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enhance its properties. The hydroxyl groups of PVA and starch react with
glyoxal via formation of acetal bonds; hence crosslinking could take place. The
cross-linking of glyoxal is observed in various analytical methods such as DSC
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were evaluated to estimate the changes due to cross-linking. It was observed
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It was reflected in the subsequent increase in tensile strength properties.

1. Introduction

Starch is a relatively inexpensive and renewable product that can be obtained
from multiple plant sources and that has been extensively used as wet end addi-
tive, coating binder, sizing agent, adhesive, and textile size [1] [2]. However, its
bonding capacity is not strong enough to glue wood [3] [4] [5] [6] [7]. A few
studies have been conducted on the potential of utilizing starch as wood adhe-
sive. Recent studies have focused on formaldehyde-free wood adhesives, which
are obtained through the reaction between a cross-linker and a blend of starch

with other polymers, such as starch/polyvinyl alcohol [8], starch/tannin [9] [10]
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[11] and starch/isocyanates [12]. However, such wood adhesives cannot be used
at room temperature because the required curing temperature is usually over
100°C [13]. Many efforts have been exerted to develop starch-based polymers as
alternatives of petroleum-based polymers [14] [15] [16].

Polyvinyl alcohol (PVA) is water soluble polymers, strong, durable and bio-
degradable. It possesses high crystalline structure [17]. Physical and chemical
properties of PVA depend on the synthetics condition and degree of hydrolysis
of the polymer [18] [19] [20] [21] [22]. To improve the properties, researchers
have blended starch with other biodegradable polymers such as methyl cellulose
and hydroxyl propylmethyl cellulose, polyhydroxyalkanoates poly lactic acid
(PLA) and PVA. PVA contains secondary hydroxyl group that easily forms hy-
drogen bonds with starch. There is a wide variety of crosslinking agents for
PVA, such as maleic acid, formaldehyde, and glyoxal [23].

PVA crosslinked with dialdehydes is one of the most commonly used tech-
niques. It is well known that hydroxyl groups from PVA react with aldehydes via
formation of acetal bonds. When dialdehyde is used, such as glyoxal or glyoxal,
crosslinking reactions of PVA can be conducted under mild conditions [24] [25]
[26]. Dialdehydes are the multifunctional reagents that cross-link starch by
reacting with the hydroxyl groups of starch and intro-duce intermolecular
bridges between the polysaccharides chains.

In this paper, the effects of various factors such as increasing starch content, in-
creasing amount of glyoxal, on the performance properties like tensile strength,

pencil hardness and thermal properties were studied.

2. Experimental
2.1. Materials

PVA (containing 86.5% to 89% degree of hydrolysis) were obtained from Kura-
ray Cooperative Limited, India. Maize starch containing 25% - 30% of amylose
content was obtained from Sanstar Ltd. Glyoxal (~40% content in water) was
purchased from Sigma-Aldrich. Deionized water was used as the solvent in all

experiments. Maize starch was dried to remove moisture.

2.2. Preparation Method

First, Maize starch and PVA blends were mixed in water and poured into a ket-
tle. Second, the kettle was closed and was sealed to make it air tight. Third, the
seal tight kettle was heated to 60°C temperature while mixing the sample at 175
rpm. The cross-linker was later added as per the amount given in Table 1. Sub-
sequently, the temperature was raised to 90°C - 95°C keeping the constant stir-
ring 2 hrs. After completion of cross-linking the solution was brought to room

temperature for further analysis.

2.3. Casting of Films

A bar applicator was used for casting films of 1000 um. The films were then kept
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Table 1. Preparation of various adhesive compositions with glyoxal.

Blends PVA Starch Glyoxal Water
Formulation 1 PVA/S-07 25 5 0 70
PVA/S-GLY.01 25 5 0.5 70
PVA/S-GLY.02 25 5 1.0 70
PVA/S-GLY.03 25 5 1.5 70
Formulation 2 PVA/S-08 20 10 0 70
PVA/S-GLY.04 20 10 0.5 70
PVA/S-GLY.05 20 10 1.0 70
PVA/S-GLY.06 20 10 1.5 70

at room temperature for curing for 24 hrs.

Formulation 1:

For formulation 1, the PVA/S blend was kept constant at 25/5 with composi-
tion of glyoxal varied from 0 to 1.5 (Table 1).

Formulation 2:

For formulation 1, the PVA/S blend was kept constant at 20/10 with composi-
tion of glyoxal varied from 0 to 1.5 (Table 1).
3. Characterization and Testing
3.1. Viscosity
A Brooktield DV1 Viscometer was used to measure the viscosities of the formu-
lations 1 and 2. All readings were taken at 30°C.

3.2. Fourier Transform Infra-Red Spectroscopy (FTIR)

Infrared spectra of crosslinked PVA and starch blends were measured on a Per-
kinElmer FTIR spectrum 100 instrument. Thin films were made from cros-

slinked blends prior to analysis.

3.3. Differential Scanning Calorimetry (DSC)

A Perkin Elmer instrument Q100 DSC has been used for estimating the glass

transition temperature (T,).

3.4. Pencil Hardness Test

Testing method employed to calculate pencil hardness was ASTM D 3363.

3.5. Ultimate Stress of Films

ATinus Olsen 5ST instrument was used for determining the ultimate stress of
the films.

3.6. Tensile Strength

A Tinus Olsen H25KT instrument has been used for calculating the tensile
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strength. Two pieces of steamed beech wood were taken for determining the
tensile strength. The adhesive was applied on one end (2.5 cm X 2.5 cm) of the
two pieces and was held together for 2 and 24 hrs at room temperature. The
cured wood samples were then tested using a controlled speed of 10 mm/min to

obtain the tensile strength values.

4. Results and Discussion

The hydroxyl groups of PVA and starch react with glyoxal via formation of acet-
al bonds hence crosslinking could take place [25]. Since, the glyoxal at 90°C
reacts with the hydroxyl groups, forming a between two inter-molecular chains
for intra-molecular chains. The medium required for this reaction to occur is
acidic, which is inherent in the solution. The cross-linking mechanism of PVA/S
with glyoxal is given below in Figure 1. The results obtained by carrying out

various tests are given in Table 2 (Formulation 1) and Table 3 (Formulation 2)

4.1. Viscosity

The glyoxal acts as a cross-linker for PVA/S, which has led to subsequent viscosity

OH HO

OH n NG n HO
\/\O
glyoxal
OH HO
H' | -2H,0
PVA/S PVA/S

4

PVA/S crosslinked with glyoxal
Figure 1. Crosslinking of mechanism of PVA/S with glyoxal.
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Table 2. Results obtained by carrying out various tests for Formulation 1.

Viscosity ~ Ultimate Tg Pencil Tensile strength (Kg/sq.in.)
(poise) Stress (°C)  hardness 2 hrs 24 hrs
PVA/S-07 46 7.6 65 H 7 11.2
PVA/S-GLY.01 65 8.9 67 6H 7.1 11.4
PVA/S-GLY.02 71 9.7 70 6H 8.4 12.8
PVA/S-GLY.03 85 14.7 72 7B 8.5 13.5

Table 3. Results obtained by carrying out various tests for Formulation 2.

Viscosity ~ Ultimate Tg Pencil Tensile strength (Kg/sq.in.)
(poise) Stress (°C)  hardness 2 hrs 24 hrs
PVA/S-08 55 7.9 69 2H 7.2 9.3
PVA/S-GLY.04 65 9.9 70 5H 7.8 10.3
PVA/S-GLY.05 73 10.8 72 7H 8.2 12.9
PVA/S-GLY.06 93 16.4 73 7H 9.9 14
Viscosity (b) Viscosity
74
T 73
§ 72
E: 71
8 70
a
5 69
68
0.5 1 1.5 2 0 0.5 1 1.5 2

Glyoxal (wt.%)
—@— Formulation 1

Glyoxal (wt.%)
—@— Formulation 2

Figure 2. Viscosity at increasing concentration of glyoxal given by (a) Formulation 1 and (b) Formulation 2.

change as shown in Figure 2.

The effect of cross-linking between the hydroxyl groups of PVA/S is evident
in Figure 2. The glyoxal has reacted with the hydroxyl groups and thus forming
a cross-link. This cross-link increases the chain length of the PVA and S, thus
the increase in viscosity. Since, the longer chain length increases the chances of
entanglement, it has led to increase in viscosity as evident in Figure 2. Although,
while comparing the formulation 1 and formulation 2 values, we get a much
greater viscosity in formulation 2. This is due to presence of hydrolyzed starch

which has contributed to increase in viscosity.

4.2. Fourier Transform Infra-Red Spectroscopy (FTIR)

As, the concentration of cross-linker is increased, there is a movement of curve
towards the lower wave number. This is observed since the cross-linker reduces
the distance between chains by bridging between them, this bridging leads to

lower H-bonding in the adhesive. The effect of decreased H-bonding can be seen
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in Figure 3 as the curve shifts towards lower wavenumber. Additionally, the in-

crease in starch content also contributes to decrease in H-bonding (shown in
Figure 3).

4.3. Differential Scanning Calorimetry (DSC)

The glyoxal acts as a cross-linker for PVA/S, which has led to subsequent glass
transition temperature change as shown in Figure 4.
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Figure 3. FTIR curves for (a) Formulation 1 and (b) Formulation 2.
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The effect of cross-linking between the hydroxyl groups of PVA/S is evident
in Figure 4. The glyoxal has reacted with the hydroxyl groups and thus forming
a cross-link. This cross-link increases the chain length of the PVA and S, thus
the increase in glass transition temperature. As evident from the FTIR curves,
there is a decrease in H-bonding of the adhesive with subsequent increase in
cross-linker. The similar trend is observed for Tg, there is an increase in Tg with
increase in concentration of cross-linker. In comparing formulation 1 and for-
mulation 2, there is slightly higher Tg for formulation 2 due to hydrolysis of
starch.

4.4. Pencil Hardness of Film

Pencil hardness is a property dependent on the flexibility of the polymeric
chains. The flexible chains of PVA are replaced partially by starch (which con-
tains large 6 membered rings). The presence of rings in starch has contributed to
increase in hardness of the formulations 2. Better cohesion in blends has also con-
tributed to increase in hardness (as seen in Table 4). Both the formulations show a
large difference in hardness with and without cross-linker. The cross-linking has

clearly enhanced the hardness of the blends.

4.5. Tensile Shear Strength

The glyoxal acts as a cross-linker for PVA/S, which has led to subsequent tensile
strength change as shown in Figure 5.

Table 4. Values of pencil hardness by cross-linking with glyoxal.

Formulation 1 Formulation 2
Blends Pencil Hardness Blends Pencil Hardness
PVA/S-07 H PVA/S-08 2H
PVA/S-GLY.01 6H PVA/S-GLY.04 5H
PVA/S-GLY.02 6H PVA/S-GLY.05 7H
PVA/S-GLY.03 7H PVA/S-GLY.06 7H

Glass transition temperature
(Te) (Te)

G

Temperatute (°C)
OO N NN
0WLWOoOEFrLrNW

0.5 1 1.5 2 0 0.5 1 1.5 2
Glyoxal (wt.%) Glyoxal (wt.%)

—@— Formulation 1 —@— Formulation 2

Figure 4. Glass transition temperature (Ty) at increasing concentration of glyoxal given by (a) Formulation
1 and (b) Formulation 2.
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As seen in the previous sections, there is an increase in viscosity, glass transi-
tion temperature and pencil hardness of the blends. The tensile strength shows a
similar trend as there is decrease in free volume between the chains, there is an
increase in number of hydroxyl groups at the surface, as the hydroxyl groups
become abundant on the surface there is an increase in tensile strength. Since,
more cross-linker causes this decrease in free volume more rapidly, the tensile
strength is increased subsequently (Figure 5(a) and Figure 5(b)). The cohesion
between chains has also increased which further reduces the chances of tensile

failure.

4.6. Ultimate Stress of Films

The cross-linking of glyoxal has decreased the mobility of the polymer chains.
This has led to increase in stress bearing capacity of the chains. Thereby, in-
creasing the stress required to break the blends. Also while comparing the for-
mulation 1 and formulation 2, the larger number of six membered ring in starch

help in increasing the stress (as seen from Table 5).

5. Conclusion

The cross-linking of PVA/S blends has efficiently increased thermal and me-
chanical properties. There is an increase in cohesion and decrease in H-bonding
which has contributed majorly to increase in viscosity. Mechanical properties

such as tensile strength, ultimate stress and pencil hardness have also shown

Table 5. Values of ultimate stress by cross-linking with glyoxal.

Formulation 1 Formulation 2
Blends Ultimate stress Blends Ultimate stress
PVA/S-07 7.6 PVA/S-08 7.9
PVA/S-GLY.01 8.9 PVA/S-GLY.04 9.9
PVA/S-GLY.02 9.7 PVA/S-GLY.05 10.8
PVA/S-GLY.03 14.7 PVA/S-GLY.06 16.4
(@) , ®) ,
Tensile strength Tensile strength
14 __ 16
£ e
o 12 ——2 hrs o 14 ——2 hrs
o 12
X 10 X
= —@— 24 hrs < 10 —@— 24 hrs
o o
i @
L 6 L 6
g 0 0.5 1 15 2 % 0 05 1 15 2
= Glyoxal (wt.%) = Glyoxal (wt.%)

Figure 5. Tensile shear strength with increasing concentration of glyoxal after 2 hrs and 24 hrs of (a) For-

mulation 1 and (b) Formulation 2.
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enhancing effect due to cross-linking. There is a shift in the glass transition
temperature which supports the cross-linking mechanism. FTIR proves the
presence of H-bonding which has effected its various thermal and mechanical
properties. The presence of more starch content is found to increase the
cross-linking due to easy accessibility for cross-linker to attack hydroxyl groups.
Additionally, an increase in ratio of starch to PVA in a blend with constant con-
centration of glyoxal resulted in increase in the mechanical and thermal proper-

ties.
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