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Abstract Thermal behaviour of industrial UF resins
modified by low level of melamine was followed by
TG-DTA technique on the labsys'™ instrument Setaram
together with the '>*C NMR analysis of resin structure and
testing boards in current production at Estonian particle-
board factory Parnu Plaaditehas AS. DTA curve of UF
resin which has been cocondensed during synthesis with
even low level of melamine shows the shift of condensa-
tion exotherm and water evaporation endotherm to con-
siderable higher temperatures. The effect of melamine
monomer introduced to UF resin just before curing was
compared. The effect of addition of urea as formaldehyde
scavenger was studied.

Keywords Curing - '*C NMR - Particleboards -
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Introduction

Formaldehyde emission from urea—formaldehyde(UF)
resin-bonded wood products is a major problem in the
particleboard and plywood industry [e.g. 1-9]. In the
studies of many authors it has been pointed out that
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formaldehyde is mainly emitted from the following sour-
ces: residual formaldehyde in the resin; formaldehyde
generated by condensation reactions between hydroxy-
methyl groups and formaldehyde released by hydrolytic
degradation of weakly bonded structures in cured resins.
The reversibility of the aminomethylene linkage in UF
resins explains the susceptibility to hydrolysis [4].

During recent years, a lot of work has been done in
Europe to reduce the value of the emittable F from wood-
based boards to the world’s toughest emission standard—
the Japanese F standard, applicable to fixed interiors and
building materials [5]. This limit for F of 0.3 mg L™" (by
desiccator method) for particleboards was found to be
equivalent to 0.04 mg m > in the European chamber test
and 2.8 mg/100 g board by the perforator test. Today,
particleboards of El emission class in Europe is still
dominating and the present level is of about 5 mg/100 g
board [8]. Demand for UF resin of reduced emission has
grown recently, therefore the synthesis of low-emittable
formaldehyde resins has been studied by several authors
using various modifiers, e.g. melamine, phenol, resorcinol
and borax [10-18].

The release of formaldehyde is predominantly deter-
mined by the mole ratio of formaldehyde to urea (F/U) in
the adhesive system. The lower the mole ratio, the lower
the post-production formaldehyde emission out of the
produced board. However, the reduction of the F/U ratio
has great impact on the properties of the adhesive. Free
formaldehyde in the resin is necessary to induce the
hardening reaction through the reaction with the hardener;
hence, this reduces the reactivity of the resin resulting in a
prolonged curing time. Also, because formaldehyde serves
as a crosslinker of the chains, the degree of crosslinking
decreases in the cured network causing lower mechanical
properties. An alternative for overcoming the undesired
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reduction of the ratio F/U is the addition of scavengers
binding free formaldehyde that is released during resin
curing. This is attained mainly by the addition of sub-
stances containing NH or NH, groups [8, 15]. In general,
known and used in particleboard manufacturing practice is
the method of binding free formaldehyde with urea [e.g.
16, 19, 20]. The incorporation of a low content of mela-
mine during the synthesis of UF resin is described by
several authors [e.g. 6, 11, 12, 15]. Considering the high
price of melamine, the content of melamine in resins is
reduced to as low as possible depending on recommended
emission level.

Curing behaviour of regular UF and modified UF resins
has been studied by many different methods mainly using
DSC [13, 18, 21], DMTA [18], DMA [12] and gravimetric
analysis [7]. In the present study, the curing process of
melamine-modified UF resins was followed by the TG-DTA
technique which makes it possible to simultaneously reveal
the heat of curing process and the thermal stability of cured
resin. Thermal behaviour of modified UF resins was studied
together with the '>*C NMR spectroscopic analysis of resin
structure and testing particleboards in current production at
Estonian particleboard factory Pdrnu Plaaditehas AS.

The objective of the study was to evaluate thermal
behaviour of selected industrial resins and to compare the
properties of particleboards bonded by these resins. The
final result of the investigation is expected to contribute the
production of low formaldehyde-emittable particleboards.
The study of the curing process of modified UF resins and
thermal stability is of great importantance both from the-
oretical and practical point of view.

Experimental

For the present study, three modified UF resins were
obtained from commercial sources and derived from the
current production line of Pirnu Plaaditehas AS. UF resins
of with low melamine content were selected and labelled as
UFM1, UFM2 and UFM3. Thermal behaviour of these
resins was studied and compared with that of regular UF
resins of the same enterprises UF1 and UF2. Likely
enough, used modified resins are manufactured by different
technology but for the all modern commercial resins is
common the low F/(NH,), mole ratio in the narrow ranges
of 0.85-1.1 for reducing formaldehyde emission. In
Table 1, the standard characteristics of the studied resins
are presented.

Industrial resins from different enterprises, presumably
of different synthesis procedures may reveal different
curing parameters.

Earlier, the laboratory resins with low level of melamine
of 2-6 mass% were synthesised and tested [16]. The
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Table 1 Standard analysis of industrial UF resins

Characteristics UF1 UF2 UFM1 UFM2 UFM3

Dry solids 105 °C, 3 h/% 69.0 68.0 69.1 68.2 67.0
pH 25 °C 8.6 8.0 8.5 7.9 8.5
Viscosity 25 °C/mPa s 305 361 305 345 306

Density 25 °C/g cm ™ 1.280 1.288 1.285 1.297 1.290
Gel time 100 °C/s 54 49 104 92 80
Free formaldehyde/% 0.12 <02 0.15 <02  0.15
Water tolerance 1:3 1:6 1:5 1:4 1:3
Mole ratio F/U + M 1.06  1.065 1.00 0.95 0.90

synthesis was as a typical multistep procedure with the first
reaction stage of F/U = 2.1, after acidic condensation
followed by the reaction of melamine in alkaline media,
and the second part of urea was added to mole ratio of
components as F/U + M = 1.05. In [11], laboratory resins
were synthesised with melamine levels up to 10 mass%.

The chemical structure of resins was analysed by high
resolution *C NMR spectroscopy on a Bruker AMXS500
NMR spectrometer with '*C frequency at 125.77 MHz at
25 °C from DMSO-dg solutions by 5 mm '*C-'H dual
probehead. Spectra were accumulated into 32 K data point
and processed using exponential multiplication with 2 Hz
line broadening into 128 K spectra, 25,000-30,000 scans
were accumulated. Chemical shifts were reported respec-
tively to DMSO-d¢ central signal at 39.5 ppm. The peak
assignment is according to our previous studies [e.g. 19]
and those of the other authors [e.g. 6]. The integral values
of main structural groups define the resin structure. On the
basis of integral intensities in '*C NMR spectra, the dis-
tribution of bound F between different chemical groups in
the region of 40-100 ppm was determined (Table 2).
Carbonyl region of 150-165 ppm gives the content of free
urea, mono- and di(tri)substituted urea and triazine region
of 166—168 shows the substitutions of melamine. Based on
the ratios of characteristic signal intensities of triazine
carbon of melamine and carbonyl carbon of urea in
13C NMR spectra, the melamine/urea mole ratio in the
resins was estimated.

TG-DTA measurements were carried out as in our ear-
lier studies [e.g. 22, 23] by a labsys™ instrument Setaram
with the heating rate of 5 K min~', measuring sensitivity
50 pV. Temperature of samples ranged from 20 to 450 °C,
and the measurements were recorded in nitrogen flow
(40 mL min™"), the mass of the samples being 10-15 mg.
The TG-DTA analysis was carried out using an open
standard platinum crucible (100 pL). As a reference, an
identical empty crucible was used. DTA, TG and DTG
curves were registered considering reference runs at the
same experimental conditions. The heat flow on DTA
curves was expressed in pV s/mg. Enthalpy of the curing
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Table 2 '>C NMR analysis of UF resins modified with low melamine content
Structural fragment ppm UF1 UF2 UFM1 UFM2 UFM3
Distribution of bound formaldehyde
Methylenes
HNCH,NH 45-48 16.8 124 12.7 14.3 14.5
HNCH,N(CH,) 52-54 144 17.3 14.9 14.8 14.3
N(CH,)CH,N(CH,) 59-60 1.0 1.2 1.1 1.2 0.5
Methylols
HNCH,OH 64-65 47.4 35.8 41.1 31.9 42.7
N(CH,)CH,0OH 70-71 4.3 15.2 8.2 14.9 8.4
N(CH,OH), 67-68
Dimethylene ethers
HNCH,OCH,NH 68-70 9.6 0.7 9.3 12.9 11.1
N(CH,)CH,OCH,NH 74-75 2.0 4.7 3.7 5.3 3.0
Methylene methylethers
HNCH,0CHj; 73-74 3.0 0.6 32 1.5 35
N(CH,)CH,0CHj3 77-79 0.7 0.5 2.6 1.3 0.9
Amine N(CH) 57-58 0.2 0.2 04 0.6 0.4
Methylene glycols (formaldehyde) 83-95 0.6 1.4 2.8 1.3 0.7
Carbonyl region
Free urea 161 21.2 30.8 27.4 32.8 33.7
Monosubstituted urea 159-161 46.6 35.8 50.5 344 38.2
Di- and trisubst. ureas 158-159 28.3 314 194 29.3 26.2
Cyclic ureas 39 2.0 2.7 35 1.9
Triazine region
Free melamine 168 - - Unresolved
Monosubstituted melamine 167-168 27.9 32.5
Di- and trisubstituted melamine 166-167 72.1 67.5
Triazine/carbonyl mole ratio - - 5.2/94.8 3.2/96.8 4.6/95.4

reaction is not exactly determined, as the characteristic
exoeffect in DTA curve frequently is overlapped by water
evaporation endotherm. The exothermic peak temperatures
(Tp) and mass loss values are the certain indices to char-
acterise the curing system. Resin cure was catalysed with
2% of ammonium chloride (20% solution). The interpre-
tation of DTA curves is based on our earlier investigations
in the field of UF and MUF resins [19, 22].

Results and discussion

In Table 2, the data from '*C NMR spectroscopic analysis
of melamine-modified commercial resins are presented in
comparison with regular UF resins.

As it can be seen from table, the total content of main
structural groups (methylenes, methylols and dimethylene
ethers) is quite similar. The greatest difference lies in
the content of unreacted urea in resins which appears to
be substantial in mixing adhesive for particleboard

manufacture. The condensation degree (content of methy-
lene groups) is to some extent lower in case of melamine-
modified resin as compared to regular UF resin. The value of
molar ratio triazine/carbonyl refers to the content of mela-
mine in resins approximately of 1.5-2.5 mass%. The specific
for UF2 and UFM2 is the high content of branched methylols
which condensation leads to the tighter resin network.

In Figs. 1 and 2, typical thermograms of the industrial
UF1 and UF2 resins cured with 2% of NH4CI are pre-
sented. Both thermograms reveal the similar shape of DTA
and mass loss curves. The exothermic peak temperatures
(Tp) of U-F condensation are situated at 81 and 83 °C and
water evaporation endotherms at 103 and 111 °C, accord-
ingly. Although UF2 show a lower gel time at 100 °C
(Table 1), the remarkable higher content of branched
structures as compared to UF1 (Table 2) causes differer-
ences in the peak temperatures, particularly differs rate of
water evaporation during condensation (7, = 103 and
111 °C). Noticeable degradation of cured resins begins
above 230 °C with T, = 230 and 231 °C. For comparison
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Fig. 1 TG-DTA thermogram of regular UF1 curing with 2% of
NH,Cl1
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Fig. 2 TG-DTA thermogram of regular UF2 curing with 2% of
NH,Cl

of the resins’ mass loss in all experiments, these values are
pointed out at the same temperature of 200 °C, that is after
proceeding curing and before resin degradation. In Figs. 1
and 2, these values are similar for both resins, 31-32
mass%.

The situation is different if even a little amount of
melamine is incorporated in UF resin structure during
synthesis. As it was mentioned above, the synthesis of
modified resin is usually realised as a multi-step procedure
[11, 16]. The melamine content influenced the resin
structure during curing by increasing the branched-type
methylene bond, curing process proceeds in larger tem-
perature ranges than that of regular UF resin and the shape
of the curing curve for melamine-modified resin is differ-
ent. The more cross-linked structure in the cured resin
contributes to greater bond strength.

In Fig. 3, the thermogram of melamine-modified resin
UFMI1, estimately containing 2 mass% of melamine
(Table 2) is presented. As compared to UF1, DTA curve of
cocondensed with melamine resin shows the shift of U-F
condensation exotherm by 6 °C (T, = 87 °C), the broad
peak at 107 °C is revealed and water evaporation endo-
therm is shifted (T, = 117 °C). The peak at 107 °C can be
attributed to the reaction of melamine amino groups with
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Fig. 3 TG-DTA thermogram of modified UFM1 curing with 2% of
NH,Cl

urea methylol groups. Noticeable higher curing tempera-
ture in case of cocondensed with even small amount of
melamine is explained by the buffering capacity of triazine
ring. The mass loss value is the same as in case of UF1 (31
mass%).

The thermogram of UFM2 (Fig. 4) also shows the shift
of peaks to considerable higher temperatures. As the con-
tent of melamine in this resin is lower (Table 2), the peak
of urea—melamine cocondensation on DTA curve is not
revealed but the shift of shoulder from 100 to 121 °C gives
evidence about of formation of additional linkages. UFM2
reveal water evaporation at 7, = 122 °C. High content of
branched methylols in resin (Table 2) causes the formation
of more branched structure during curing. Mass loss of
UFM2 up to 200 °C is low as compared to UFM1 due to
hindered water evaporation from tighter network of cured
resin.

In Fig. 5, TG-DTA thermogram of resin UFM3 is
shown. A little exotherm (T, = 100 °C) may be attributed
to urea—melamine reaction [22]. The exotherm shows
smooth transition to endotherm with 7, = 108 °C. The
evaporation of water at considerable lower temperature
compared to the other resins refers to insufficient cross-
linking of network structure depending on the low mole
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Fig. 4 TG-DTA thermogram of modified UFM2 curing with 2% of
NH,CI
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Fig. 5 TG-DTA thermogram of modified UFM3 curing with 2% of
NH,CI

ratio of FI/U 4+ M and high content of unreacted urea in
UFM3 (Fig. 5).

In regards to reducing formaldehyde emission from
particleboards, several authors have noticed that more
effective than the incorporation of melamine into resin
structure during synthesis is the addition of melamine
monomer into adhesive mix just before curing [e.g. 15].
Considering the sufficient content of reactive methylol
groups in all UF resins (~50% of bound formaldehyde),
cocondensation reaction should take place readily between
methylols and melamine amino groups during curing.

The experiments were performed to follow thermal
behaviour of UFI resin with melamine monomer added
directly before curing in amount approximately corre-
sponding to quantity in cocondensed resin (2 mass%). In
Fig. 6, the enlarged curing peaks of regular UF1, UF1 with
2 mass% of added melamine and cocondensed with
assumably 2% of melamine UFMI1 are compared. DTA
curves 2 and 3 show that U-F homocondensation reaction
takes place at similar temperatures in both state of mela-
mine (7, = 86 and 87 °C) but water evaporation begins
earlier in case of directly added melamine (7, = 113 and
117 °C). It can be seen from Fig. 7 that, although the rate
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Fig. 6 DTA curves of curing: / regular UF1, 2 UF1 with 2% of
added melamine, 3 cocondensed with 2% of melamine UFM1
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Fig. 7 Mass loss curves of: / regular UF1, 2 UF1 with 2% of added
melamine, 3 cocondensed with 2% of melamine UFM1

of water evaporation during condensation reactions is dif-
ferent in all cases, the total of mass loss at 200 °C is
similar, approximately 31-32 mass%.

A higher melamine amount (5 mass%) introduced to
resin just before TG-DTA test should lead to more con-
densed structure compared to resin with lower melamine
content and the cure temperature should increase with
increasing melamine levels. The experiment shows that the
location of both exothermic and endothermic peaks T, are
not shifted. The mass loss value in case of 5 mass% of
melamine is somewhat higher (33 mass%) than that of in
case 2 mass% melamine due to greater extent of cocon-
densation. The results in [10] show that a reduction in
formaldehyde emission by increasing the melamine content
has limitations. The reason may be in the high content of
unstable dimethylene ether structures in melamine-con-
taining resins [23] especially under high humidity and high
temperature circumstances.

TG-DTA analysis of selected resins confirms the fact
proved also in particleboard manufacture that higher tem-
perature or increased time are needed to cure melamine-
modified resins in practice.
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Fig. 8 DTA curing curves of: / UFM1, 2 UFM1 with 7% of added
urea
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Table 3 Physical and mechanical properties of melamine-modified UF resins-bonded particleboards

PB/mm  Wood material Dry resin/  Urea/% dry Press time  Density/kg/m®>  Bending IB strength/Mpa  Free F/PB/
————  PB/kg/m® resin/core layer  factor To/s strength/MPa mg/100 g
Chips  Sawdust
UFI
10 20 80 68.8 6.5 110 671 13.0 0.43 5.8
18 20 80 63.7 55 180 669 14.0 0.37 5.7
22 20 80 55.8 6.0 205 625 12.5 0.31 5.5
UFM1
15 23 77 65.4 8.5 140 620 12.0 0.32 3.9
15 23 77 65.4 8.5 140 623 11.5 0.32 3.8
15 23 77 65.4 8.5 150 650 124 0.39 3.6
22 23 77 63.3 8.5 230 629 12.4 0.35 33
22 23 77 63.3 8.5 230 620 11.7 0.31 34
UFM?2
15 42 58 67.2 0 140 615 11.9 0.14 4.3
15 42 58 67.2 0 150 620 12.7 0.20 4.1
15 42 58 67.2 0 160 630 13.1 0.21 4.0
15 14 86 67.2 2.0 160 637 13.7 0.24 3.6
15 14 86 67.2 4.0 160 626 12.6 0.23 3.1
15 14 86 67.2 6.0 160 637 13.5 0.20 29
15 14 86 67.2 8.0 160 628 12.8 0.18 2.7
18 14 86 66.2 4.0 190 607 13.2 0.20 3.0
18 14 86 66.2 8.0 200 636 13.2 0.18 2.9
22 14 86 62.8 4.0 240 588 11.0 0.14 2.7
22 14 86 62.8 8.0 240 570 10.6 0.15 2.6
UFM3
15 42 58 66.5 - 170 645 12.5 0.14 39
15 42 58 66.5 - 170 619 13.0 0.12 3.8
18 42 58 66.2 - 205 610 13.9 0.19 3.8
18 42 58 66.2 - 205 613 13.1 0.18 3.6
22 42 58 63.7 - 240 623 12.7 0.12 4.4
22 42 58 63.7 - 240 626 13.0 0.11 4.2
The industrial experience of manufacturing particle-  Plaaditehas AS, the addition of urea as formaldehyde

boards is proved that, for producing boards of El emission  catcher up to 7-8.5 mass% has been used depending on the
class, formaldehyde scavengers are needed. In Pdrnu  properties of initial resin and wood materials. All the more,
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this point is essential for reducing formaldehyde emission
below 4 mg/100 g. Thermal behaviour of the focused
melamine-modified resins with 7 mass% of urea is studied.
In Figs. 8-10, the enlarged peaks of UFM resins in the
curing ranges up to 200 °C are illustrated.

DTA curves of resins UFM1 and UMF2 (Figs. 8, 9)
show that the addition of 7 mass% of urea before curing
accelerates the condensation reactions which takes place
between free amino groups of added urea and resin meth-
ylol groups while U-F homocondensation temperatures at
87 or 88 °C being as the same. Water evaporation endo-
therms of both resins is shifted to considerable lower
temperatures. TG curves showed that the mass loss values
before degradation of cured resin at 200 °C. In the case of
UFM1 was approximately the same if cured the resin
without additive and with 7% of urea being ca 31%. In the
case of UFM2 these values are 26 and 28.7% accordingly.
Depending on the higher content of branched structures in
UFM2, the evaporation of water from resin network is
restricted. Due to higher content of unreacted urea in initial
resin, cocondensation reaction proceeds deeper.

Different situation reveals in the case of UFM3 in which
due to the low mole ratio of F/(NH,), and high content of
unreacted urea deficiency of formaldehyde for additional
urea is revealed. This changes the shape of DTA curve and
broadens the condensation region to the higher temperature
(Fig. 10).

In Table 3, physical and mechanical properties of par-
ticleboards bonded with melamine-modified resins UFM1,
UFM2 and UFM3 for selected thicknesses are presented. In
regards to the main goal of the factory which is getting
prepared for the production of particleboards of formal-
dehyde emission down to 4 mg/100 g board (between El
and EO emission class) it can be judged that it can be
attained by suitable manufacturing technology. The amount
of added urea as scavenger depends on the content of
formaldehyde in the used resin. The value of formaldehyde
emitted decreases with increasing the content of added
urea. In the case of UFM3 containing high level of unre-
acted urea, the boards were manufactured with additional
urea.

Comparing the mechanical properties of boards bonded
with these resins, it should be noted that all boards corre-
spond to the standard for P1 boards. The internal bond (IB)
is the most sensitive physical characteristic depending on
the crosslinking density of cured resin network. IB strength
shows the highest values in the case of resin UFM1 (mole
ratio of F/U + M = 1.0, Table 1) with more advanced
structure. UFM3 shows lower 1B values compared to the
other resins due to the low mole ratio of F/U 4+ M. It can
be seen from Table 3 that melamine-modified resins need
longer press time as compared to UF1 resin to attain the
needful crosslinking degree. Alongside with other

parameters, the pressing rate is dependent on the reactivity
of the resin-catalyst combination.

Conclusions

Thermal analysis of low-level melamine-modified resins
using TG-DTA technique confirm the fact that higher
temperature or increased time are needed to cure mela-
mine-modified resins in practice. Incorporation of low
amount of melamine monomer (2-5 mass%) into UF resin
just before curing shows curing exotherm at lower tem-
perature as that of cocondensed with melamine during
synthesis of UF resin. TG-DTA measurements together
with '*C NMR structural analysis of resins provide useful
information for the manufacturing of particleboards. The
effect of addition of urea as formaldehyde scavenger on
thermal behaviour of studied systems was followed. 7
mass% of urea, added before curing, accelerates the con-
densation reactions, shifting exothermic and endother-
mic peaks to lower temperatures. By comparing the
thermal behaviour of selected resins, reasonable process-
ing parameters for manufacturing boards were recom-
mended. The content of even low level of melamine in
resin contributed to the improved formaldehyde emission.
As compared to regular UF1, perforator value below
4 mg/100 g board can be attained at corresponding to P1
board standard mechanical properties.
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