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Abstract

In this study, the crosslinking agent citric acid (CA) is added to liquid glucose (LG)-polyvinyl alcohol (PVA) blend-based
wood adhesives to improve their mechanical and thermal properties. The effect of crosslinking has been investigated
using various analytical techniques, including viscosity, water contact angle, differential scanning calorimetry (DSC),
and Fourier transform infrared spectroscopy (FTIR). Several variables were investigated for their effects on performance
characteristics, including glass transition temperature, pencil hardness, and tensile strength. Increasing the amount of CA
and the content of LG were among these factors. The crosslinked blend-based films increased in pencil hardness value
and showed less hydrophilic behavior in the water contact angle test. It is expected that nucleophilic hydroxyl groups in
LG and PVA will react with free carboxylic groups to form crosslinks. By analysing FTIR spectra, it has been demon-
strated that CA and the LG-PVA mixture interact. After 24 h of bonding for two distinct ratios of PVA to LG (i.e., 25:5
and 20:10), the lap shear bond strength for the wood substrates bonded with the modified blend increased by 250% and
263% for 0.3 wt% CA, respectively. Blends with 0.5 and 0.7 weight% CA showed a predominately plasticizing tendency
because CA that has not been reacted acts as an external plasticizer. The glass transition temperature (Tg) and increase in
viscosity were indicators of the reaction’s consequences due to the acidic pH. The newly developed crosslinked LG-PVA
blend-based wood adhesive showed better mechanical and water resistance properties when compared to conventional
LG-PVA blend-based wood adhesives.
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Introduction

In recent decades, there has been an increasing demand
for developing adhesives from natural and bio-based raw
materials (Xie et al. 2021). The exploitation of bio-based
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adhesives has received increasing attention (Pizzi and Bio-
foams-a Review 2019; Pizzi 2017; Kaboorani et al. 2012;
Gouveia et al. 2018). Therefore, developing an eco-friendly
wood adhesive composed of renewable materials has
become a key topic of wood science (Pizzi 2014; Gadhave
and Vineeth 2022; Zhong et al. 2002; Cheng et al. 2013).
Bio-based adhesives derived from natural resources, such
as cellulose, hemicellulose, lignin, starch, tannin, chitosan,
protein, and citric acid (CA), have been promoted as wood
adhesives. The latter has been the cheapest bio-based adhe-
sive with remarkable adhesion properties (Sutiawan et al.
2022).

Polyvinyl alcohol (PVA) is one of the most critical com-
mercial water-soluble polymers. It possesses a high crystal-
line structure (Othman and Azahari 2011). It is prepared by
partial or complete hydrolysis of polyvinyl acetate. Physical
and chemical properties, including water solubility of PVA,
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depend on the synthesis conditions and degree of hydrolysis
(Klenina et al. 1972; Gadhave et al. 2019; Gadhave 2023a,
b). The approach to enhance the adhesion properties of PVA
involves chemical and physical modifications. The incorpo-
ration of functional fillers, blending with other polymers,
and tailoring the chemistry of PVA are the possible modifi-
cations reported (Kaboorani and Riedl 2011).

Sucrose (B-d-fructofuranosyl a-d-glucopyranoside) is a
natural disaccharide that is produced from sugar beet or sug-
arcane, and its chemistry has attracted considerable interest
(Queneau et al. 2007). Therefore, considering the chemical
properties of sucrose and the reactivity of CA, there is a
possibility of synthesizing a suitable eco-friendly adhesive
for plywood. Glucose is a natural compound that is con-
tinuously generated by photosynthesis in plants. The intro-
duction of Glucose to wood does not change the chemical
elements of the wood (Guo et al. 2019). Previous research
has already demonstrated that CA could be utilized as a
green adhesive of wood-based materials [18—19]. CA water
solution (Huaxu et al. 2020) was sprayed on wood particles.
After or without prior drying treatment, the sprayed particles
were hot-pressed at 180-200 °C to fabricate particleboards.
The mechanical properties and water resistance of the
resulting particleboards satisfied the JIS A 5908 standard,
and the reaction mechanism was the formation of carbonyl
groups between CA and wood cellulose (Umemura et al.
2013). Furthermore, sucrose was added to the CA solution
to promote bond performance. However, although the previ-
ous CA-sucrose adhesive could be used for the manufacture
of particleboard, it is rarely applied to plywood production
due to its low viscosity and low solid content.

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid)
is an organic polycarboxylic acid containing three carboxyl
groups. CA is a low-cost and readily available chemical that
is used in the food, beverage, and cosmetics industries, as
well as in the textile and paper industries, to improve wrin-
kle resistance and wet strength (Doll et al. 2006). CA has
also been investigated as a cross-linking agent for wood,
plant fiber, paper, starch, and biobased elastomers. Recently,
it was found that CA has adhesiveness for wood (Reddy and
Yang 2010).

It was revealed that increasing the molar ratio of CA/
glucose (G) is more advantageous to improve the shear
strength and water resistance of plywood than the reaction
time. The dry and wet strengths of plywood bonded by the
fully biomass-based CA-G adhesive can reach the standard
requirement (>0.7 MPa) when the molar ratios of CA-G
were more than 0.6 and the reaction time was 1 h (Gad-
have 2023a, b). Wibowo et al.22 employed zinc dichloride
(ZnCl,) as a catalyst to improve the curing conditions and
optimize the pressing conditions of the CA-G adhesive. As
a result, ZnCl, efficiently decreased the curing temperature
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of the adhesive (Genest et al. 2013). A novel eco-friendly
adhesive was synthesized by combining G and CA under
heating conditions for incorporation into plywood. The pre-
liminary research result of this study shows that G and CA
adhesive could be synthesized and utilized as an adhesive
for plywood (Menezzi et al. 2018). Therefore, the incorpo-
ration of CA as a green additive can be a potential tool for
preparing a cost-effective adhesive with enhanced physico-
chemical, thermomechanical, and performance properties
for PVA/ microcrystalline cellulose (MCC) blend as a pos-
sible and sustainable water-based wood adhesive (Vineeth
etal. 2023).

The purpose of the current work was to chemically mod-
ify LG-PVA blends with CA to enhance the performance
properties of wood adhesives. The reaction structure and
the thermal properties of polymer films were studied using
Fourier-transform infrared (FTIR) and differential scanning
calorimetry analysis (DSC). With the addition of CA to the
LG-PVA blend-based adhesive, the DSC results demon-
strated a significant rise in Tg, which was also confirmed
by film hardness testing. In comparison with conventional
LG-PVA blend-based wood adhesives, the newly developed
cross-linked LG-PVA blends-based wood adhesive demon-
strated better water resistance and mechanical properties.

Experimental
Materials

Cold water-soluble polyvinyl alcohol (CWS PVA) (CAS
No. 9002-89-5, % degree of hydrolysis 87-89%, Molecu-
lar weight 40,000-60,000 g/mol) was obtained from Kura-
ray Cooperative Limited, India. Citric acid (CA, CAS No
77-92-9), liquid glucose (LG, pH (1% Solution) 3.5-5.5, %
Solid content 83.5-85.5%, CAS No. 8027-56-3) were pur-
chased from Sigma Aldrich. These raw materials were kept
in a dry environment to avoid the absorption of moisture.
For the whole study, deionized water (DIW) (pH — 6 to 7,
total dissolved solids — 0), which was prepared and ana-
lyzed, was utilized.

Method of preparation

Liquid glucose/ PVA blends (LG/PVA) were taken in a round
bottom flask with water. Initially, the temperature was kept
at 60 °C with continuous overhead stirring at 170 rpm. The
given amount of CA was added after 30 min, as per Table 1.
The temperature of the solution was raised to 93-96 °C and
kept under stirring for 2 h. Then, the solution was cooled
down to 30 °C and poured into a glass container for addi-
tional research.
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Table 1 Ingredients used to make liquid glucose-PVA blends, and their
composition

Blends PVA LG CA DIW
(g) (g) (8 (g)
Gluco-PVA- CA-11 25 5 0.3 70
Gluco-PVA- CA-12 25 5 0.5 70
Gluco-PVA- CA-13 25 5 0.7 70
Gluco-PVA- CA-21 20 10 0.3 70
Gluco-PVA- CA-22 20 10 0.5 70
Gluco-PVA- CA-23 20 10 0.7 70
Gluco-PVA STD-01 25 5 0 70
Gluco-PVA STD-02 20 10 0 70
PVA-CA 30 0 0.3 70
Gluco-CA 0 30 0.3 70
Group 1
Gluco-PVA-CA-11,  Gluco-PVA-CA-12,  Gluco-PVA-

CA-13, and Gluco-PVA STD-01 were made in this group by
altering the amount of citric acid from 0.3, 0.5, 0.7, and 0,
respectively, as indicated in Table 1.

Group 2

As shown in Table 1, a Glucose/PVA (20:10) blend was
made in this group by adjusting the amount of citric acid
from 0.3, 0.5, 0.7, and 0. respectively. The results are Gluco-
PVA-CA-21, Gluco-PVA-CA-22, Gluco-PVA-CA-23, and
Gluco-PVA STD-02.

Group 3

This group combined varying amounts of glucose and PVA
with water to make a glucose/PVA blend. For all studies, the
concentration of citric acid was held constant at 0.3%, as
shown in Table 1.

Film casting on teflon

Each sample was coated into a film on a Teflon sheet using
an applicator with a thickness of 500 um. The cast film was
then dried for a whole day at 30 °C. The cured film was used
for testing purposes. Each made sample was coated into a
film on a Teflon sheet. At 30 °C, the cast film had been dried
for a whole day. For testing, the cured film was used.

Characterization and testing
Viscosities of the blends

The viscosities of the adhesive samples were measured
using a Brookfield Viscometer RVT. The measurements

were taken at a speed of 20 rpm at 30 °C. Five measure-
ments were taken in order to reduce error.

pH of blends

A digital pH meter was used to measure the pH of the sam-
ples. The ASTM E70 standard was followed in conducting
the pH test. pH measurements were taken five times in order
to minimize error.

Fourier transform infra-red spectroscopy (FTIR)

Functional groups in hybrid samples were determined by
IR Spectroscopy analysis using a Perkin Elmer Spectrum
Express 100 spectrometer. Analysis was conducted using
the ATR-FTIR method. On a Teflon sheet, a sample film was
created and cured for one hour at 105°C. For scanning, the
dried film was put on a diamond crystal. 400 to 4000 cm-1
of spectrum were captured. Prior to analysis, a background
scan was performed to minimize error during the reflectance
technique test.

Differential scanning calorimetry (DSC)

The samples’ glass transition temperatures (Tg) were
examined using DSC analysis. The test was executed
with a Perkin Elmer instrument Q 100. Sample prepara-
tion involves casting adhesive over a Teflon sheet with a
200 pm applicator and drying at 105 °C for 1 h. The dried
samples of about 5 mg were used directly on DSC analy-
sis. The technique was performed from —40 to 210 °C at
a 10 °C min~! rate.

Dry-out period on teflon sheet

Using a notched bar film applicator, 200 um wet films
were drawn over a Teflon sheet, and at the same time, a
stopwatch was started. For recording the drying times,
the time from the casting step to complete drying was
recorded using a stopwatch. This test was carried out at
30 °C.

Pencil hardness test

The pencil hardness test was done using a QHQ-A portable
pencil hardness tester, having lead pencils of varying hard-
ness numbers. Using an applicator, 200 p films were cast
over a glass plate. After the films were dried at 30+2 °C
for one day, the test was conducted following the ASTM D
3363 standard (Gadhave and Vineeth 2022).
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Water contact angle measurement

The final formulations were coated over a glass slide with a
notch spreader of 200 um. and allowed to dry for one day.
The next day, the water contact angle and pencil hardness
were studied. A Rame-Hart contact angle goniometer was
used to measure the water’s contact angle. The measure-
ment was repeated five times to reduce the error.

Tensile strength (ply to laminate)

With the help of UTM Tinus Olsen H25K T, Mumbai, India,
the tensile strength was studied.

Fig. 1 (a) ply to lam assembly (b)
ply to lam assembly under load
(Gadhave et al. 2019)
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Constant amounts of adhesive were applied to one end
of the plywood (ply) and laminate (lam) wood, covering a
50 mm by 50 mm area (Fig. 1a). Figure 1b illustrates the
pressure applied to the bonded area of the ply to laminate
assemblies (total load —5 kg cylinder+2.5 kg arm). The
sample was pulled apart at a controlled rate of 5 mm/min,
and the adhesive bond’s tensile strength was recorded at
2942 °C and 65 +3% relative humidity. In order to exam-
ine the tensile strength of a plywood-laminated assembly,
measurements were taken after 24 h of clamping. Each
adhesive sample was analyzed using five samples, and the
standard deviation was provided (Gadhave et al. 2019).

(b)
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Tensile strength-wood to wood in wet and dry
condition

Shear strength was evaluated at different intervals in joints
prepared by gluing beech specimens in normal climates.
The adhesive-coated pieces were assembled in such a way
that the grains of the two pieces were oriented in parallel.
A universal testing machine (UTM) Tinius Olsen H25KT
instrument was employed in the analysis. Bonded assem-
blies as per EN 205, as shown in Fig. 2, were tested after
keeping them at 29+2 °C and 65 +3% relative humidity
after 24 h and seven days. In this case, strength was calcu-
lated in MPa. Wet strength of bonded test specimens as per
the standard EN 204-205, and the test was performed by
keeping the specimens for seven days in a normal climate;
then, the same specimens were soaked in water for an addi-
tional 24 h and then tested for water resistance. Figure 3 (a)
and 2 (b) show bonded specimens as per EN 204-205 and
bonded specimens in water to test the wet strength. In Fig. 3
(c), specimens after testing (bond failure) are shown. Bond-
ing parameters such as the application rate of the adhesive,
types of wood, moisture content of the wood, open time,
pressing time, temperature, and pressure are described in
Table 2.

Results and discussion

All the test data are combined and summarised in order to
combine numerous findings from the characterization and
analysis. Tables 3, 4, 5, 6 and 7, and 8 show the overall test

Fig. 2 (a) Bonded specimens as
per EN 204-205, (b) Specimens
dipped in water to test wet
strength, and (¢) Specimens after
testing (Bond failure)

results for the study. The next section contains thorough dis-
cussions of each analysis.

According to reports, CA interacts with hydroxyl groups
to form ester bonds (Umemura et al. 2013) (Vineeth et al.
2023). Similar to PVA, LG also has hydroxyl groups that
CA’s carboxy groups can readily access to form ester bonds
through an esterification mechanism. Crosslinking is the
process by which the formation of ester bonds connects dif-
ferent polymer chains. Figure 2 shows the expected mech-
anism of crosslinking CA with the PVA and LG hydroxyl
groups. There have been reports of residual-free, unreacted
CA having potential plasticizing properties (Vineeth et al.
2023).

Viscosity

Figures 4 and 5 show that the interaction of LG and PVA
with the cross-linker caused the solution’s viscosity to rise.
It was expected that the combination of hydroxy compounds
and the carboxylic group in CA would result in group 1
esters that were simple to saponify. The pH drops as CA
content rises, increasing the sample’s acidity. The esterifica-
tion of LG and CA resulted in forming a fully cross-linked
structure (Jin et al. 2023).

These interactions led to an increase in viscosity. The
interaction of LG and PVA with CA directly influences the
viscosity of the blend. Group 2 viscosities are lower than
group 1 viscosities because water is an esterification process
byproduct. However, as seen in Figs. 4 and 5, the tendency
for group 2 is comparable to group 1 due to the decreas-
ing order of CA content. As seen in Fig. 6, an increase in
LG causes a drop in viscosity after 5% LG is added to the
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Fig. 3 Reaction of liquid glucose
and PVA with citric acid

CH,OH
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OH +
OH OH
OH
Glucose
H
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Table 2 Tensile shear strength testing parameters

Q—O—0

Type of wood Beech wood

Moisture content 12

of wood (%)

Bonding Panel surfaces were sanded using abrasive

procedure paper of P 100 grit before adhesive was
applied. The two sanded surfaces of the beech
panels were coated in adhesive. Approximately
250-300 g/m? of glue was spread. The length
of the test piece was 100 mm. After assembling
the coated surfaces, the assembly was put in a
press at 30 °C, and the pressure was gradually
raised to roughly 0.7 MN/m? in less than three
minutes. The test panels were subjected to
pressure for almost two hours.

Open time 120+5

(second)

Time between >5 days

bonding and cut-

ting of test pieces

Time between >7 days

bonding and
strength testing.

Glue-line
thickness

Test piece loading

Approximately 0.1 mm

The test components were put into an Instron
Universal Testing Machine’s wedge-shaped
jaw. The jaws were spaced about 50 mm apart.
Using a machine crosshead speed of 50 mm/

min, the test parts were put through their limits.
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sample in group 3, even when the CA concentration is kept
constant.

pH of solution

Figures 7 and 8§ illustrate how the pH of solutions decreased
as the amount of CA in the solution increased. LG has
undergone oxidation when CA was present. Groups 1 and 2
exhibit a similar trend of pH decline, but because LG content
varies, there is a minor variance between them, as shown in
Fig. 9. Due to arise in the amount of LG molecules in group
3 that contain hydroxyl groups, the pH remains nearly con-
stant; as a result, the drop in hydroxyl groups has been made
up for by LG molecules.

Fourier transform infrared spectroscopy (FTIR)

The CA cross-linked blend peak’s overall width and shape
were the same as those of the LG-PVA non-cross-linked
sample. This showed that the nature of secondary bond-like
-H bonds in the cross-linked blends was identical to that
in the non-cross-linked LG-PVA blend, but it also demon-
strated that the cross-linking procedure resulted in a novel
structure of hydrogen bonds.
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Table 3 List of parameters for group 1

Blends (25:05) Citric acid (%) Viscosity pH Pencil hardness Open time (min.) Contact angle (°)
&)

Gluco-PVA STD-01 0.0 15.0+0.1 5.90+0.05 HB 13+1 38.44+1.39

Gluco-PVA-CA-11 0.3 17.0+0.1 4.56+0.05 2H 09+1 47.07+1.39

Gluco-PVA-CA-12 0.5 15.5+0.1 4.14+0.05 H 14x1 45.70+1.39

Gluco-PVA-CA-13 0.7 16.0+0.1 3.93+0.05 HB 17+1 39.17+£1.39

Table 4 List of tensile parameters  Blends (25:05) Tensile strength- Tensile strength- Tensile strength - Tensile

for group 1 Wood to Wood 24 h  Wood to Wood 7 Wood to Wood 7 strength- Ply
dry (MPa) days dry (MPa) days dry+1 day wet tolam 24 h
(MPa) dry (MPa)
Gluco-PVASTD-01  1.00+0.3 1.50+0.3 0.15+0.1 0.70+0.2
Gluco-PVA-CA-11 3.50+0.3 4.15+03 0.90+0.1 2.50+0.2
Gluco-PVA-CA-12 2.30+0.3 2.50+£0.3 0.35+0.1 1.37+£0.2
Gluco-PVA-CA-13 1.15+£0.3 1.55+0.3 0.20+0.1 0.75+£0.2
Table 5 List of parameters for group 2
Blends (20:10) Citric acid (%) Viscosity pH Pencil hardness Open time (min.) Contact angle (°)
)
Gluco-PVA STD-02 0 5.0+0.1 5.73+0.05 2H 17+1 38.59+1.39
Gluco-PVA-CA-21 0.3 6.5+0.1 4.29+0.05 2H 13+ 43.40+£1.39
Gluco-PVA-CA-22 0.5 6.0+0.1 3.95+0.05 H 15+ 42.67+1.39
Gluco-PVA-CA-23 0.7 55+0.1 3.77+0.05 H 19+ 39.62+1.39
Table 6 List of tensile parameters  Blends (20:10) Tensile strength- Tensile strength- Tensile strength - Tensile
for group 2 Wood to Wood 24 h  Wood to Wood 7 Wood to Wood 7 strength- Ply

dry (MPa) days dry (MPa) days dry+1 day wet tolam 24 h
(MPa) dry (MPa)
Gluco-PVA STD-02  0.80+0.3 1.10+0.3 0.10+0.1 0.40+0.2
Gluco-PVA-CA-21  2.90+0.3 3.15+£03 0.50£0.1 1.77+£0.2
Gluco-PVA-CA-22  1.90+0.3 2.15+£03 0.25+0.1 0.87+£0.2
Gluco-PVA-CA-23  1.20+0.3 1.35+0.3 0.15+0.1 0.65+0.2
Table 7 List of parameters for group 3
Blends (CA-0.3%) Glucose (%) Viscosity pH Pencil hardness Open time (min.) Contact angle (°)
>
PVA-CA 0 3.0+0.1 4.35+0.05 2H 15+ 42.09+1.39
Gluco-CA 30 0.1+0.1 3.21+0.05 HB 19+ 38.59+1.39
Gluco-PVA-CA-11 5 15.5+0.1 4.56+0.05 2H 09+ 39.17+£1.39
Gluco-PVA-CA-21 10 6.5+0.1 4.29+0.05 2H 13+ 39.62+1.39
Table8 List of tensile parameters  Blends (CA-0.3%) Tensile strength- Tensile strength- Tensile strength - Tensile

for group 3

Wood to Wood 24 h  Wood to Wood 7

Wood to Wood 7

strength- Ply

dry (MPa) days dry (MPa) days dry+1 day wet  to lam 24 h
(MPa) dry (MPa)
PVA-CA 1.70+£0.3 2.00+£0.3 0.10£0.1 0.80+£0.2
Gluco-CA 0.10+£0.3 0.15+£0.3 0.00£0.1 0.10£0.2
Gluco-PVA-CA-11 3.50+0.3 4.15+03 0.90+0.1 2.50+0.2
Gluco-PVA-CA-21 2.90+0.3 3.15+0.3 0.50+0.1 1.77+£0.2
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Viscosity (P)

Gluco-PVA STD-01  Gluco-PVA-CA-11  Gluco-PVA-CA-12

Blends (25:05)

Gluco-PVA-CA-13

Fig. 4 Viscosity at different concentration of citric acid, as shown by
group 1

Viscosity (P)

Gluco-PVA STD-02  Gluco-PVA-CA-21

Gluco-PVA-CA-22
Blends (20:10)

Gluco-PVA-CA-23

Fig. 5 Viscosity at different concentration of citric acid, as shown by
group 2

According to Table 9 (Figs. 10 and 11), as the cross-link-
ing increased, the peak of -OH for cross-linked LG-PVA
blends fell to a lower wave number (for group 1 and group
2).

Differential scanning calorimetry (DSC)
Table 10 shows how the glass transition temperature of
the polymer solutions increased as the CA concentration

increased. Carboxylic group of CA reacts with LG and PVA
to cross-link the two polymers.
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Viscosity (P)

PVA-CA Gluco-CA Gluco-PVA-CA-11

Blends (CA-0.3%)

Gluco-PVA-CA-21

Fig. 6 Viscosity at different concentration of liquid glucose, as shown
by group 3

Gluco-PVA STD-01 Gluco-PVA-CA-11  Gluco-PVA-CA-12  Gluco-PVA-CA-13
Blends (25:05)

Fig. 7 p H of blends for group 1

The cross-linking increases the molecular weight. This
reason causes an increase in the cross-linked films’ glass
transition temperature. Polymer chains become inflexible
as a result of high molecular weight restrictions on rota-
tion. Due to the higher reactivity of LG’s hydroxyl groups
when compared to PVA, more LG causes increased cross-
linking-blends containing 0.5 and 0.7 weight%. However,
CA demonstrated a primarily plasticizing tendency because
unreacted CA acts as an external plasticizer, decreasing Tg.
Due to the proximity of the hydroxyl groups in PVA, it is
more difficult for cross-linkers to target the site and form
bonds. For group 3, a similar pattern is seen.
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Gluco-PVA STD-02  Gluco-PVA-CA-21  Gluco-PVA-CA-22
Blends (20:10)

Gluco-PVA-CA-23

Fig. 8 p H of blends for group 2

PVA-CA

Gluco-CA Gluco-PVA-CA-11
Blends (CA-0.3%)

Gluco-PVA-CA-21

Fig.9 p H of blends for group 3

Table 9 Location of the hydroxyl peak in mixtures of groups 1 and 2
as shown in FTIR

Group 1 Group 2
Sample identity Wavenum- Sample identity Wave-
bers (cm™) numbers
(em™)
Gluco-PVA STD-01  3323.20 Gluco-PVA STD-02  3315.25
Gluco-PVA-CA-11 3315.40 Gluco-PVA-CA-21  3305.63
Gluco-PVA-CA-12 3309.21 Gluco-PVA-CA-22  3307.75
Gluco-PVA-CA-13 3305.92 Gluco-PVA-CA-23  3306.74

Drying time on glass plate

A drying time test was conducted on a Teflon sheet at con-
trolled conditions (% RH —50-55% Temp- 29-31 °C). The
drying time for Gluco-PVA-CA-13 and Gluco-PVA-CA-23
was more than that of Gluco-PVA-CA-11 and Gluco-PVA-
CA-21. The high tendency of hydrogen bonding in PVA
with LG as compared to LG is because water loss from
adhesive film gets enhanced, as shown in Tables 3 and 5,
and 7. The unreacted -OH group in LG acts as a humectant,
which leads to an increase in the dry-out time on the Tef-
lon sheet. Also, unreacted CA acts as an external plasticizer,
which reduces water, leaving a tendency to blend samples.

Pencil hardness of film

The flexibility of polymer can be measured by pencil hard-
ness. According to Tables 3 and 5, the hardness of the film
increased as the CA content increased. The effect of CA
content in the blends increased the hardness. In contrast to
the LG, which has bulky rings in its chain, the PVA features
flexible chains that are easily bent. The rings stiffen the final
LG-based compounds. The same pattern is seen as more CA
promotes improved cross-linking, which brings the chains
together to form a dense structure. Cross-linking increased
slip from a sharp pencil. But as CA concentration increased
to 0.3 wt%, the film lowered hardness. As observed from
viscosity analysis and DSC, the unreacted CA penetrates
between polymeric chains and acts as a plasticizer [32],
decreasing the hardness of the film. According to Table 7,
the hardness increased as the LG concentration increased up
to 0.3%. Cross-linking resulted in an increase in hardness
that is proportional to the LG content.

Water contact angle

Generally, the relationship between the water contact angle
and an adhesive’s resistance to humidity is linear. The con-
tact angle of the sample film with the water droplet correlates
with the hydrophobic or hydrophilic nature of the mate-
rial. The contact angle of the blends with water is shown
in Figs. 12 and 13, and 14, and the values are addressed
in Tables 3 and 5, and 7. Since PVA-LG blends are rich in
hydroxyl groups, the blank sample showed maximum wet-
ting and lowest contact angle with water. As explained,
citric acid acts as a cross-linker by connecting polymeric
chains by the esterification reaction with the carboxylic acid
group of citric acid with hydroxyl groups of PVA-LG (Shi
et al. 2008). Since cross-linking uses hydroxyl groups of the
blend, the observation from contact angle measurement jus-
tifies the decrease in wetting nature with an increment in the
contact angle of cross-linked samples.
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Fig. 10 FTIR curves of Gluco-
PVA STD-01, Gluco-PVA-
CA-11, Gluco-PVA-CA-12, and
Gluco-PVA-CA-13

Fig. 11 FTIR curves of Gluco-
PVA STD-02, Gluco-PVA-
CA-21, Gluco-PVA-CA-22, and
Gluco-PVA-CA-23

Table 10 Glass transition temperature of blends

v
3500 3000

T T S
2500 2000 1500
Wanenumber e’

Sr. no Sample name Weight of CA (g) Tg
O

1 Gluco-PVA- CA-11 0.3 85.69
2 Gluco-PVA- CA-12 0.5 96.55
3 Gluco-PVA- CA-13 0.7 84.36
4 Gluco-PVA- CA-21 0.3 84.89
5 Gluco-PVA- CA-22 0.5 83.69
6 Gluco-PVA- CA-23 0.7 53.88
7 Gluco-PVA STD-01 0 75.11
8 Gluco-PVA STD-02 0 68.05
9 PVA-CA 0.3 82.67
10 Gluco-CA 0.3 63.04
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In group 1, it has been found that Gluco-PVA-CA-21 is

significantly more hydrophobic than Gluco-PVA-CA-23,
and a similar finding was achieved in group 2.

This is caused by crosslinking between the pendent side

functional group of PVA and LG with CA and the formation
of a dense network structure, as shown in Fig. 2. The extra
hydroxyl group in the LG samples causes a reduction in
hydrophobicity as it works as a water-loving group, which is
also confirmed through a dry-out time study. CA cross 0.5%
showed a slight decrease in contact angle compared to CA
cross 0.3, possibly due to the unreacted citric acid.
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Fig. 12 Contact angle images l
of (a) Gluco-PVA-CA-11 (b)
Gluco-PVA-CA-12 o l

(b)

47.07° 45.70°

Fig. 13 Contact angle images l
of (a) Gluco-PVA-CA-21 (b) l

Gluco-PVA-CA-22 ® ®)

“40° 4267

Fig. 14 Contact angle images

of (a) PVA-CA (b) Gluco-CA

(¢) Gluco-PVA-CA-11 (d)

Gluco-PVA-CA-21 @ I

(d)
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Fig. 15 Tensile shear strength values after 24 h group 1
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Fig. 16 Tensile shear strength values after 24 h group 2

Tensile strength (ply to lam)

The purpose of this test is to determine the tensile strength
of plywood to laminate assemblies and to investigate their
effects. In comparison to the laminate, the plywood did
not wet as thoroughly during the adhesive application. In
this instance, the wetting was simple due to the laminate’s
numerous pores on the surface. After putting the blends’
samples to plywood and laminate, an analysis of the blends’
bonds was carried out. The bond strength increased as
the CA content increased, as seen in Figs. 15 and 16 for

@ Springer
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Fig. 17 Tensile shear strength values after 24 h group 3

groups 1 and 2. Cohesion within the blend is brought about
by the cross-linking of CA with LG and PVA molecules.
Better bond strength is imparted with the wood surface by
cohesive force, which also minimizes free volume and cre-
ates chain interaction (Gadhave et al. 2020). More densely
packed chains interact with the wood surface because the
closer packing and enhanced cohesion have reduced the
free volume. After a day, adhesive-applied assemblies were
tested to determine the extent of bond strength. It is clear
that using 0.3 weight% of CA in the formulation, a cross-
linker strengthens the bonds. For 24 h bonded substrates,
the blend containing 0.3 weight% CA shows an increment
of 213% enhancement in tensile strength. The viscosity and
adhesiveness have decreased as a result of the plasticizing
behaviour at 0.5 weight%. The bond strength has increased
as a result of better contact between the adhesive and the
wood surface. Since an increase in CA causes an increase in
cross-linking, it is possible to draw the conclusion that the
concentration of CA directly correlates with bond strength.
Figure 17 illustrates how increasing LG results in stronger
adhesion, which is consistent with the cellulose and glucose
interacting well.

Tensile shear strength testing- wet and dry

Tensile lap shear test is a key analysis to evaluate the per-
formance of adhesive over the wood substrate. The analy-
sis involved testing of single lap adhesive joint over wood
specimen.

The analysis involved testing at intervals; values are
denoted in Tables 4 and 6, and 8. Time-wise test correlates
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the bond development time in the wooden specimens. The
samples were conditioned as per EN 204-205 standard for
the water resistance test.

The main observation was that incorporating CA
showed better water resistance over the wood substrate.
Cohesion within the blend is brought about by the cross-
linking of CA with LG and PVA molecules (Gadhave
et al. 2020). Better bond strength is imparted with the
wood surface by cohesive force, which also minimizes
free volume and creates chain interaction. More tightly
bound chains interact with the wood surface because the
closer packing and enhanced cohesion have reduced the
free volume. When compared to pristine blends, the addi-
tion of CA results in a higher number of crosslinking sites
and improved water resistance. After 24 h immersion
in water, Gluco-PVA STD-01 has lower strength than
Gluco-PVA- CA-11 by 500%, as shown in Fig. 18. Group
2 also demonstrated similar tread, as shown in Fig. 19. As
seen in Fig. 20, an increase in LG causes a drop in water
resistance properties, even when the CA concentration is
kept constant.

Applying the blends to specimens of steamed beech
wood allowed for an analysis of the blends’ adhesion
strength. The bond strength increased as the CA content
increased after 24 h and seven days, as shown in Figs. 21,
22 and 23, and 24 for groups 1 and 2. The cohesiveness
of the blend is achieved by the cross-linking of CA with
LG and PVA molecules. Cohesive force increases the
bonding strength with the wood surface by reducing free
volume and generating chain interaction (Gadhave et al.
2020). More tightly packed chains interact with the wood
surface because the closer packing and enhanced cohe-
sion have reduced the free volume. To study the extent
of bond strength, adhesive-applied wood substrates were
tested after 24 h and 7 days. It can be seen that the addi-
tion of a cross-linker increases the bond strength, with
0.3 wt% of CA in the formulation the blend with 0.3 wt%
CA shows an increment of 250% enhancement in ten-
sile strength for 24 h and seven days bonded substrates.
The plasticizing effect at 0.5 wt% has contributed to a
decrease in viscosity and bond strength. As a result of
improved interaction between the wood surface and the
adhesive, the bond strength has increased. It may be con-
cluded that the concentration of CA is directly related
to bond strength since increases in CA lead to increased
cross-linking; in the case of Figs. 25 and 26, an increase
in LG results in improved adhesion strength, which is
consistent with excellent interaction between the cellu-
lose and glucose.
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Fig. 18 Tensile shear strength in wet conditions for group 1
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Conclusion

A combined approach of physical and chemical modifica-
tion of PVA and LG blend-based adhesive has been inves-
tigated in the study. It was observed that by blending PVA
with LG and crosslinking with a green cross-linker, CA has
prominently enhanced the physicochemical and mechano-
thermal properties of the adhesive sample. Due to its multi-
carboxylic structure, esterification could occur between the
carboxyl and hydroxyl groups on the PVA-LG blend at 0.3
wt%, CA acted as a crosslinking agent, as evidenced by
increased Tg, viscosity, contact angle, and mechanical prop-
erties. However, the higher concentrations of CA limited the
mobility of the blend, which resulted in lowering the Tg. The
decrease in mechanical properties was further evidenced by
a drop in pencil hardness and tensile strength with 0.5 and
0.7 wt% CA. With these observations, the residual-free CA
in the blends acted as a plasticizer. The carboxyl groups on
CA can improve the interactions and form stronger bonds
with the PVA-LG blend and wood substrate. The films that
have been crosslinked showed diminished hydrophilicity.
Therefore, incorporating CA as a green additive can pre-
pare a cost-effective adhesive with enhanced physicochemi-
cal, thermomechanical, and performance properties for the
PVA-LG blend as a potential and sustainable water-based
wood adhesive.
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