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Abstract

One of the urgent scientific and technical objectives in the technologies of plywood and wood boards is the search for ways to reduce
of hot pressing time without increasing the formaldehyde emission from finished products. To solve this problem was developed the
new modifier-curing agent MC-4SF, is mainly a product of interaction of citric acid with urea and ammonia. Compared to traditional
ammonium salts, the modifier-curing agent combines the properties of both direct and latent catalysts. Determination of the
composition of residual methylol groups in the aqueous extracts obtained by treating the resin cured at 100 °C showed that the
modifier-curing agent provides relatively high hydrolytic stability of the UF-polymer during extraction. Spectra of solid-state *C NMR
showed that in resins cured with MC-4SF increased the compound of methylene bridges compared to resins cured with standard
catalysts. It is possible that the amino groups of urea (or its derivatives) included in the modifier-curing agent, react with the methylol
groups of UF oligomers, fitting urea into the structure of the resulting polymer. Thus explains the increased hydrolytic stability and
reduced toxicity of the cured resin. Manufacturing tests of nine-layer plywood made with a modifier-curing agent showed that replacing
ammonium sulfate with MC-4SF allows a significant reduction in pressing time at 110 °C without loss of quality of the finished product.
With the same pressing time, it was possible to increase the line shear strength by 14% and to reduce formaldehyde emission by 45%.
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1 Introduction

Currently, the main process of determining plywood for-
mation is cures of synthetic, thermoset resins by the poly-
condensations mechanism. The urea-formaldehyde (UF)
resin, which cures when it gets heated during hot press-
ing — is the most popular resin in Russian Federation.
The curing time has a strong influence on the pressing
duration and properties of finished products. The reduc-
tion of hot pressing duration in turn allows increasing of
capacity of industrial line. Basically, an acid catalyst is
used to speed up the polycondensation in UF oligomers.
As a rule, it's customary to highlight latent and direct
catalysts, which are fundamentally different in their mech-
anism of action (reaction). Direct catalysts are providing

acidic of resin after combining with resin, these cata-
lysts are usually represented acids or strongly acidic salts
(oxalic, citric, phosphoric acids, salts of amides, etc.).
The main disadvantage of direct catalysts is the inability
to provide a gradual decrease in the pH of the resin over
time. At low content (usually not more than 0.4-1.0 wt.%
based on solid resin) they will not provide required reac-
tivity of UF resin, at the same time an increased amount
of acid leads to a significant decrease in the pot-life of the
resin or even to its cold curing [1].

In contrast with direct curing agents, latent catalysts
slightly acidify the resin after combining with resin, but
in high temperature they are providing pH value, which
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necessary for faster curing process. Latent catalysts are
ammonium salts (ammonium chloride, sulfate, nitrate etc.),
their latent action is possible because of their ability to
react with free formaldehyde which contains in UF resin.
According to one of the hypotheses, the reaction prod-
ucts are hexamethylenetetramine and mineral acid, which
decreases pH of the resin [2, 3]. When resin gets heated,
the reaction going faster, acid is formed in high yield, and
the resin cures in a short time (40—80 s), when it's getting
colder the reaction speed getting lower, and the glue cures
in a few hours (no less than 4 h). This process determines
the faster curing of the resin by hot pressing and its high
pot-life of the previous technological stages.

A typical outcome of ammonium salts as latent curing
agents is the presence of the so-called limit of effective-
ness, when increasing the content of the catalyst ceases
providing an acceleration of resin curing [4—6]. This limit
depends on the type of curing agent, resin brand (the dif-
ferent UF resins type made by a one or other company
and sold under a particular may has different properties),
curing temperature, etc. Generally, the most difficul-
ties are seen when the UF resin is low in free formalde-
hyde, in which case the effectiveness of the ammonium
salts will not be sufficient for the necessary curing speed.
Ammonium persulfate [7-9], aluminum sulfate and chlo-
ride [10, 11], ferric chloride [7] are known as more effec-
tive catalysts. Their disadvantage is a significant decrease
in the pot-life of the resin with a comparable curing time.
A simpler solution to accelerate resin curing is to use com-
bined catalysts, which consist of different latent catalysts
or latent and direct catalysts.

The work of Kantieva et al. [12] showed that the cur-
ing agent consisting of 75% aluminum sulfate and 25%
ammonium chloride provides a 30-40% accelerated cur-
ing of UF resin, while its pot-life decreases slightly (from
10 to 8 hours). The patent of Andersen and Brehmer [13]
disclosed the possibility of combining ammonium dihy-
drogen phosphate with aluminum chloride. Liu et al. [14]
showed the possibility of combining ammonium chlo-
ride with citric and oxalic acids. The articles of
Spanié¢ et al. [15, 16] explored the use of tartaric acid
in combination with ammonium sulfate, the authors claim
that the use of such a solution can accelerate the curing of
UF resin and reduce the pressing time of particleboards
by up to 20%. However, decreasing the duration of hot
pressing always leads to an increase in the toxicity of the
finished products. Formaldehyde, which is formed during
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UF resin curing, cannot escape from the pressed material
in time and remains in its structure.

It is necessary to compensate for the negative impact from
the reduction of hot pressing time. Combinations of latent
catalysts with formaldehyde scavengers are known [17].
The work of Ivanov et al. [18] showed the effect of guany-
lurea sulfate as a UF resin modifier, in combing with ammo-
nium sulfate, it accelerates resin curing and reduces the tox-
icity of medium density fiberboard (MDF). We found that
the amide salts, which have an acidic reaction, act as direct
catalysts that can interact with the methylol groups of UF
oligomers during curing and incorporate into the resulting
polymer structure. Similar results were obtained in work of
Kotova et al. [19], where the authors showed the ability of
diphthalic and dimaleic acid amides to accelerate the curing
of UF resin and reduce its toxicity. We further developed
a modifier-curing agent that combines the properties of
direct and latent catalysts and can replace ammonium salts
in the formulation of glue from UF resin. The product was
named MC (modifier-curing agent), is a composition whose
main components are adducts resulting from the interaction
of citric acid, urea and ammonia. In research [20] we have
shown that the modifier-curing agent synthesized at a molar
ratio of citric acid: urea: ammonia— 1 : 1.5 : 1.5, can replace
ammonium sulfate in particleboards, and at the same time,
allows to reduce the pressing time to 20-30% without
increasing toxicity.

Depending on the type of finished product (particle-
board, MDF, plywood), resin brand, composition options
(plywood glue or wood boards adhesive) we must use dif-
ferent modifier-curing agents, which differ in formulation
and physicochemical properties. The aim of this work was
to investigate the brand MC-4SF (modifier-curing agent
fourth series, super-fast for curing UF with low free form-
aldehyde content under conditions of plywood technology.

2 Materials and methods

2.1 Materials

The low-toxicity UF resin was produced by one of the
Russian manufacturers. The resin characteristics are
given in (Table 1).

Aqueous solutions of ammonium sulfate and ammonium
chloride with a concentration of 20% were used as cur-
ing agents. We also used MC-4SF modifier-curing agent,
which is mainly a product of interaction of citric acid, urea
and ammonia. The properties of the modifier-curing agent
are presented in (Table 2).
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Table 1 Properties of commercial UF resin

The appellation of the parameter The value of the parameter

Mass fraction of solid resin, % 66.3
Free formaldehyde content, % 0.05

Conditional viscosity according to the
viscometer with a nozzle diameter of
4mm,s

50-70

Concentration of hydrogen ions, pH 7.63

Gel time with the addition of 1%
ammonium chloride:

at 100 °C, s 101
at20+1°C, h 8

Table 2 Properties of modifier-curing agent MC-4SF

The appellation of the parameter The value of the parameter

transparent liquid without

Appearance mechanical impurities
Mass fraction of the dry residue, % 60
pH (the hydrogen index) 24
Nitrogen content, % 15.6
The content of amino groups, % 11.0

2.2 Methods

2.2.1 Curing time of UF resin (at 100 = 1 °C)
Compositions (resin + water + curing agent) were pre-
pared in such a way that the mass fraction of solid resin
in all cases was 55%. 10 g of commercial resin was
weighed with an accuracy of 0.02 g, the calculated amount
of distilled water and curing agent solutions were added.
The tubes with the compositions were heated in a water
bath, continuously stirring. The time from the immersion
of the test tube in boiling water to the compositions loss of
fluidity is considered to be the duration of curing.

2.2.2 Pot-life of UF resin (at 20 £ 1 °C)

Compositions (resin + water + curing agent) was prepared
in the same way as for determining the curing time, and kept
at room temperature (20 °C). For the time of gelatinization
is taken as the time of adding of the curing agent into the
resin to the moment of loss of fluidity of the compositions.

2.2.3 Change of UF resin pH-value and conditional
viscosity in time

A viscometer with a nozzle diameter of 4 mm and a lab-
oratory pH-millivoltmeter pH-410 were used for the test.
The compositions (resin + water + curing agent) were pre-
pared in such a way that the mass fraction of solid resin
in all cases was 55%. For this purpose, 130 g of resin was
weighed, a calculated amount of distilled water and curing

agents' solutions were added to the resin. The composi-
tions were mixed on a magnetic stirrer. The viscosity and
pH were determined every hour.

2.2.4 UF resin curing depth (chemical analysis)
The reactivity of a mixture of UF resin and curing agent's
solutions with different resin formulations was established
by determining the amount of methylol groups and free
formaldehyde in the cured compositions. The compositions
(resin + water + curing agent) are cured, prepared in such
a way that the mass fraction of solid resin in all cases is 55%.
To prepare the compositions, a volume of commercial
resin of about 10 g, taken with an accuracy of 0.02 g, was
transferred to a glass with a volume of 50 cm® and diluted
with a calculated amount of distilled water. The calcu-
lated mass of the curing agents' solutions was added to
the diluted resin. About 0.5 g of the prepared composi-
tion was applied to air-dry filter paper, pre-weighted
to an accuracy of 0.1 mg. In total, 5 samples were pre-
pared so that the estimated total weight of composition
(resin + water + curing agent) on filter was about 2.5 g.
The mass of each filter was determined together with the
binder applied to it with an accuracy of 0.1 mg, after which
the filters were placed in a specially made tripod, making
sure that they did not touch. Then heat treatment was car-
ried out for 3 min at 110 °C. The cured compositions were
placed in a glass with a capacity of 250 cm? and filled with
150 cm?® of water heated to 45-50 °C. Extraction was car-
ried out for 30 min at a temperature of 40—45 °C, after
which the contents of the glass were filtered into a mea-
suring flask with a capacity of 250 cm?, a glass of 100 cm?
distilled water was washed and the contents of the flask
were brought to the mark. In the resulting mixture, the
content of free formaldehyde was determined by photo-
metric method using acetylacetone [21] and the content of
methylol groups by iodometric titration [22]. The amount
of free formaldehyde in the composition (y, %) was calcu-
lated according to Eq. (1):

y=(2C%250/50xm_)x100, 1

where 2 is the coefficient that takes into account the dilu-
tion; C — the mass of formaldehyde in a solution of 50 cm?,
g, m_— total mass of the cured composition, g.

The total content of free formaldehyde and methylol
groups (x, %) was calculated by Eq. (2):

x=(0.0015%x250x10(V, =V, )x K ) /m,

2
(375(, -7, )<K) . ¥



where V| — the volume of 0.1 N sodium thiosulfate solu-
tion consumed for titration in the "control" experiment,
cm’; V, — the volume of 0.1 N sodium thiosulfate solution
consumed for titration in the "working" experiment, cm?;
K — correction coefficient.

The content of methylol groups in the cured composi-

tions (z, %) was found as follows in Eq. (3):

2=(31.03/30.03)(x— y) =1.033(x—y), 3)

where 31.03 and 30.03 are the molar weight of the methylol
group and formaldehyde, respectively.

2.2.5 Solid state *C NMR spectroscopy

Different versions of composition (resin + water + cur-
ing agent) were prepared and cured at 100 °C for 3 min.
The cured compositions were conditioned at room tem-
perature for 30 min. Then the compositions were crushed
and sifted using a sieve with a diameter of holes 0.5 mm.
The powders which passed through the sieve and remained
on the pallet were taken.

BC solid-state NMR spectroscopy were used for instru-
mental analysis of the structure of the cured compositions.
NMR spectra were obtained using a BRUKER AVANCE
IIT WB 400 spectrometer; the zirconium oxide 4 mm rotor
of the device rotated at a frequency of 4.1 kHz; CP/MAS
pulse sequence *C {'H} was used; relaxation delay — 2 s;
contact time — 2 ms; number of pulses — 2048.

2.2.6 Preparation of plywood samples
Experimental-factory production of specimens of ply-
wood at the production site of one of the Russian factories
was carried out (the test certificate is available at the uni-
versity). The total output was 3.5 m?. Nine-layer plywood
with a size of 1525 x 1525 x 12 mm was made from peel-
ing birch veneer thickness 1.2 mm and moisture content
8%. The birch (Betula pendula) used at the factory grows
in the North-West of Russia.

Flat hot pressing was carried out in a fifteen-stories
periodically press according to the parameters adopted
at the factory. Temperature of heating plates are 110 °C,
a pressure of 1.5—1.8 MPa (the pressure changed randomly
in this range), pressing duration of 3, 4, 5, 6 minutes.
The glue consumption rate was 111-117 g/m?.

In the preparation of glue, in addition to curing agents,
kaolin was used as a bulking agent and urea as a formal-
dehyde scavenger. The compositions of plywood glue are
presented in Table 3.
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Table 3 Glue formulations used to make plywood

Compositions of plywood glue

Component - © Cais
UF resin 100 100 100
MC-4SF* 4.5 34 -
Ammonium sulfate - - 2.0
Kaolin 7.0 7.0 7.0
Urea 0.7 0.7 0.7

* When compounding the glue, the components was calculated based
on commercial resin, i.e., the content solid MO-4SF based on solid resin
was 4 and 3% for composition 1 and 2 respectively.

** Control samples (plywood which usually manufactured at the
factory) were made according to composition 3 (C3).

Plywood was tested according to Russian State Standards
(GOST). Moisture content determined according to GOST
9621-72 [23], glue-line wet shear strength when shear
along the glue layer according to GOST 9624-2009 [24].
The emission of formaldehyde was determined by the gas
analytical method according to GOST 32155-2013 [25].

3 Results and analyses

According to the data of Table 4, classic curing agents
have a clear efficiency limit. So, increase the amount of
ammonium chloride from 1 to 3% allows reducing curing

Table 4 UF resin properties with different catalysts
pH Pot-life, h

Content, % Curing time, s

Ammonium chloride

1 101 +£1 7.08

2 79 +1 7.05

3 74£2 7.02

4 1o 200 More than 8
5 70 +1 6.98

6 69+ 1 6.98

Ammonium sulfate

1 106 + 1 7.16

2 88+ 1 713

’ 7l 710 More than 8
4 77+ 1 7.09

5 76 + 1 7.08

6 75+ 1 7.08

MC-4SF

1 167 £ 1 6.04 6.0

2 96 + 1 5.50 5.5

3 82+1 5.11 5.0

4 71+1 4.85 4.5

5 62+ 1 4.79 4.0

6 60+ 1 4.63 35
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time from 101 to 74 s (by 27%). Further increase of cur-
ing agent consumption not appropriate; increase from 3
to 6% allows reducing curing time from 74 to 69 s (only
by 7%). Efficiency limit of ammonium sulfate even lower
that chloride.

Action of MC-4SF differs from traditional curing
agents; it much inferior even ammonium sulfate at low
amount (curing time 167 s), however at increase mass frac-
tion to 4% modifier-curing agent surpasses sulfate ammo-
nium and compares to chloride. At amount of 6% MC-4SF
cures the resin by 13% faster than ammonium chloride.
One of the features of modifier-curing agent is ability of
greatly acidify resin; so, 1% MC-4SF provides pH value
6.08. and 1% ammonium chloride only 7.04. Herewith
increased amount of modifier-curing agent to 6% leads to
decrease pH to 4.63 while increased amount of ammonium
chloride only to 6.98.

The characteristics of MC-4SF as a curing agent are
shown more clearly in Fig. 1. After adding 3% ammonium

pH value

Conditional viscosity, s

pH value

Conditional viscosity, s

Time, h

(b)
Fig. 1 Change of 1 — pH value and 2 — conditional viscosity of the UF

resin with different curing-agent: (a) resin with 3% ammonium sulfate;
(b) resin with 4% MC-4SF

sulfate in the UF resin, the pH value decreases slightly
(from 7.8 to 6.8), but over the next 8 h the acidity gradually
increases (to a pH value of 5.9).

Since MC-4SF is more acidic, it's more effective
in reducing the pH value immediately after addition to
the resin (up to 4.85 for 4% modifier-curing agent), thereby
exhibiting the properties of direct curing catalysts. At the
same time, the modifier-curing agent acts as a latent cata-
lyst; after 3 h the pH value becomes 4.1 and the conditional
viscosity begins to increase sharply. In the next 0.5 h the
viscosity increases so much that the resin can no longer
pass through the viscosimeter nozzle; in another 0.5 h the
resin loses its fluidity and cures. In this way, MC-4SF has
the properties of both direct and latent curing agent.

Fig. 2 shows the effect of the researched curing agents
on the curing depth of the UF resin. After curing at
110 °C the minimum content of methylol groups is 0.8%;
for ammonium sulfate and ammonium chloride this value
is reached at a mass fraction of curing agents of 2%,

Methylol groups content, %

0 1 2 3 4 5
Curing-agent content, %

Methylol groups content, %

0 1 2 3 4 5
Curing-agent content, %

(b)

Fig. 2 The effect of the amount curing agent on the methylol groups
content in UF-resin cured at (a) 110 °C and (b) 100 °C: 1 — resin with
ammonium sulfate; 2 — resin with ammonium chloride;

3 —resin with MC-4SF



for MC-4SF 3% (Fig. 2 (a)). A further increase in the cur-
ing agents' consumption leads to an increase in the content
of residual methylol groups, probably due to hydrolysis of
the cured resin during extraction. Perhaps acids, which
are formed as a result of curing agents action speed up
hydrolysis and reduce UF resin hydrolytic stability. This
assumption is partly by the results of other researches.
So, the work of Nuryawan et al. [26] showed that cured UF
resin is highly vulnerable to hydrolysis in the presence of
hydrochloric acid. The article of Gagina et al. [27] showed
that the hydrolysis degradations of the polymer are accom-
panied by an increase of methylol groups compounds.

UF resin, which is cured at 100 °C has a lower hydro-
lytic stability when classic curing agent usage (Fig. 2 (b)).
So, increase of ammonium sulfate or chloride con-
tent from 2 to 5% leads to increase of methylol groups
amount respectively at 12 to 30%. Probably at a relatively
low temperature (100 °C) the sufficient number of bonds
between UF oligomers does not have time to form that
leads to increased availability of vulnerable to hydroly-
sis bond and functional groups. Wherein MC-4SF retains
its effectiveness; at content 4% modifier-curing agent
provides a content of methylol groups 0.8% — minimum
amount, which ensure by ammonium sulfate and chloride
at 110 °C. Relatively high resin hydrolytic stability in case
of MC-4SF usage can be explained:

» comparative weakness of citric acid as a hydrolysis

catalyst;

* high efficiency MC-4SF as a curing agent compared

ammonium sulfate or chloride;

» modifier-curing agent amino groups reaction with

methylol groups of UF oligomers and water resis-
tance methylen bridges formation.

None of this assumption is not correct. Anyhow using
MC-4SF increased of classic curing agents leads to
increase of UF resin hydrolytic stability.

More information was received by usage of *C NMR
spectroscopy (Fig. 3). Noteworthy, that spectrums all
of the researched samples have signals that is usual and
unusual for UF-resin. Chemical shifts in area 116—120
and 198-204 ppm (may refer to carbon atoms with dou-
ble bond and aldehyde group respectively [28]) not typical
for UF resins. Probably, the appearance of these signals is
associated with the use of original chemical compounds
in the synthesis. We will not examine the new signals
in detail because their appearance is unique and related
to the know-how of the resin developers. Besides, in arca
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Fig. 3 Solid-state *C NMR spectra of cured UF resin: 1 — UF resin
cured of ammonium sulfate; 2 — UF resin cured of ammonium chloride;
3 — UF resin cured of MC-4SF, * — SSB for carbonil groups;

+ — SSB for methylene groups

new signals are not detected any changes which associated
with usage of MC-4SF.

When considering the rest of the spectrum, it should
be noted that signals which discovered in cured poly-
mer in appearance agree to the signals that is typical
for resin [29, 30]. The polymer is characterized by broad
stripes, with each other in some areas [31], so we con-
sidered the peak maxima to identify the atoms. It is also
important that the usage of MC-4SF instead of ammo-
nium sulfate or chloride doesn't lead to qualitative
changes in the cured resin. Only the amount of one or the
other atoms differs, which we were expressing through
peaks area (Table 5).

Compared with UF resin cured by classical catalysts,
in the polymer which formed at MC-4SF usage increase
the amount of type I methylene bridges and carbonil
groups, decreases of type II methylene bridges (Table 5),
amount of methylol groups and methylene ether bridges
comparable. This result allows to suppose of chemical
activity of MC-4SF components towards UF oligomers.

As has been said before MC-4SF contains urea or its
derivatives, which has free amino groups. If we consider
only a pure urea as a source of amino groups, then after
adding the modifier-curing agent to the resin, the molar
ratio F/U shifts downward. In [32-35], the resin syn-
thesis showed that a decrease in the molar ratio leads to
an increase in the number of methylene bridges in UF oligo-
mers, and this pattern is true for reactions in both alka-
line and acidic environments. It is noteworthy that mostly
increase amount just methylene bridges type I, that is in
reactions involved mainly the terminal methylol groups.
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Table 5 Structures and chemical shift of cured UF resin in typical part

Shift Peak maximum Carbon content, %
Grope ’ ’

ppm ppm glue with ammonium sulfate  glue with ammonium chloride glue with MC-4SF
-NH-CH,-NH- * 40-52 47.12 27.07 27.59 29.26
~NH-CH,-NH< ** 52-61 54.72 21.71 21.90 20.52
-NH-CH,OH 62-70 64.41 10.60 10.80 9.83
>N-CH,-O-CH,-N<  72-80 72.37 5.94 5.70 5.48
>C=0 152-167 159.75 34.67 34.03 34.90

* Type I methylene bridges; ** Type II methylene bridges

In our case the formation of new methylen bridges can
only be explained by the reaction of urea with UF oligo-
mers during resin cured, herewith increased of amount
bridges type I and reduce of amount bridges type II indi-
cating that urea amino groups react mainly with terminal
methylol groups of oligomers.

The fact that urea does not block the methylol groups,
but includes into the structure of the cured resin, is evi-
denced by the remaining hydrolytic stability of the poly-
mer, which was proven during a chemical experiment.
This conclusion is consistent with the results of research of
Chung and Maciel [36], where it was shown that methylen
cross-bonds are more susceptible to hydrolysis than linear
ones. According to the data of chemical analysis and NMR
spectrums we can assume that UF resin, which cured of
MC-4SF has structure shown in Fig. 4.

Manufacturing tests of nine-layer plywood (Table 6)
showed that the replacement of ammonium sulfate with a
modifier-curing agent can significantly reduce the press-
ing time. Thus, MC-4SF has greater efficiency compared
to traditional curing agents. With an equal pressing time
(6 min), plywood made of glue with MC-4SF (composi-
tion 1 — C1) significantly exceeds plywood made of glue
with ammonium sulfate (composition 3 — C3) in its spec-
ifications. Thus, the use of MC-4SF as a curing agent
in an amount of 4.5% relative to commercial resin allows
to increase the glue-line wet shear strength when shear
along the third glue layer by 14% (from 2.61 MPa for sam-
ples from C3 glue to 3.03 MPa for samples from C1 glue)
and reduce the formaldehyde emission by 45% (from
0.280 mg/m? h for C3 glue samples up to 0.155 mg/m? h
for C1 glue samples). The increase in the strength of the

O 0)

H, H | || E H Hj H ||
C —N——C l N C —N——C——Nvv\
more likely (|3H20H

Bridges formed due to the
action of MO-4SF urea
are marked in red
0]

0] 0]
|| . VHy H || ' H
\N\/‘E C——N—+—C —N C —N
+ CHy !
. NH .
1 1
less T
likely C—
{ONH !
O ! CHy:
|| E : Hy H,
WV‘E C—N -C —0——C —N—C——Nvv\n

CH,OH

Fig 4 Supposed cured UF resin fragment formed with the participation of MC-4SF urea
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Table 6 Plywood properties
Plywood version Properties
Pressing time, min ~ Glue composition w, % o,, MPa g,, MPa a,, MPa E, mg/m?>h
6 1 6.5 2.87 3.00 3.03 0.155
5 1 43 3.32 3.39 3.47 -
4 1 5.4 2.40 3.29 3.16 -
3 1 5.6 2.32 1.72 272 0.210
5 2 5.5 2.10 3.07 2.67 -
4 2 5.2 3.36 3.05 2.53 -
6 3 5.5 - - 2.61 0.280

Designations: o, — glue-line wet shear strength shear along the first glue layer; o, — glue-line wet shear strength when shear along the second glue
layer; o, — glue-line wet shear strength when shear along the third glue layer; £ — formaldehyde emission (determined by gas analysis method).

finished plywood indicates a high hydrolytic stability of
the cured polymer, which confirms the chemical analysis
findings. With a pressing duration of 3 min, plywood made
of C1 glue has comparable strength to plywood made of
C3 glue, but pressed for 6 min. At the same time, the use of
MC-4SF reduces the formaldehyde emission by 25% even
with a low pressing time (from 0.280 mg/m? h for samples
from C3 glue to 0.210 mg/m? h for samples from C1 glue).

The high efficiency of MC-4SF as a modifier that
reduces the toxicity of plywood partially confirms the
results of previous experiments and speaks in favor of
the scheme presented in Fig. 4. The incorporation of urea
into the structure of the curing resin with the formation
of new methylene bridges suggests that fewer methylol
groups of UF oligomers reacts with each other to form
methylene ether bridges and their subsequent transforma-
tion into methylene with the emission of formaldehyde.
The strength and water resistance of the glue line, which
does not deteriorate at the same time, once again confirm
that the methylol groups are not just blocked, but a polymer
is being formed with the participation of urea MC-4SF.
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