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Abstract Wood adhesives with enhanced properties were
prepared by incorporating either citric or boric acid. The
citric acid and boric acid were added in the presence of
water being the polymers and acids readily soluble in
water. The reaction was carried out at a relatively lower
temperature in order to prevent water evaporation and
damage to the starch structure. Two series of adhesives
were prepared with varying starch and polyvinyl acetate
content. The adhesives were characterized by Fourier-
transform infrared spectroscopy and dynamic mechanical
analysis. The effects of citric and boric acid on perfor-
mance properties like wet tack, tensile shear strength,
rheology and viscosity stability were studied. The results
showed that by addition of acids there is an increase in
mechanical strength, viscosity and wet tack in the case of
boric acid. Similarly, better viscosity stability was
observed due to addition of citric acid. From the tests
conducted, it can be concluded that the composition for
optimum level performance and stability is at 0.3 wt% of
citric acid and 0.1 wt% of boric acid of the total compo-
sition of adhesive.
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Introduction

Through the years, polyvinyl alcohol (PVAI) has been used
for various applications. It is very low cost and has been
used for wood binding (Gu et al. 2013; Prosanov et al.
2018). It has relatively low glass transition which allows it
to function as an adhesive. Due to its highly polar hydroxyl
group, it also absorbs water readily and is water soluble,
making it compatible with various types of polymers, such
as starch (Wu et al. 2017; Moulay 2015). The PVAI
adhesive solidifies by evaporating water and forming high-
strength H-bonding.

Starch is one of the most readily available biopolymers.
Its structure is rich in polar hydroxyl groups, which makes
it highly compatible with PVAI (Wang et al. 2017). The
starch mainly consists of amylose and amylopectin (Gad-
have et al. 2017). Starch when heated in the presence of
water undergoes gelatinization (Chen et al. 2017).

Cross-linking of hydroxyl groups can lead to better
stability and adhesion properties in adhesives. For water-
soluble polymers such as PVAI or starch, the use of citric
and boric acid is a promising system for the modification of
their structure, because both acids are easily available
showing simple reaction mechanism (Reddy and Yang
2010; Widyorini et al. 2016; Liao et al. 2016; Umemura
et al. 2012). Additionally, the use of citric acid has led to a
decrease in browning over time of adhesives (Menzel et al.
2013; Li et al. 2015; Amirou et al. 2017). Similarly, the
boric acid forms strong coordination bonds with hydroxyl
groups due to the presence of vacant d-orbital in boron,
which causes it to rapidly react with various nucleophiles
to form complexes (Imam et al. 1999). Since PVAI and
starch are rich in hydroxyl groups, boric acid can be
expected to bond with them and further improve the
adhesion.
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There have been various studies on adhesives focused
on improving the tack of the water-based adhesives. Some
studies have also used alternative biopolymer to starch
such as cellulose and lignin (Sanjiv Kasbe et al. 2017,
Gadhave et al. 2017). But none focuses on the development
of non-elastomeric tackifiers for PVAI and polyvinyl
acetate (PVAc). In this study, the effect of boric and citric
acid on PVAI and starch has been studied. By addition of
these acids, the corresponding change in wet tack and
tensile strength has been evaluated. The effect of acid
addition has been confirmed by various analytical methods
such as FTIR, rheology and DMA. The study aims to
increase the wet tack, tensile strength and stability of the
adhesive.

Materials

PVAI (solid, degree of hydrolysis of 86.5-89%, M.W.
99,000 to 105,000) was obtained from Kuraray Co. Ltd.
India. Starch (corn starch amylose content 25-30%) was
obtained from Sanstar Bio-polymer Ltd. These raw mate-
rials were kept in a dry environment to avoid the absorption
of moisture from the environment. PVAc, di-butyl phtha-
late (DBP), formaldehyde, boric acid and citric acid were
obtained from Sigma-Aldrich (Tables 1, 2).

Preparation method

Corn starch and PVAI were first put into a round-bottom
reactor vessel. The water was added to them, and the
mixture was kept for continuous stirring at 175 rpm. The
temperature was slowly raised up to 60 °C after which the
acids (citric acid or boric acid) were added and the final
temperature was kept at 92-95 °C. The reaction was car-
ried out for 2.5 h. Then, the solution was cooled down to
25 °C. Now, the remaining components containing PVAc,
plasticizer (DBP) and preservative (formaldehyde) were
added to the solution. The formaldehyde was chosen for its
better antibacterial and preservative properties at lower

concentrations. The new formulated solution was kept for
continuous stirring at 175 rpm for 1.5 h. This final product
was then filtered out to remove foreign particles in PVAc
emulsion using a mesh and stored in plastic containers.

Two different types of adhesive series WG-1 and WG-2
containing different proportions of starch—-PVAl were
investigated. This was done to estimate the optimum pro-
portion and observe the dependence of the starch quantity.
Although the PVAc content was also varied to adjust the
changes made in the starch-PVAI composition. Since the
acids are added at the reaction stage and PVAc is added
while formulation, it is assumed that the changes in prop-
erties have been caused by the addition of acids.

Characterization and testing
Fourier-transform infrared spectroscopy (FTIR)

PerkinElmer FTIR spectrometer was used to record 100
spectra. The sample films of about 200 microns were
analysed by the reflectance process. The background
spectra were run first and then eliminated from the obtained
results of each sample.

Viscosity

The viscosities were measured by Brookfield DV1 Vis-
cometer at 28 °C temperature and 20 rpm.

Tensile strength

Tensile strength was checked with the help of UTM Tinius
Olsen H25KT, Mumbai, India. A constant amount of
adhesive was applied on to 50 mm x 50 mm area of one
end of the plywood (ply) and laminate (lam) wood
(Fig. 1a). The adhesives were applied onto 25 mmx
25 mm area of one end of the canarium (can) wood pieces
(Fig. 1b) in such a way that it properly wets the surface.
The adhesive coated wood pieces were assembled in such a

Table 1 Composition of WG

(white gluey T surics with and Ingredients WG-1  WG-11  WG-12  WG-13  WG-14  WG-15  WG-16

without addition of boric and Witk

citric acid Water 60.1 60.1 60.1 60.1 60.1 60.1 60.1
Starch 10 10 10 10 10 10 10
PVAI 58 58 58 58 58 58 58
Citric acid - 03 05 | - - -
Boric acid - - - - 0.1 0.2 0.3
PVAc 2.1 2.1 2.1 2.1 2.1 2.1 22.1
Formaldehyde  0.35 0.35 0.35 0.35 0.35 0.35 0.35
DBP 1.65 1.65 1.65 1.65 1.65 1.65 1.65
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Table 2 Composition of WG-2

. . . . Ingredients WG-2 WG-21 WG-22 WG-23 WG-24 WG-25 WG-26
series with and without addition
. - . wt%

of boric and citric acid
Water 36.45 36.45 36.45 36.45 36.45 36.45 36.45
Starch 5.66 5.66 5.66 5.66 5.66 5.66 5.66
PVAI 4.68 4.68 4.68 4.68 4.68 4.68 4.68
Citric acid - 0.3 0.5 1 - - -
Boric acid - - - - 0.1 0.2 0.3
PVAc 50.55 50.55 50.55 50.55 50.55 50.55 50.55
Formaldehyde 04 04 0.4 04 0.4 04 04
DBP 2.26 2.26 2.26 2.26 2.26 2.26 2.26

Fig. 1 a Ply-to-lam assembly,
b can-to-can assembly, ¢ ply-to-
lam assembly under load

way that the grains of two pieces were oriented in paral-
lel. Each end of the sample was held by grips (Fig. Ic)
(total load — 5 kg cylinder + 2.5 kg arm) and pulled apart
at a controlled rate (5 mm/min) and tensile strength for
adhesive bond was recorded (temperature 28-30 °C,
Yrelative humidity 65-70). To study the tensile strength
development over time, the values were calculated at var-
ious time intervals of 2, 4, 6 and 24 h. For each compo-
sition, five samples were tested and standard deviation was
reported.

Rheology

Rheology was checked with the help of DHA-2 Rheometer
from TA Instruments, Mumbai, India. A small amount of
adhesive was placed between the metallic discs of the
rheometer. The discs were then closed, and the shear rate

was increased from 0 to 100 s™'. The viscosity at each
point was recorded, and the graph of viscosity versus shear
rate was plotted. After reaching 100 s~ shear rate, it was
again reduced to 0 s~'. The graph shows the relationship
between the initial zero shear rate viscosity and final zero
shear rate viscosity. Three samples were analysed for each
adhesive composition, and the best graph was reported.

Dynamic mechanical analysis (DMA)

DMA was performed using DMA Q800 from TA Instru-
ments, Mumbai, India. A thin film of 200 microns was first
prepared by applying it on a PTFE sheet. The film was kept
for physical solidification at room temperature for 24 h.
The film was peeled off from the PTFE sheet and kept in
the DMA sample holder. The temperature range was from
—30°C to 150 °C, with a ramp rate of 5 °C/min,
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frequency 1 Hz and strain 0.1%. Three samples were
analysed for each adhesive composition.

Wet tack

Wet tack was calculated using probe tack analyser from
Rohit Instruments, Mumbai, India. Few grams of the
adhesive was firstly placed on the metal surface of the
machine. It was taken care that the sample was still wet and
no drying took place. A metal cylinder then approached the
sample downward at the speed of 5 mm/min. By the sub-
sequent movement, the adhesive is squeezed between the
cylinder and the metal surface. The cylinder touches the
metal surface and again lifts up at the speed of 5 mm/min.
The adhesive resists the upward movement of the cylinder,
and thus the force of resistance was calculated and termed
as wet tack.

Stability test

Viscosities were measured by Brookfield DV1 Viscometer
after keeping the samples in an incubator for 3 h at 30 °C.
Change in viscosity after keeping the samples at 50 °C for
15 days and 30 days was recorded to study the viscosity
stability.

Results and discussion

The results obtained by various tests are given in Table 3
(WG-1 series) and Table 4 (WG-2 series).

FTIR

Since the components responsible for changes in properties
of the WG-1 and WG-2 are similar, the tests conducted for
just one of WG are sufficient for establishing the desired
results.

Table 3 Results obtained by carrying out various tests for WG-1 series

The characteristic peaks of —OH bonds present in both
PVAI and starch are observed at 3340 cm'l(Fig. 2). A
strong sharp peak is observed at 1730 cm™ due to the
presence of carbonyl (C=0) group of PVAc (Fig. 2). In the
case of boric acid, there is considerable overlapping of
curves due to the tertiary alcohols of boric acid and sec-
ondary alcohols of PVAl/starch.

Viscosity

Due to the addition of boric and citric acid, it was expected
that the formation of coordination complex and ester
linkage would happen, respectively (Kusumabh et al. 2016).
But the findings were interesting: as the citric acid content
increased, a decrease in viscosity was observed at all
compositions (Fig. 3a, c). This was attributed to the func-
tion of citric acid as the plasticizer, since the citric acid
forms ester linkages at temperatures well above 95-97 °C
(Reddy and Yang 2010; Jiugao et al. 2005). In this study,
the citric acid is unable to function as a cross-linker, so it
acts as a plasticizer by being present between the chains
and making them move easily. This explains the decrease
in viscosity as the amount of citric acid is increased.

The cross-linking reaction between WG 1 with boric
acid caused an increase in the viscosity of the adhesive
(Fig. 3c). The similar trend was observed for WG 2 with
boric acid (Fig. 3d). The boric acid reacts with the PVAI
and forms a coordination complex (Awada et al. 2014;
Choi et al. 2017). The complex makes it harder for chains
to move, which causes the viscosity to increase (Fig. 3b,
d). The closer packing of the chains due to complex for-
mation has led to greater stiffness and modulus (as
observed in DMA studies in the following section); chain
entanglement is one of the reasons for an increase in
modulus which proves the gradual increase in viscosity.

Experiment ~ Viscosity (poise) ~ Wet tack (gmf)  Tensile strength—ply to lam (MPa) Tensile strength—can to can (MPa)
2h 4h 6 h 24 h 2h 4 h 6 h 24 h

WG-1 335 2207 0.1216  0.4159 0.8319 1.6010 1.1615 1.3969 1.7736 2.6212
WG-11 269 2448 0.1187 0.4061 0.8083 1.5931 1.1183 1.3891 1.8031 2.4486
WG-12 241 2300 0.1158 0.4002 0.7926 1.5774 1.1144 1.2243 1.7109 2.2798
WG-13 134 2235 0.1128 0.3904  0.7828 1.5441 1.0261 1.0673 1.5931 2.2053
WG-14 518 2221 0.1138 04120  0.8711 1.5578 1.6952 1.8678 2.0248 2.7468
WG-15 794 2250 0.1334  0.4591 0.9849 1.8992 1.9306 2.0719 2.1974 2.7625
WG-16 918 2382 0.1766  0.5533 1.0281 1.9934 2.0248 2.2369 2.2916 3.4848
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Table 4 Results obtained by carrying out various tests for WG-2 series
Experiment Viscosity (poise) Wet tack (Gmf) Tensile strength—ply to lam (MPa) Tensile strength—can to can (MPa)
2 h 4 h 6 h 24 h 2h 4 h 6 h 24 h
WG-2 644 2250 0.1687 0.8162 1.2557 1.9228 2.0562 2.3858 3.3903 4.8344
WG-21 502 2298 0.1609 0.7926 1.1811 1.8796 2.0169 2.2308 2.2648 4.8010
WG-22 443 2376 0.1432 0.7475 1.1418 1.8521 1.8482 2.0091 2.9901 4.6735
WG-23 392 2481 0.1256 0.7397 1.0634 1.6167 1.5343 1.8874 2.9077 4.4263
WG-24 694 2236 0.1766 0.9535 1.3106 2.0326 2.8253 2.9665 3.7513 5.2739
WG-25 784 2287 0.2551 1.2007 1.4048 2.0326 2.7782 3.3746 4.0496 5.6035
WG-26 912 2416 0.2708 0.8083 1.4205 2.0087 2.9352 3.5159 4.2693 5.7133
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Fig. 2 FTIR curves of citric acid and boric acid cross-linked with PV Al/starch

Wet tack

Wet tack force provides the information about the internal
cohesion in an adhesive. It shows the similar trend as
observed in the case of viscosity. Addition of citric acid has
led to a decrease in wet tack (Fig. 4a, c). The presence of
citric acid which acts as a plasticizer has weakened the
cohesion of the adhesive. In the case of boric acid, the
coordination complex helps in packing of chains together,
thereby increasing the wet tack (Fig. 4b, d).

Tensile strength (ply to lam)

The plywood to laminate tensile strength test has been
conducted to study the effect on hardwood (plywood) to
softwood (laminate) assemblies. While applying the
adhesive, the plywood did not wet well enough as

compared to laminate. Since the laminate has many pores
on its surface, the wetting was easy in this case. The tensile
strength shows the similar trend to that of the wet tack,
since the presence of citric acid in the polymer chains has
led to an increase in the plasticizing effect. The presence of
these molecules in the adhesive has led to a decrease in the
tensile strength (Fig. 5a, c). The weak cohesion between
chains and a decrease in surface area in contact with the
wood substrate due to citric acid has played a significant
role in the weakening of the adhesive.

The boric acid consequently has formed a strong com-
plex with the starch and PVAIl hydroxyl groups, which
have resulted in the increase in tensile strength (Fig. 5b, d)
(Gadhave et al. 2018). The tensile strength values at dif-
ferent time intervals help in understanding the drying time
of the adhesive. For 2 and 4 h, the tensile strength values
are too low and the assemblies have not developed enough
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Fig. 3 Viscosity changes for

a WG 1 + citric acid, b WG

1 + boric acid, ¢ WG 2 + citric
acid, d WG 2 + boric acid

Fig. 4 Illustration of wet tack
force for a WG 1 + citric acid,
b WG 1 + boric acid, ¢ WG

2 + citric acid, d WG

2 + boric acid
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Fig. 5 Tensile strengths (ply to Tensile strength Tensile strength
lam) for a WG 1 + citric acid;
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strength, so care has to be taken while handling these wood
assemblies. Consequently, after 6 h, the wood assemblies
developed enough strength in all adhesive compositions.

Tensile strength (can to can)

The additional can-to-can wood tensile strength study was
done to observe the hardwood behaviour of the adhesives.
In this case, both the wood surfaces bonded are of the same
hardwood (canarium wood). The trends of the tensile
strength of can-to-can are similar to that of ply-to-lam tests,
which is a decrease due to citric acid addition and an
increase due to boric acid addition. A major difference is

observed while comparing their values. The tensile strength
of can to can (of WG 1, after 24 h, at 0% of boric and citric
acid) was found to be 27 and that of ply to lam (of WG 1,
after 24 h, at 0% of boric and citric acid) was 16 (Fig. 6).
This huge difference is observed due to the difference in
the wood substrate as stated earlier. The hardwood to
hardwood (can to can) is strongly bonded as compared to
the hardwood to softwood (ply to lam).

Stability

The incorporation of citric acid caused a decrease in the
viscosity of the adhesive as shown in Fig. 7a, c. The
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Fig. 6 Tensile strengths (can to
can) for a WG 1 + citric acid;

b WG 1 + boric acid; ¢ WG 4
2 + citric acid; d WG
) . .
+ boric acid 35
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viscosity build-up over time is observed in all the con-
centration of citric acid; this is mainly due to the increase
in secondary forces. Over time, the internal movement of
chains causes the polar hydroxyl groups to achieve better
orientation. This orientation has low energy state, and thus
the low energy configuration is achieved through increased
H-bonding. The increase in H-bonding has led to the
increase in viscosity over time. An important point to note
is that, due to an increase in cross-linking the viscosity is
decreased. So, addition of optimal amount of citric acid can
help to overcome the problem of viscosity build-up over
time. As shown in Fig. 7a, c, the viscosity curve is
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converging towards 1% concentration. The citric acid even
shows almost equal zero shear viscosity (as confirmed by
rheology study in the following section), which implies the
stability imparted due to cross-linking with citric acid.
The cross-linking reaction between WG 1 with boric
acid caused an increase in the viscosity of the glue (shown
in Fig. 7b). The similar stability trend was observed for
WG 2 series cross-linked with boric acid (shown in
Fig. 7d). The viscosity build-up over time is observed for
the WG 1; this is mainly due to the increase in secondary
forces over time. Due to an increase in cross-linker per-
centage, the viscosity build-up is increased. However, at
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0.1% of boric acid there is the least change in viscosity
after 15 and 30 days for both the adhesives (Fig. 7b, d).

Rheology

The rheology measures the viscosity of a compound at
varying shear rate, with the so-called zero shear viscosity
as the viscosity extrapolated for zero shear rates.

In the case of the WG-1, a difference in the zero shear
viscosities is given, indicating instability (Fig. 8a). The
zero shear viscosities of WG-13 (with addition of citric
acid) before and after the shear rate cycle are almost
identical. This phenomenon can be attributed to the plas-
ticizing mechanism of citric acid with the starch/PVAI,
leading to a certain stabilization effect (Fig. 8b).

In the case of boric acid in WG-16, the stabilization
effect is very low. The applied shear rate has damaged the
existing H-bonding which was developed upon complex
formation. The chains move far apart beyond recovery as
the shear rate is applied. As a consequence, the major drop
in the viscosity is observed (Fig. 8c).
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Dynamic mechanical analysis

Higher storage modulus value in rubbery region and shift
of tan delta second peak to the higher temperature with
decreased peak height and peak broadening indicate the
formation of the cross-linked network in boric acid-incor-
porated systems more profoundly than citric acid-incor-
porated systems (Fig. 9a).

The tan delta curves show two major peaks in each
series: one near 50 °C (first tan delta peak) which corre-
sponds to PVAc glass transition; the other near 90 °C
(second tan delta peak) associated with PVAI glass tran-
sition (Fig. 9b). The first tan delta peak is identical in each
adhesive composition, since the PVAc undergoes no such
modification. The films of citric acid modification show
minor changes in the storage modulus and tan delta curves,
confirming the hypothesis of citric acid acting as a plasti-
cizer. The second tan delta peak shows a major change by
an increase in area under the curve in the case of boric acid
and also the peak temperature shift (Fig. 9b). The mecha-
nism of complex formation by boric acid with hydroxyl
groups is shown in Fig. 10. These changes confirm an
increase in glass transition temperature of the boric acid-
modified adhesive. The observations provide conclusive
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Fig. 8 Illustration showing the rheology (viscosity vs. shear rate) curves of a WG-1, b WG-13 and ¢ WG-16

evidence to the increase in viscosity, tensile strength and
wet tack as discussed in the previous sections.

@ Springer

Conclusion

The purpose of this study was to achieve better handling
strength, tack development and better stability over the
existing white glues. The approach employed to achieve
the above properties was the addition of citric and boric
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Fig. 10 Coordination complex formation of hydroxyl groups (starch/PVAI) with boric acid

acid into the PV Al/starch system. By increasing the content
of boric acid, it was found that the wet tack and tensile
strength increased. Similarly, the addition of citric acid
imparted better viscosity stability and rheological proper-
ties. The maximum tensile strength and wet tack were
observed at 0.1 wt% of citric acid and 1 wt% of boric acid.
While the citric acid showed better stability, the better
tensile strength and wet tack were achieved by boric acid.
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