table 5
The physical and mechanical analysis of the MDFs produced with different
resins.

Properties fiberboards ~ Unit F/U=19 F/U=21 F/U=23

1B MPa 0.45 0.57 0.54

MOE MPa 2036 2154 2082

MOR MPa 21.92 22.43 21.97

TS % 17 13 15

Formaldehyde mg (100 g oven 6.8 8.5 11
emission dry board)

molecular mobility of the cured UF resin network. With the lowest
formaldehyde emission, the F/U = 1.9 M ratio resin resulted in the best
performance in term of formaldehyde emission. It was observed that the
properties of a resin synthesized with an initial F/U = 2.3 M ratio, was
rather close to the properties of resins synthesized with F/U = 2.1.
Initial F/U = 2.1 and 2.3 M ratio resins produced a decrease in the
proportion of methylene and linear ether bridges and an increase in
methylol groups. However, the resin synthesized with F/U; = 2.3
showed the best storage stability compared with the other initial F/U
molar ratio resins.
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