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New Curing System of Urea-Formaldehyde Resins
with Polyhydrazides II."

Curing with poly (methacryloyl hydrazide)*
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A new curmg system for urea- formaldehyde (UF) rwns ‘was investigated using poly (methacryloy]
hydraz:de) as the curing reagent. Results were as follows :

1) Gel time and the water-soluble part of cured resins were determined as function of pH and molar
ratio [hydrazide group/ (free formaldehyde+ methylol group) ]. It was found that the reaction in this
system proceeds for a short time under neutral conditions, and that the reaction of hydrazide groups
with UF resin involves two stages with the second stage occuring at a rather high temperature.

2) The adhesive shear strength of lap-joint specimens prepared under the new system was compara-
ble to that by conventional curing with ammonium chloride, although it decreased after watersoak-
ing at 60°C.

3) The adhesive strength of plywood specimens decreased as the molar ratio increased.
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4) A remarkable reduction of formaldehyde emission from plywood was recognized in the applica-

tion of the new system.

Keywords

1. INTRODUCTION

In our previous paper,” we reported that a new
curing method for urea-formaldehyde (UF) resins had
been developed, and that its practical applicability for
wood adhesives was evaluated by testing the bond
strength of plywood. The method is based on the
simple mixing of UF resins with dihydrazide com-
pounds under neutral conditions without using con-
ventional curing agents such as ammonium chloride
or acids. It was concluded that the hydraiide group
has two or three functions against formaldehyde or
the methylol group of UF resins, and that dihydrazide
compounds work as curing agents (hardeners) of UF

This paper reports on the utilization of hydrazide
polymer as a hardner of UF resins. Poly(metha-
cryloyl hydrazide) (PMAH), which was synthesized
easily from poly(methyl methacrylate) (PMMA),
was investigated on its practical applicability as
wood adhesive. The level of formaldehyde emission
from the final products also was compared with the
curing method with ammonium chloride.

2. EXPERIMENTS

2.1 Urea-Formaldehyde Resins

Two commercial UF resins, Ul and U2, were used
as well as a commercial urea-melamine copolymer
resin (UM). The free formaldehyde and methylol
group contents of these resins were determined by
conventional titrations, the ammonium chloride
method, and iodometry. Results and other character-

Characteristics of three commercial resins.

Formaldehyde
Resin( ‘;o)ntent content (%)
(] methylol F
62.5 17.4 2.2
ve 51.9 8.6 0.4
UM 95.0 10.7 0.6

U): UF resin for wood working at room temper
ature.

U 2: UF resin for making plywood.

UM : Urea.melamine copolymer resin.

urea-formaldehyde resin, hydrazide polymer, neutral curing, formaldehyde esission.

istics are shown in Table 1.
2.2 Preparation of Poly (Methacryloyl Hydrazide)
(PMAH)?»

A commercial PMMA (Wako Chemical Company,
Mn 3.29X10*) was used. The solution of PMMA (96.
5g) in hydrazine hydrate (500 ml) was refluxed for 24
hrs. Crude PMAH was precipitated from methanol
(10 1) containing 20 ml of acetic acid. The precipitate
was filtered off, dissolved in 500 ml of water, and then
purified by repeating reprecipitations with methanol,
followed by éir-drying and succesive drying in a
vacuum. Yield of PMHA was 60 g. Carbon 13 nuclear
magnetic resonance (*C-NMR in D,0) : 17.5-20.0
ppm (CH,), 43.0-47.0 (CH,), 55.1-62 (C), 177.4-177.8
(CONHNH,).

2.3 Gelation Time of UF-PMAH Reaction

PMAH was used as a 10% aqueous solution, and its
pH was 7.8. It was mixed with UF resin at various
molar ratios. The pH adjustment of the mixture of
UF resin (U1) and PMAH was made with IN NaOH
and 1IN CH,;COOH. Gelation time was measured at
20°C, and each value shown in the figures was based
on the average of three measurements. The molar
ratio of the hydrazide group to formaldehyde was
based on the following equation.

Molar ratio (CONHNH,/HCHO) =3x10°
(h/Mwf). (1)
Here, h: weight of PMAH (g),
M : molecular weight of repeating unit of
PMAH (100),
w : weight of UF resin (g), and
f: formaldehyde content determined by
iodometry (%).
Gel time was measured as functions of pH and molar
ratio, and was determined by the time for the mixture
to solidify at 25°C.
2.4 Determination of Water-Soluble Part of Cured
Resins

The mixtures of UF resins (U1) with PMAH were
allowed to stand at room temperature for six or seven
days. Half of the amount of each sample was treating
at 110°C for 5 hrs. About 1g of the cured sample was
soaked in 10ml of water at 60°C for 5hrs. The
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aquecus solution was evaporated to dryness and
vacuum-dried.
2.5 Adhesive Shear Strength Test of Lap-Joint

Adhesives were prepared by quantitative mixing of
a 30% aqueous solution of PMAH with UF resin (U1
just before using. The average solid content of the
mixtures ranged from 30 to 40%. Wood specimens
were Makamba (Betula maximowicziana Regal).
The size of specimen and bonding areas were 80 mm
(length) X 25 mm (width) x5 mm (thickness} and 3.75
cm?, respectively. The bonding conditions were as
follows: open and closed assembly time, 0 and 3-4
days; bonding pressure, 0.98 N/mm*. The hot press
was applied at 110°C for 5 hrs. The adhesive strengths
were evaluated both under normal conditions and
after soaking in water at 60°C, and were measured
with a Tensilon tensile testing machine (Toyo Bal-
dwin Co.) with a crosshead speed of 10 mm/min.
2.6 Preparation of Plvivood

Lauan veneers (Shorea sp) (30X30X2mm) was
used for 3-ply plywood. Adhesives were prepared by
quantitalive mixing of a 15% aqueous solution of
PMAH with UF resin (U2). The bonding conditions
were as follows: closed assembly time, 5-10 min;
spread rate, 30 g/(30%30) cm?; hot press tempera-
ture, 115°C; pressure, 0.98 N/mm?; hot press time, 5
min. The bond strength was measured under normal
condition and after soaking in water at 60°C.
2.7 Determination of Formaldehyde Emission

Formaldehyde emission from the plywood was
determined by the dessicator method of the Japanese
Agricultural Standard (JAS) after aging of the ply-
wood for one week.

3. RESULTS AND DISCUSSION

3.1 Structure of PMAH

The conversion of the methylester group to a
hydrazide group was confirmed easily with a ¥C-
NMR spectroscopic comparison between the starting
polymer (PMMA) and the product (PMAH). It has
been reported that the methyl carbon of methylester
in PMMA gives the siénal at about 50 ppm, and that
carbonyl carbon appears at 175.2-176.4 ppm.* In the
spectrum of PMAH, on the other hand, no signals
corresponding to the methyl carbon of methylester
could be observed at about 50 ppm, and the carbony!
earbon shifted downfield to 177.4-177.8 ppm. There-

'[C“z";(c"a)]i + DHNNL. —

COOCH,

Sy

g ehipe

Fig. Reaction of poly (methyl methieryiat
hydrazine hydrate.

fore it was concluded that almost all the mcthyleates
groups were converted to hydrazide groups by 1efhun
ing in an excess amount of hydrazinc hydrate wa
shown in Fig.1. From these results the molecular
weight of the repeating unit of PMAH was concluded
to be 100 in Equation (1).
3.2 Reaction of PMAH with UF Resins

The molar ratio of the hydrazide group to formai
dehyde (CONHNH,;/HCHO) is based on Equation
(1). The total content of free formaldehyde and
methylol groups, which was determined by iodometry,
was used to calculate the molar ratio because they
were considered to be capable of reacting with the
hydrazide group as described in our previous paper."
Figures 2 and 3 show the pH dependences of the
PMAH-UF resin system and the content of the water-
soluble part in cured resin, respectively, at the con-
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Gel time (min)

pH

Fig.2. Gel times vs pHs for the UF resin (U1)-
PMAH system with the molar ratio of 0.25 at
25°C.

Water-soluble

pH

Rates of water-soluble parts vs pHs for the
UF resin (U1)-PMAH system with the
molar ratio of 0.25.

Legend : @, cured at room temperature ;

O, cured at 110°C for 3 hrs.

Fig. 3.
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stant molar ratio (CONHNH,/HCHO) of 0.25. The
new curing system has a strong reactivity in reaching
the gelation point within a few minutes under a range
of pH from 6 to 9.5 even at the temperature of 25°C.
The water-soluble part- of each sample was about
20%. By successive curing at 110°C for five hours, it
decreased markedly, especially in the range of pH 5 to
8. From these results, it was confirmeéd that three-
dimensional networks took place in this system.The
effects of the molar ratio also are shown in Figs. 4 and
5, which were determined-under the weakly alkaline
state of pH 7.8-85. The gelation time was very short
in the molar ratios above 0.1. It is very interesting
that gelations take' place soon after mixing PMAH
with UF resin even ‘with small amounts of the
hydrazide group. = This may be attributed to the
self-crosslinking of the hydrazide polymer, where free
formaldehyde in the UF resin acts as a crosslinking
agent only to the hydrazide polymer. Therefore, it
should be noted that this new curing system might
involve two-step chemical reactions. The first step is
the reaction of the hydrazide group with free formal-

S -

Gol tine [min)

~CONHNH, 7HCHE
Fig. 4. Gel times vs molar ratios for the UF resin
(U1)-PMAH system under pH 7.8-85 at
25°C. -
7
35, ot :
& e
B DG E .5 ° 1 1.5
~CONHNH, /HCHO
Fig.5. Rates of water-soluble parts vs molar ratios

for the UF resin (U1)-PMAH system cured
at pH 7.8-8.5.

Legend: @, cured at room temperature ;
0, cured at 110°C for 3 hrs.

dehyde to form self-crosslinkings between hydrazide
polymers and to make gel’ata low temperature. The
second step is the reaction of .the hﬁrazide group
with methylol groups of the UF resin that produces a
crosslinkage between the hydrazide polymer and UF
resin. The second step seems to require a rather high
temperature than the Ehststep partly because the
water-soluble part decreases markedly by curing at
110°C as shown in Fig.5. The highly crosslinked
networks were considered to be obtained in the molar
ratio of 0.5, The excess amount of hydrazide groups
will cause to the consumption of reactive formalde-
hydes, including methylol groups; and the production
of Jow crosslinked networks and greater amount of
the water-soluble part as shown in Fig. 5.
3.3 Adhesive Strength

The adhesive shear strengths of lap-joints bonded
by the new curing‘ method were evaluated on the
effects of the molar ratios and the curing conditions,
and compared with those by the conventional curing
(Fig.6). The shear strength has a maximum in the
molar ratios from 0.25 to 0.5 afrer treating at 110°C,
and is not inferior to that by the conventional method
using ammonium chloride. However, the shear
strength of a specimen bonded at room temperature is
considerably less than that at 110°C. From these
evaluations, it was suggested also that the new curing
involves two_stages, and that a high curing tempera-
ture is required to obtain completely cured networks.

Figure 7 shows the results on the shear strength
tests on plywood specimens which were prepared with
three amino resins, Ul, U2, and UM, at a large molar

Strength (N/mm?)

Fig.6. - Adhesive shear strengths of lap-joint speci-
mens vs molar raties for the UF resin (U1)
-PMAH system.

Note; Plots at CONHNH,/JHCHO=0 are the

results of curing by NH.Cl.
Legend : @, cured at room temperature ;
O, cured at 110°C for 6 hrs.
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‘Adhesive ‘shear strengths of plywoods with
adhesives UL, U2, and UM cured by NH.Cl
:and :adhesives Ul-PMAH, U2-PMAH, and
UM PMAH with the new curing system at
‘theé molar ratio of 0 75

segend O, normal test :
@9, water’soakmg t&t (60'(2).‘ P

Strength (

o U

u2-
CURBTI AT AN up PR

Fig. 8. Adneswe strength of plywmcb with ad-

hesives UI-NH.Cl, U2-NH,Cl cured by

NH.C! and adhwv&s U1- PMAH and U2-

‘PMAH With the new cunngsy§tetn at” the

wolar ratio of §:1.7 0
Legend O; normal:test;.. « ;qr,
o, water-soakmg tﬁt (GO'C)

ratio 'of 0.75. The new curing system passed the JAS
value both inr the nomal and water-soaking tests, but
it was niot superior to conventional curing. “This is
causged by the:short gelation ‘time resulting from the
large tolar ratio of 0.75;" The pot-life is too short to
control the spreading procedure and the assembly
conditions such as wetability between adherents. On
the other hand, it is shown in Fig § that the shear
strengths of plywood prepared at the smaller molar
ratio of 0.1 are not mfcnor to thpse by the conven-
tional curing. o

Figure 9 shows the effects of the moiar ratios on the
bond strength of plywood specxmens The bond

strength was found to decréase with increasing molar
ratios. This is caused from; the smaller resin contents..
As PMAH was used as'a 15% aqueous ‘solution, the
resin content decreased with'i mcreasmg molar ratlos
However both normal and water-soakmg test results
exceeded the -JAS requirements at:the mular ratios
hetween 0.1 and 6.3.
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P ]ml':'ﬂ‘ m an

'Adhesive strength of plywoods prepared at
‘various molar raties: -
Note  Plots- at- CONHNH;;’HCHO-TQ are. the
. results of curing by, NH,CL
Legend O, normal test ;
@, water-soaking 'test’ (60°C)’

Figy.

3.4 Foimaldehyde Emission :

‘The preliminary data of formaldehyde emissions
from the plywoods prepared at various-molar ratios
are shown -in Fig:10. A remarkable  reduction of’
formaldehyde emission is observed in the application
of the new curing system compared with the conven-
tional curing method using ammonium chloride.
However, the amount of UF resin decreased inevita-
bly as the molar ratio increased, since the spreading
ratio was constant. The corrected values in Fig. 10
mean the emission levels when the same amounts of
UF resin as in the conventional method were applied

Determination of formaldehyde emission
from plywood prgpared under the new cur-
ing system at various molar ratios.

Note Plots at: CONHNH,/HCHO=0:are the
results: of curing by NH.CE - .

@, original data ; X, corrected .data assum-
ing the same amount -of UF. resin -as,.in
CONHNH,;/HCHO=0 was used.

Fig. 10.

Legend
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under the new curing method at every molar ratio.- A
remarkable reduction also was recognized after the
corrections. Therefore, it was concluded that the
hydrazide polymer has a strong capability to act’ot
only as hardner of the UF resins but:also as:a formal-
dehyde scavenger. From the aspect of the reduction
of formaldehyde emission, the practical utilization of:
hydrazide compounds and polymers will be emphas-
ized.
4. CONCLUSIONS

A new curing system of UF resins was investigated

using the :,hydraz_i?de‘; polymier,. .poly (methacryloyl.

hydrazide), as a hardner. It was found that this

system has not only comparable adhesive strengths.

with the conventional curing by ammonium chloride,
but also reduces formaldehyde emission from the final
product of plywood. It also was suggested that the
reaction of hydrazide polymers with UF resin
involves two stages. The first stage is the reaction of
hydrazide groups with free formaldehyde which
makes hydrazide polymers self-condense through
methylene -linkage to r&ult,in,the initial gelation.
The second stage at a higher temperature is the
co-condensation of hydrazide groups with methylol
groups of UF resins, which gives the crosslinking

networks between UF resins and hydrazide polymers.

From the practical point of view, the new curing
system has the great advantage of reducing formalde-
hyde ‘emissions from ‘the ‘final products. There is,
however, aifficulty to be solved in this system. The
extremely short pot-life will make practical use diffi-
-cult.. Further work on practical application, such as
using a separate spreading method, will be emphas-
ized in developing this system.
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