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SUMMARY

Polyvinyl alcohol (PVA) was added to the synthesis of urea formaldehyde (UF) resin to reduce free formaldehyde
(F) content, improve resin quality. The PVA-modified UF resin was synthesized in the laboratory. This modified
resin was used as an adhesive for the production of plywood. Response surface methodology (RMS) was applied
to optimize the amount of PVA addition and the molar ratio in the first stage of reaction process (F/U1) based on
the quality criteria of the resin, including: solid content, curing time, water solubility, free formaldehyde (F)
content and tensile shear strength, modulus of rupture, modulus of elasticity of plywood using modified resin to
producing. The experiment was set with central composite design (CCD) for investigating the effects of the
amount of PVA addition (1 — 3%) and molar ratio of F/U1 (1.8 — 2.0) on selected criteria. The results showed
that the modified resin was optimal when using the amount of PVA = 1.6% of the total amount of urea and molar
ratio of F/U1 = 1.91. The quality criteria achieved: solid content, curing time, water solubility, free formaldehyde
content of the resin were 54.1%; 84 seconds; 3.2 times; 0.62%, respectively and tensile shear strength, modulus
of rupture (MOR), modulus of elasticity (MOE) of the plywood were 2.09 MPa; 55.7 MPa; 9.1 GPa, respectively.

Keywords: Modified resin, PVA, response surface methodology, UF.

1. INTRODUCTION

Urea formaldehyde (UF) resin is used widely
in the manufacture plywood, medium density
fiberboard (MDF), particleboard, and other
non-structural wood products, with many
advantages such as simple materials, fast
curing, water solubility, low price and high
bond strength. However, in composition of UF
resin, there is always the content of free
formaldehyde (F) - a compound that can cause
cancer to humans and it can be emitted from
pressed-wood products even under normal
conditions (IARC 2004). To control the content
of free F, many solutions have been applied
successfully, such as lowering the molar ratio
of F to wurea (U), controlling reaction
conditions, using additives to capture free F,
introducing modifiers to react with F... (Thuan,
2021). Polyvinyl alcohol (PVA) is viscous,
which improves the initial viscosity and bond
strength of the resin (Pan et al., 2014). It has
numerous hydroxyl groups, resulting in the
reaction with F to form polyvinyl formal under
acidic conditions; this reduces the content of
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hydrophilic hydroxymethyl groups of UF resin
and enhances the water resistance and the initial
viscosity of the adhesive (Gungor and Kiskan
2018). In the published research results, PVA
was added to the synthesis process to reduce
free F content, creating modified UF resin with
better performance than neat resin. The study by
Liu et al., (2018) showed that a large amount of
hydroxyl groups on the PVA chains reacted
with F and acetalization occured. The double
networks of UF and PVA were formed
simultaneously, interpenetrated with each other
and thus the toughness of the blends was
enhanced. Zhang et al., (2014) found that when
the mass ratio of PVA/U was increased, the free
F content of the UF resin was decreased, the
storage stability was improved; the structure
formed by the reaction of PVA with F increases
the water solubility of the adhesive and captures
residual F in the adhesive.

Besides, the crystallite regions related to the
colloidal particle of the UF resin became more
uniform by incorporation of the proper amount
of PVA (with mass ratio of PVA/U = 0.005).
Ya-san and Li-dan (2012) indicated that when
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the synthesis of UF resin was carried out under
condition F/U = 1.87; pH = 4.5; T = 400 and
the amount of PVA = 0.2 g, free F content
reached 0.64%, water resistance was 14 hours,
good stability. The research using PVA to
toughen urea-formaldehyde foam for thermal
insulation applications (Shen et al., 2016) has
reported that the best performance was obtained
for PVA modified UF foam with 1.5% added
PVA, low thermal conductivity similar to a
polyurethane foam and no melt drops formed
during burning.

The main materials to synthesize PVA-
modified UF resin include U, F and PVA. The
quality of modified resin depends mainly on the
F/U molar ratio and the amount of PV A addition
(Zhang Y and Snover DA, 2016). The influence
of PVA on properties of the UF resin has been
studied (Thuan et al., 2020a, 2020b). These
results are important to supplement the
theoretical basis in the studies of UF resin
production technology in general and in
particular with PVA modified UF resin.
However, for the research to have more
practical significance, it is necessary to propose
the optimal technological parameters in the
allowable conditions.

This work will inherit the research results of
the previous works (Thuan et al., 2020a, 2020b)
to determine the optimal parameters including:
allocation proportion of PVA and F/U1 molar
ratio (Ul - the number of molar of urea in the
first stage) to synthesize PVA modified UF
resin by  applying
methodology (RMS) with central composite
design (CCD).

2. RESEARCH METHODOLOGY
2.1. Materials

Veneer of acacia hybrid 1.5 mm thickness;
urea (98%); formaldehyde solution (37%);
polyvinyl alcohol (PVA), polymerization
degree 1700, hydrolysis degree of 99%.

2.2. Experimental equipment

Automatic  control  resin

response surface

synthesis

equipment; analytical balance TX-4202L; pH
meter; drying cabinet; hot press machine
BYD114 (College of Wood Industry and
Interior Design, Vietnam National University of
Forestry)
2.3. Preparation of test samples

- Resin preparation

F solution was poured into a three-necked
flask and heated to 40°C. The pH of the reaction
system was adjusted to 8.5 — 9.0 with NaOH
20% and the first part of urea (Ul) was added
(U1 changes according to experimental design).
The temperature was kept at 40°C and stirred
well for 10 minutes. PVA was added, heated up
to 60°C (1 °C/min), stirred well for 15 minutes.
The temperature was gradually increased to 90
— 92°C (2 °C/min), kept for 60 minutes. The
second part of urea (U2) was added and kept for
15 minutes (U2 = 30% of the total amount of
urea). The pH was adjusted to 5.0 — 5.5 with
formic acid and condensation of the reaction
system was continued until the turbidity point
(white turbidity appears when the solution was
dropped into water 45-55°C). When the
turbidity point was reached, the pH was
adjusted to 7.0 — 8.0. After that, the third part of
urea (U3) was added and kept for 20 minutes
(U3 changes according to Ul). The pH was
adjusted to 6.0 — 6.5 then the resin was taken out
to measure the viscosity, when the viscosity
reached 190 mPa.s, stopped heating. Finally, the
pH value of the system was adjusted to 8.0
again, reduced the heat and the resin was taken
out.

- Plywood preparation

Veneers of acacia hybrid had dimension of
length x width x thickness = 300 mm x 300 mm
x 1.5 mm; moisture reached 13 — 15%; veneers
were peeled at the same wood peeler, with fixed
peeling  technological dried
naturally. A calculated amount of the glue mix
spread (150 g/m?) per face was spread onto five

parameters,

veneers to make S5-ply plywood. Pressing
parameters were temperature (120°C); time (1.5
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minutes/mm); pressure (1.2 MPa).
2.4. Design of experiments

Step 1: The factors and survey ranges were
selected for optimization. The experiment was
carried out with 2 factors: amount of PVA
addition, X1 (1 — 3%); molar ratio of the first
stage F/U1, X2 (1.8 —2.0).

Step 2: The levels and design model were
selected. RSM approach had been successfully

applied for identification of significant factors,
modeling and optimization of experimental
factors. Design Expert (DX) software was
mostly used for graphical and regression
analyses and analyses of the variance
(ANOVA) of the obtained data. Each factor was
surveyed with 5 levels (-a, -1, 0, +1, +a),
calculated from running the software and the
results were shown in Table 1

Table 1. Coded variables and survey levels

Actual levels of coded variables

I t variabl
ndependent variables Code o 3 0 ] s
The amount of PV A addition (%) Xi 0.6 1.0 2.0 3.0 34
Molar ratio of F/U1 X2 1.76 1.80 1.90 2.00 2.04

With 5 times of repetitions at the center and
2 studied factors, DX software designed

experiments randomly to get out 13 treatments
as shown in Table 2

Table 2. Experimental design layout and experimental results of the responses (experiments were
carried out according to the run order)

PVA Molar Solid Curing Water Free Tensile  Modulus Modulus
Run addition, ratio of  content, time, solubility, F shear of O,f,
% F/U1 % sec. time content, strength, rupture, elasticity,
% MPa MPa GPa
13 2.0 (0) 1.90 (0) 53.8 85.3 34 0.61 2.20 56.80 9.7
10 2.0 (0) 1.90 (0) 53.9 85.5 3.6 0.59 2.40 55.00 9.9
6 34 (+ta) 1.90(0) 53.6 88.5 3.5 0.55 2.16 55.00 8.5
8 2.0 (0) 2.04 (+a) 53.7 953 3.1 0.48 2.11 54.00 9.3
1 1.0 (-1) 1.80 (-1) 54.6 82.4 2.5 0.75 1.34 54.65 7.15
4 3.0(+1) 2.00(+1) 534 85.2 3.8 0.49 2.35 56.00 10.5
9 2.0 (0) 1.90 (0) 53.9 84.6 34 0.59 2.20 56.00 9.7
11 2.0 (0) 1.90 (0) 54.2 86.1 33 0.61 2.10 57.00 9.6
3 1.0 (-1) 2.00 (+1) 54.1 88.5 2.4 0.51 1.56 53.50 7.5
12 2.0 (0) 1.90 (0) 53.8 85.3 3.7 0.62 2.50 56.90 10
7 2.0 (0) 1.76 (-a) 53.8 101.2 1.8 0.68 0.94 55.94 7.2
5 0.6 (-a) 1.90 (0) 55.1 82.1 1.4 0.70 0.92 52.00 4.5
2 3.0(+1) 1.80 (-1) 53.3 92.1 3.5 0.65 2.11 57.00 8.8
2.5. Data analysis with least significant difference (LSD) at

The experiments were carried out according
to the design shown in Table 2. The desirability
functions: solid content, curing time, water
solubility, free F content, tensile shear strength,
MOR, MOE were also collected according to
designed experimental samples. DX software
was used for analysis of variance (ANOVA)

significance 95%.

The fit of the predicted models for the
desirability functions was evaluated through the
coefficient R?, the P-value of lack of fit and the
adequate precision (AP). The predicted model
for desirability functions
(equation 1).

was quadratic
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Y =bo+biXi +boXo + bioXiXo + buXi + bnX7 (1)

Where: Y are the desirability functions; b, -
the constant coefficient; b;, b, - the linear
coefficients; b;;, b2> - quadratic coefficients; b;>
- the interaction coefficient; X7, X are variables.
2.6. Test methods

For the resin: solid content, curing time and
water solubility are determined according to the
method specified in the Chinese standard GB/T
14732-2017. Free formaldehyde content was
determined according to the method specified in
the Vietnamese standard TCVN 11569:2016.

For the plywood: tensile shear strength
(sampling and cutting of test pieces is carried
out by TCVN 8328-1:2010, and testing the
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tensile shear strength after the samples are
conditioned, for the purpose of determining the
tendency to change when the resin synthesis
conditions change, in order to determine the
technological parameters to synthesize PVA-
modified UF resin); MOR and MOE applied the
Vietnamese standard TCVN 7756-6 : 2007.
3. RESULTS AND DISCUSSION
3.1. Effect of material composition on some
properties of modified UF resin and plywood
The ANOVA test was applied for the data in
Table 2. The graph, regression
equation of desirability functions were shown
(see Fig. 1, Table 3 and Fig. 2).

contour,

(C) U606 pya addition %)

1
 ArPVA addition (%)

Fig. 1. Response surface and contour plot for the effect of the interaction between amount of PVA
addition and molar ratio of F/U1 on the modified UF resin and plywood
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Response surfaces, contour plots in Fig. 1 (a,

b, ¢, d, e, f, g) show that amount of PVA
addition and molar ratio of F/U1 both influence
according to the quadratic model on the quality
criteria of the resin and plywood.
The solid content tends to increase when the
molar ratio of F/U1 increases from 1.76 to 1.85
and reaches the optimal value at F/Ul = 1,80
then decreases as F/U1 continues to increase to
2.0. The solid content decreases with increasing
amounts of PV A addition. Solid content reaches
the optimal value of 55.1%, corresponding to
the amount of PVA addition = 0.6% and molar
ratio of F/U1 = 1.80 (Fig. 1a).

In contrast, curing time tends to decrease
when F/Ul increases from 1.76 to 1,9 and
reaches the optimal value of 79.7 at F/U1 = 1.87
then increases when F/U1 continues to increase
to 2.0. Curing time increases with increasing
amounts of PVA addition. Curing time reaches
the  optimal of 79.7
corresponding to the amount of PVA addition =
0.6% and molar ratio of F/U1 = 1.87 (Fig. 1b).

The amount of PVA addition and molar ratio
of F/U1 have a clear effect on water solubility
according to the quadratic model. Water
solubility tends to increase as F/Ul increases

value seconds

from 1.76 to 1.95 and reaches the optimal value
at F/U1 = 1.94 then decreases as the molar ratio
continues to increase to 2.0. The amount of
PVA addition increases, the water solubility
tends to increase. This criterion of the resin
reaches the optimal value of 3.8 times,
corresponding to the amount of PVA addition =
2.5% and F/U1 = 1.94 (Fig. 1c).

Meanwhile, the response surface and contour
plots in Fig. 1d shows that the free F content
tends to decrease with increasing F/U1 and the
amount of PVA addition. Free F content reaches
the optimal value of 0.49%, corresponding to
the amount of PVA addition = 2.5% and the
molar ratio of F/U1 = 2.0 (Fig. 1d).

The amount of PVA addition and molar ratio
of F/UI influence according to the quadratic

model on the quality criteria of plywood. Fig. le
indicates that the tensile shear strength tends to
increase when F/U1 increases from 1.76 to 1.95
and reaches the optimal value at F/Ul = 1.94
then decreases as the molar ratio continues to
increase to 2.0. Tensile shear strength also tends
to increase as the amount of PVA addition
increases, and reaches the optimal value of 2.47
MPa corresponding to PVA addition = 2.5%
and F/Ul = 1.94. Similarly, MOR tends to
increase as F/U1 increases from 1.76 to 1.85 and
reaches the optimal value at 1.83 then decreases
as the molar ratio continues to increase to 2,0.
MOR also tends to increase with increasing the
amount of PVA addition from 0.6% to 2.5%,
then decreases with continued increase of the
amount of PVA addition to 3%. MOR reaches
the optimal value at 56.83 MPa corresponding
to PVA addition = 2.5% and F/U1 = 1.83 (Fig.
1f). In Fig. 1g, MOE tends to increase when
F/U1 increases from 1.76 to 2.0 and reaches the
optimal value at 1.98. MOE also tends to
increase with increasing amounts of PVA
addition to 2.5% then decreases as PVA
addition continues to increase by 3%. MOE
reaches the optimal value of 10.4 GPa,
corresponding to the amount of PV A addition =
2.5% and molar ratio of F/U1 = 1.98.

The above results show that, when the resin
synthesis using PVA addition exceeds 2.5% and
the molar ratio F/U1 exceeds 2, most of the
quality criteria of the resin are reduced because
the PVA increases, the activity of functional
groups is decreased, so the degree of reaction of
compounds is reduced.

According to Liu et al. (2018), by
introducing PV A, in addition to F reacting U to
form UF networks, F also reacts with PVA to
form UF/PVA interpenetrating networks. The
PVA macromolecules tightly embedded in the
UF  network, enhancing the
entanglement between the two networks, and
the degree of crosslinking within the blends was
thus improved.

mutual
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However, the amount of PV A addition is too
excessive (> 2.5%), the PVA reacts more with
F causing the lack of F to react with U. The
hydroxyl groups of excessive PVA do not
participate in reaction and they absorb water,
reducing the amount of osmotic adhesives into
layers of veneers.

Similarly, when the molar ratio of F/U1
is larger 2, the remaining F of the condensation

stage is less (due to the total amount of F being
constant), decreased reaction degree, formation
of loose network structure, and a small amount
of product in the condensation reaction.

The ANOVA that the
correlation model built by the linear, interaction
and quadratic coefficients of the two studied
factors affected the quality criteria of the resin
and plywood (Table 3).

results show

Table 3. ANOVA results and linear, interaction, quadratic coefficients of the regression equations to
predict the values of the criteria

Response Source

variables  Intercept A B AB A’ B: LOF R® AP
Solid content 53.92 -0.51516 -0.06767 0.15 0.165  -0.135
p-values <0.0001 02927 0.1178 0.0361  0.0721 0.4421 0.9295 14.2242
Curing time 8536 193137 -1.14298 -3.25-121125 5.26375
p-values 0.0894 02817 0.0515 02870  0.0016 0.0009 0.8483 9.1847
Water 346 0.671231 025481 0.1 -0.355  -0.355
solubility
p-values 0.0029 0.1342 0.6527 0.0637  0.0637 0.0146 0.8282 7.0103
Free F content 0.604 -0.04151 -0.08535  0.02 0.00987 -0.012625
p-values 0.0012 < 0.0001 0.1172 02828  0.1806 0.0733 0.9557 19.0703
:;:zgfhsmar 228 0.41420 0.26432 0.005 -0.29312 -0.30062
p-values 0.0029 0.0245 0.9706 0.0214  0.0192 0.0874 0.8627 7.6267
Modulus of 56.34  1.13658 -0.61169 0.0375 -1.15687 -0.42187
rupture
p-values 0.0073  0.0842 0.9330 0.0094  0.2368 0.4556 0.8173 6.9370
Modulus of 9.78 1.8836 0.62748 0.3375-1.36188 -0.48687
elasticity
p-values 0.0007 0.0266 03225 0.0008  0.0826 0.0027 0.9154 11.4889

Note: A — amount of PVA addition; B — molar ratio of F/U1

According to Zabeti et al., (2009), a good
correlation model needs to have the fit between
the actual value and the predicted value, where
lack of fit (LOF) p-value > 0.05 is not
significant and adequate precision (AP) > 4. In
addition, the correlation coefficient R? > 0.8
(Guan X and Huiyuan Y (2008)). Accordingly,
the LOF tests with low p-value (curing time,
water solubility and MOE, p-value of less than
0.05) indicate that there is a lack of fit. In other

words, the LOF errors are significantly larger
than the random or pure error. However, the
LOF test is based on the residuals. Moreover,
the coefficient of determination R? and AP of all
models met the necessary conditions well (R >
0.8; AP > 6.9). Thus, the models have enough
reliability to predict the correlation of factors
with product quality criteria, and the actual
values are sufficiently close to the predicted
values (Fig. 2).
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Fig. 2. The predicted values versus the experimental values for (a) solid content, (b) curing time,
(c) water solubility, (d) free F content, (e) tensile shear strength, (f) MOR, (g) MOE

3.2. Optimization of synthesis conditions
Optimization of multiple responses can be a
key point for industrial applications, especially
resin performance is significantly increased
when the material composition is optimized.
This was done based on the desirability function

methodology. This method incorporates desired
values and priorities for each variable. After
optimizing the amount of PVA addition and
F/U1 molar ratio for each response, the results
are presented in Table 4.
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Table 4. Optimal processing parameter on each response

- . . PVA addition, Molar ratio
No. Desirability functions Optimal values % of F/U1
1 Solid content, % 55.1 0.6 1.80
2 Curing time, sec. 79.7 0.6 1.87
3 Water solubility, time 3.8 2.5 1.94
4 Free F content, % 0.49 2.5 2.00
5 Tensile shear strength, MPa 2.47 2.5 1.94
6 Modulus of rupture, MPa 56.83 2.5 1.83
7 10.4 2.5 1.98

Modulus of elasticity, GPa

X2: Molar ratio of F/U1

1.75

X1: PVA addition, %

2,125 25

Fig. 3. Contour plot for simultaneous optimization of multiple responses

All response variables investigated were
found to be highly dependent on the
independent variables, with strong interactions
observed between the independent variables. It
was found that optimum overall desirability of

material composition could be obtained at the
amount of PVA addition 1.6% and F/U1 molar
ratio 1.91 (see fig. 3). The value of desirability
functions are presented in Table 5.

Table 5. Optimal processing parameter on all responses

No. Desirability functions Optimal PVA addition, F/Ul n.lolar

values % ratio

1 Free F content, % 0.62

2 Tensile shear strength, MPa 2.09

3 Solid content, % 54.10

4 Curing time, sec. 84.00 1.60 1.91

5 Modulus of elasticity, GPa 9.10

6  Water solubility, lan 3.20

7 Modulus of rupture, MPa 55.70

4. CONCLUSION

The study found the optimal parameter of
material composition for desirability functions
(solid content, curing time, water solubility, free
F content, tensile shear strength, MOR, MOE),
including the amount of PVA = 1.6% compare
to the total amount of urea and molar ratio in the
first stage of reaction process F/U1 =1.91. With
this material composition, the modified resin

116

has the most suitable solid content, curing time
and water solubility, and the smallest free F
content. When using this type of resin to
produce plywood, the product obtains the
highest tensile shear strength, MOR, MOE. This
optimized PVA-modified UF resin has good
quality for a class E1 resin of 0.11 mg/m? (the
value measured by the chamber method, class
E1 requirement < 0.124 mg/m? air).
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TOI UU HOA TY LE THANH PHAN NGUYEN LIEU TONG HQP
KEO UREA FORMALDEHYDE BIEN TiNH
BANG POLYVINYL ALCOHOL (PVA)

Nguyén Thi Thuin'*, Vii Manh Twong!, Nguyén Viin Ti?
T ruong Pai hoc Lam nghiép — Phan hiéu Dé‘ng Nai
’Truong Pai hoc Su pham Cong nghé TP. Ho Chi Minh

TOM TAT

Polyvinyl alcohol (PVA) dugc thém vao qué trinh tdng hop keo urea formaldehyde (UF) dé giam ham luong
formaldehyde (F) tu do, ci thién chat lugng keo. Keo UF bién tinh bing PVA duoc tong hop trong phong thi
nghiém. Keo bién tinh nay dugc sir dung lam chat két dinh dé san xuit van dan. Sir dung phuong phap bé mat
dap tmg (RSM) dé t6i uu hoa luong dung PVA va ty 16 mol trong giai doan phan tng cong F/U1 cia qua trinh
tong hop keo UF dya vao cac chi tiéu chit lvong cua dung dich keo gdm: ham luong kho, thoi gian déng rén, do
tan trong nudc, ham lugng formaldehyde (F) du trong keo va do bén kéo trugt, dd bén ubn tinh, mé dun dan hdi
ubn tinh cua gd dan st dung keo bién tinh dé san xuét. Thi nghi¢m duoc thiét ké theo phuong phap phdi hop ¢o
tam (CCD) nhiam khao sat anh hudng cua lugng dung PVA (1 - 3%) va ty I¢ mol F:U1 (1,8 — 2,0) dén cac chi
tiéu duoc chon. Két qua nghién ctru cho thy, keo bién tinh tong hop dat toi wu khi dung lugng PVA = 1,6% so
voi téng lugng urea va ty 1¢ mol F:U1 = 1,91. Ham luong kho, thoi gian dong rin, do tan trong nudc, ham lugng
F du cia keo lan luot 1a 54,1%; 84 gidy; 3,2 14n; 0,62% va do bén kéo truot mang keo, dd bén udn tinh, md dun
dan hodi udn tinh cia van dan lan luot 13 2,09 MPa; 55,7 MPa; 9,1 GPa.

Tir khéa: Keo bién tinh, phwong phap bé mit dap ting, PVA, UF.
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