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Abstract
Environmental considerations coupled with fossil fuel depletion encouraged 
research community to implement green protocol by partially or fully replacing pet-
rochemicals. This is valid in case of adhesive research and development, where par-
tial replacement of colloidal stabilizer, polyvinyl alcohol (PVA), is replaced by an 
abundant and sustainable material, corn starch (S). The work here investigates the 
effect of adding PVA and S blends formulated for polyvinyl acetate (PVAc)-white 
glue for wood adhesives. To enhance overall properties, boric acid, citric acid, gly-
oxal, and glutaraldehyde were employed as crosslinkers at a low concentration (0.1 
wt.%). The presence of free hydroxy groups of PVA-S blend provides a site for the 
crosslinkers. Crosslinked blends are formulated with PVAc binder, plasticizer, and 
preservatives forming a wood adhesive. Various characterization techniques were 
employed for measuring physical and thermo-mechanical properties. Crosslinking 
was proved with dynamic mechanical analysis. Enhancement in performance prop-
erties was shown by the increase in tensile shear strength on bonded wood substrates 
and wet tack analysis. Tensile strength of bonded wood after 8 h. showed 16% incre-
ment for citric acid-incorporated sample, 13% for glutaraldehyde, 8% for boric acid, 
and ~ 7% for glyoxal crosslinked wood adhesive. Moreover, crosslinking consoli-
dated polymer chains, which resulted in enhanced thermo-mechanical properties. 
Overall, the crosslinked samples showed better physical, mechanical, and thermal 
properties when compared to the non-crosslinked adhesive. Hence, this study can be 
a potential in the further development of sustainable white glue for wood bonding 
applications.
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Introduction

Reliability on fossil fuels and petrochemicals has been constantly debated with the 
growing population [1]. There has been an intriguing quest for alternative systems 
which can function as a candidate for sustainable economy [2–4]. Researchers have 
found a huge potential on biopolymers as they are abundantly available and can be 
tailored for any particular application [5]. Adhesive sector also has witnessed such a 
change from formaldehyde-based binders for wood consolidation to systems which 
consists of biopolymers and organic solvent-free adhesives [6]. As water being an 
environmentally benign solvent, water-based wood adhesives, such as polyvinyl 
acetate (PVAc) emulsion wood adhesives, commonly known as ‘white glue’ or 
‘white adhesive’ have gained much momentum [7]. Polyvinyl alcohol (PVA) itself 
is used as adhesive and a protective colloid for PVAc emulsion [8]. However, PVA 
being a petrochemical is not a complete solution considering the sustainability and 
green adhesive fulfillment. One potential candidate which has similar structure of 
PVA and can be a fully/partially substitutable candidate is starch (S) [9–11]. Starch 
belongs to polysaccharide family and is the second most abundant naturally occur-
ring biopolymer [12]. Starch-incorporated wood adhesives have shown biodegrada-
bility, cost-effectiveness, and enhanced binding on various substrates, thus finding 
application in commercial-grade adhesives [13, 14]. Furthermore, starch has free 
hydroxyl groups in its structure, which acts as a site for further chemical modifica-
tion [15]. Apart from this, starch can be blended with other similar polymers, which 
can show synergistic property [16].

As mentioned, starch alone as a colloidal stabilizer for PVAc has been proposed 
by researchers. However, there are many bottleneck challenges of starch which 
limits themselves as a lone colloidal stabilizer. Blending PVA and starch (PVA/S) 
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is an approach where the properties of colloidal stabilization of PVA and binding 
attributes of starch can be tailored together [16, 17]. Singha et al. reported the bio-
degradable nature of starch and PVA blends with enhanced mechanical and ther-
mal properties [18]. In another work, Chen et al. modified starch and PVA blend by 
crosslinking and showed its biodegradable nature [19]. Moreover, blending naturally 
abundant biopolymer, starch, with PVA is a green approach to reduce the depend-
ency on fossil fuel based polymers [20, 21]. There has been a series of work by 
Gadhave et al., where modification of PVA/S blends by crosslinking approach has 
been shown potential applicability as wood adhesives [16, 22]. Various crosslinkers 
have been successfully evaluated as crosslinkers for PVA/S blend, thereby exhib-
iting enhanced adhesive performance properties. Namely, the crosslinkers reported 
by the group are dialdehydes [11], complex of dialdehyde (glutaraldehyde sodium 
bisulfite) [12], boric acid [23], citric acid [5], and silane [24] and its incorporation 
has enhanced thermo-mechanical and performance properties with respect to wood 
adhesion.

Although there are various works on PVAc wood adhesives, greener approach to 
reduce dependency on PVA as colloidal stabilizer for PVAc emulsion remains scant. 
Starch has been shown as a potential candidate which can partially or fully replace 
PVA in PVAc emulsion-based adhesive. However, as starch has many limitations, 
an attempt to investigate the applicability of PVA blended starch as a candidate for 
PVAc emulsion is presented here. Limited number of works have been reported 
in PVA/S blend-incorporated PVAc white glues. In the present work, instead of 
PVA alone as stabilizer, we have formulated PVAc emulsion wood adhesive with 
crosslinked PVA/S blend system. Various classes of crosslinkers such as inorganic 
acid (boric acid), an organic acid (citric acid), and two dialdehydes  of different 
chain lengths, namely glutaraldehyde and glyoxal, have been formulated with PVAc. 
Incorporation of the crosslinkers is at a very low concentration (0.1 wt.%) in PVA/S, 
as higher concentration affects storage stability of adhesives [16]. The effect on vari-
ous properties such as viscosity and change in viscosity relating to time by accel-
erated stability test was compared and studied. The performance properties of the 
adhesive were further studied by measuring the wet tack and tensile shear strength 
of wood joints bonded with these systems at various intervals, hence making the 
work as a holistic and a comprehensive investigation. Hence, the work is an attempt 
and a step forward aiming for green, sustainable, and environmentally benign adhe-
sive for wood consolidation, thereby fueling the green protocol.

Materials and methods

Materials

PVA (CAS No. as 9002-89-5, % degree of hydrolysis as 87–89%, molecular 
weight in the range of 99,000– 1,05,000  g/mol) was supplied by Kuraray Co. 
Ltd. Corn starch (CAS No. as 9002-25-8, % moisture content of 5–7%, and amyl-
ose content as 25–30%) purchased from Sanstar Bio-polymer Ltd. PVAc emul-
sion (CAS No. as 9003-20-7, PVA stabilized, with 55% solid, and viscosity as 



814 Polymer Bulletin (2024) 81:811–825

1 3

3500 cp and pH of 4.5), formaldehyde (CAS No. as 50-00-0, molecular biology 
grade, ≥ 36.0% in  H2O), boric acid (CAS No. 10043-35-3, 98% pure), citric acid 
(CAS No. 77-92-9, 99%), glyoxal (CAS No. 107-22-2, ∼40% in water), glutar-
aldehyde (CAS No. 111-30-8, 25% solution), and di-butyl phthalate (CAS No. 
84-74-2, DBP) were obtained from Sigma-Aldrich.

Preparation method

Corn starch and PVA blends were prepared and formulated as per the procedure 
described in [16]. The preparation method involved two-step process where first 
step focused on the preparation of colloidal solution. PVA and corn starch were 
blended followed by reaction with various crosslinkers. In the second step, mod-
ified PVA/S blend samples were formulated by mixing various additives men-
tioned in Table 1 at 175 rpm for 1.5 h [9]. For comparison, a blank sample (ML-
Standard) was prepared without crosslinkers. As the crosslinkers were added and 
reacted with the blend, and PVAc was added later, an assumption is made that the 
changes in properties are developed by the presence of crosslinkers. This final 
product was then labeled as in Table 1 and stored in plastic containers.

Characterization and testing

Viscosity and pH

Viscosity was measured at 20  rpm using Brookfield DV1 Viscometer as per 
ASTM D1084. A digital pH meter, CL 54 + Toshcon Industries, India, was 
employed for measuring pH. The measurement was performed according to 
ASTM E70. Both the tests were conducted at a temperature of 28 °C.

Table 1  Name and composition 
of adhesive samples

Ingredients ML-standard
Wt. %

ML-1
Wt. %

ML-2
Wt. %

ML-3
Wt. %

ML-5
Wt. %

Water 63 62.9 62.9 62.9 62.9
Corn starch 10 10 10 10 10
PVA 5 5 5 5 5
Citric acid – 0.1 – – –
Boric acid – – 0.1 – –
Glyoxal – – – 0.1 –
Glutaraldehyde – – – – 0.1
PVAc 20 20 20 20 20
Formaldehyde 0.2 0.2 0.2 0.2 0.2
DBP 1.8 1.8 1.8 1.8 1.8
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Dynamic mechanical analysis (DMA)

Analysis was performed using DMA Q-800 from TA Instruments, Mumbai, India; 
200-micron-thick samples were casted on a polytetrafluoroethylene (PTFE) using an 
applicator and films were solidified at 28 °C. The analysis was performed at tem-
perature ranging from − 30 °C to 150 °C, with five-minute hold time, as it reaches 
programmed temperature. Ramp rate of 5 °C/min was given; frequency of 1 Hz and 
a strain 0.1% were the inputs given.

Pencil hardness test

Adhesive samples were casted over a glass plate using an applicator of 1000 microns 
and made to dry at 28 °C for 1 day and tested using QHQ-A portable pencil hard-
ness tester following ASTM D 3363 standard.

Wet tack

A probe tack analyzer from Rohit Instruments, Pidilite R & D lab, Mumbai, was 
employed for testing. 2–3 mg of adhesives was placed between a metal cylinder and 
surface. The cylinder squeezes sample as it approaches surface at 5 mm/min. Resis-
tive force exerted on the cylinder as it moves up after being in contact with the adhe-
sive was noted as wet tack value (unit in gram-force (gf)), to minimize error test 
repeated for 3 times and data represented with error value.

Tensile strength

Tensile lap shear strength of wooden specimen (plywood and laminate (ply-lam)) 
was measured using UTM Tinius Olsen H25KT, Mumbai, India, at 28  °C and 
65–70% relative humidity, according to ASTM D 906. The white glue was applied 
to 50 mm × 50 mm area of wooden specimens, then placed in sample holder of the 
apparatus, and pulled apart at 5 mm/min. For measuring the tensile strength devel-
opment over time, testing was done for 2, 4, 6, and 8 h. For all the compositions, five 
specimens were analyzed, and standard deviations were reported.

Stability test

For studying the stability of white glue over time, viscosity was monitored using 
Brookfield DV1 Viscometer at 20 rpm at various intervals keeping samples at 50 °C 
in an oven. The test was conducted at 28 °C on the 15th, 21st, and 30th day after its 
preparation.

Results and discussion

The result obtained from various test is shown in Tables 2, 3, and 4.
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Viscosity and pH

From the results of viscosity analysis (Fig.  1), all the samples showed increment 
in viscosity except the standard sample. The presence of free polar hydroxyl (-OH) 
groups in PVA/S blend acts as a location for the crosslinking reaction [23]. Boron 
atom, with an empty p orbital, attracts nucleophilic OH groups in PVA/S blend 
forming crosslinks [20, 25]. As crosslinks created consolidates the polymeric 
chains, viscosity increment can be correlated with the crosslinking reactions. In the 
case of citric acid-incorporated sample, although citric acid forms crosslinks with 
the hydroxyl groups by ester linkages [26, 27], increment in viscosity was least. 

Table 2  Results obtained from 
various analyses

Sample name pH Viscosity
(P)

Pencil 
hardness 
value

Wet tack (gf)

ML-standard 4.7 ± 0.2 394 ± 15 2H 2308 ± 12
ML-1 4.2 ± 0.1 497 ± 18 6H 2495 ± 16
ML-2 4.1 ± 0.2 418 ± 12 5H 2428 ± 14
ML-3 4.2 ± 0.2 405 ± 15 4H 2344 ± 6
ML-5 4.3 ± 0.1 444 ± 20 5H 2432 ± 10

Table 3  Thermo-mechanical analysis result from DMA

Sample name DMA Results

Storage modulus glassy 
region (E’ initial) (MPa)

Storage modulus rubbery 
region (E’ rubbery) 70 °C 
(MPa)

Loss modulus 
(E”) peak max 
(MPa)

First tan 
delta peak 
(°C)

ML-standard 5685 489.2 704.0 42.8
ML-1 5908 539.5 694.9 43
ML-2 5733 521.6 689.0 42.9
ML-3 5391 378.5 667.6 43
ML-5 7488 654.3 904.1 43.5

Table 4  Tensile shear strength values at various time intervals after bonding with adhesive samples

Sample name Tensile shear strength values (MPa) at various time intervals (hrs.) after bonding 
with adhesive samples

2 4 6 8

ML-standard 0.278 ±  0.05 1.088 ±  0.04 1.623 ±  0.05 1.815 ±  0.05
ML-1 0.292 ±  0.06 1.331 ±  0.04 1.760 ±  0.05 2.107 ±  0.09
ML-2 0.282 ±  0.04 1.313 ±  0.06 1.722 ±  0.04 1.960 ±  0.09
ML-3 0.287 ±  0.04 1.176 ±  0.04 1.668 ±  0.04 1.939 ±  0.08
ML-5 0.290 ±  0.03 1.204 ±  0.04 1.751 ±  0.06 2.050 ±  0.09
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Temperature and pH influence the effect of citric acid, depending on the two factor 
it can crosslink or hydrolyze the starch molecules [28]. Structurally, citric acid has 
a 3-dimensional anatomy, which can function as a spacer, thereby promoting the 
mobility of blend polymer chains [29]. In addition, gelatinization and retrogradation 
of starch by citric acid in acidic conditions (from pH value shown in Table 2) sup-
port for decreasing the viscosity [30, 31]. Hence, although crosslinks are created, 
plasticizing effects overrule in the viscosity data, resulting in least increment of vis-
cosity for citric acid sample, compared to the other samples.

For the samples with dialdehydes (glutaraldehyde and glyoxal), acidic condi-
tion (shown in Table  2) catalyzes the formation of acetal linkages with free -OH 
of PVA/S blend [32]. This contributes to the enhancement in the viscosity of the 
samples. Furthermore, crosslinking increases the chain length of PVA/S blend and 
hence increases chances of entanglement, contributing to rise in viscosity compared 
to blank samples. Based on the aforementioned mechanism of crosslinking, possi-
ble crosslinked PVA/S blend structures are depicted in Fig. 2. In general, by adding 
0.1% of crosslinker in the system, there is a significant rise in the viscosity of the 
adhesive, which could be advantageous the applicability and spread ability of white 
adhesive.

Dynamic mechanical analysis (DMA)

DMA analysis relates to the thermos-mechanical properties of polymeric materi-
als. In the present investigation, it is observed that all the sample films exhibited 
major transitions above glassy temperature. Moreover, it can be seen that there 
are two transitions at 45  °C and 90  °C relating to glass transition temperature 
(Tg) of PVAc and PVA, respectively [16, 22]. Figure 3 shows storage modulus 
(E’) curves and loss modulus (E”), and Fig.  4 represents tan delta for all the 
adhesive samples. Table 3 consolidates values of E’, E”, and tan delta for all the 

Fig. 1  Viscosity of adhesive samples with different crosslinkers
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adhesive samples. ML-5 (glutaraldehyde sample) showed maximum shift in E’, 
E” and tan delta value. Formation of acetal bonds with PVA and starch contrib-
uted to the enhancement, and hence, thermo-mechanical properties have been 
boosted [18, 33]. It is worth mentioning that the boric acid-containing sample 
also showed enhancement in E’, E”, and tan delta value. However, for the rest, 
value remains closer to the standard. Also, ML-3 sample containing citric acid 
showed the lowest values for storage and loss modulus. Although citric acid 
acted as crosslinker for PVA/S blend as observed by an increase in tan delta, 
citric acid with its 3D structure promotes the mobility of chains by acting as a 
spacer [29]. Also while preparing the blend, temperature was at 92–95 °C; pos-
sible chances of unreacted citric acid in the polymer matrix contributed to gelat-
inization in starch rather than crosslinking [30, 34]. Hence, better chain mobility 
occurs, resulting in lowering of storage and loss modulus for citric acid contain-
ing sample. Overall, DMA analysis also showed the possibility of crosslinking 
reaction which is in line with the observations from the viscosity data.

Pencil hardness test

Pencil hardness analysis correlates with the mechanical properties of polymer film 
samples. As crosslinkers are expected to increase the hardness of adhesive films [11], 
the results shown in Table 2 are in line with the assumption. Crosslinking reaction 
contributes to reduction in voids between the polymeric chains; this makes the tip 
of pencils hard to penetrate. Boric acid-incorporated sample showed the maximum 
value, whereas citric acid containing sample showed the minimum. 3-D network 
formed as boric acid reacted with PVA, starch, and PVAc [35] consolidates thereby 
reducing the intermolecular distance; hence, film hardness increases. Although for 
the citric acid sample, hardness value slightly enhanced, the possibility of plasticiz-
ing nature of unreacted citric acid can be observed. Dialdehyde crosslinkers (glyoxal 

Fig. 2  Possible crosslinked 
structures for PVA/starch with 
various crosslinkers
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and glutaraldehyde) containing samples showed good strength, as acetal bonding 
enhanced the stiffness of films, thus contributed to the enhancement [36]. Hence, 
introduction of crosslinkers contributed to a positive shift of hardness values.

Fig. 3  a Storage modulus (E’) and b loss modulus (E”) for all the adhesive samples
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Wet tack

From the results shown in Table 2, modified samples showed enhanced wet tack 
property. Crosslinking consolidates the polymer chains and restricts mobility 
and results in better cohesion between the chains. Boric acid-crosslinked sample, 
ML-1, forms a complex 3-dimensional network structure [35]. Hence, following 
the similar observations from viscosity data, DMA graphs, and pencil hardness 
data, the same trend is shown here. The plasticizing nature of unreacted citric 
acid [22] is clear from wet tack analysis, although there is a small increment for 
ML-3; the data are almost comparable to ML-Standard. Dialdehyde-crosslinked 
blends showed similar increment in wet tack. The formation of acetal bonds 
enhanced the internal cohesion, and hence, improvements are reflected in the wet 
tack data.

Tensile strength (ply to lam)

For the analysis of tensile shear strength of bonded wood substrates, the sub-
strates were placed in single lap adhesive joint, as shown in Fig. 5 a and b. It is 
noteworthy to mention that presence of pores in the surface of laminate led to 
good wetting of adhesives, while plywood showed poor wetting [16]. It was noted 
that all the samples showed failure at the adhesive applied area and not failure at 
substrate, as shown in Fig. 5c, d. The test was conducted as per calculated time 
intervals, and its results are shown in Fig. 6a and Table 4. The time wise analysis 

Fig. 4  Tan delta curve for all the adhesive samples
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enabled understanding of bond development in wooden specimen, and results are 
in accordance with wet tack analysis. Although, test conducted after 2 h. of bond-
ing showed no significant bond development, but results for 4, 6 and 8 h. showed 
indication of enhanced bonding. Boric acid-crosslinked sample showed the maxi-
mum improvement in tensile strength. Complex formation and effective crosslink-
ing of boric acid consolidated the chains, enhancing viscosity and wet tack; due 
to this, the adhesion on wooden substrates increased; especially, the enhancement 
of bonding strength at 4 and 6  h. is advantageous in the development of wood 
adhesives with high initial grab and enhanced handling strength properties. ML-3 
sample showed improvement in tensile strength, although citric acid showed 
plasticizing effect, the spread-ability, and wetting properties of the white glue on 
wooden pieces being improved. ML-5 and ML-2 samples with dialdehydes also 
showed enhancement in bonding strength. Crosslinking by acetal bond formation 

Fig. 5  Photographs of bonded wood specimen and the wood specimen after testing a and b single lap 
adhesive joint, c and d bonded wood specimen after test

Fig. 6  a Tensile strengths (plywood to laminate) for adhesive samples with different crosslinkers and b 
change in viscosity with respect to time of all the adhesive samples
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led to cohesion as shown in the wet tack analysis, with good film hardness made 
a positive effect on the bonding strength. Tensile strength of bonded wood sub-
strates after 8  h. showed clear evidence on the crosslinking effect. 16% incre-
ment in tensile strength was observed for citric acid-incorporated sample, 13% for 
glutaraldehyde, 8% for boric acid, and ~ 7% for glyoxal-crosslinked wood adhe-
sive. Hence, the modified white glue formulation has a significant role in enhanc-
ing the tensile strength for adhesive bonded with plywood to laminate wooden 
specimen.

Stability test

The changes in viscosity upon storage of adhesive are an important parameter for 
studying its storage stability [16]. Generally, viscosity of adhesive increases upon 
storage as secondary forces builds up viscosity, and with the passage of time, poly-
mer chains orients to its lower energy [22]. Polar hydroxyl groups in PVA/S form 
hydrogen bonds; hence, after an initial rise viscosity becomes almost stable. The 
results shown in Fig. 6b follow similar pattern. ML-5 sample showed initial incre-
ment in viscosity (Fig. 1) as glutaraldehyde acts as a crosslinker for PVA/S blend 
by acetal bonding [37]. However, after 15 days of storage in 50 °C, the sample was 
found gelled. The presence of acidic hydrogen must have contributed to its gelation. 
Although ML-5 sample gets gelled, the enhancements in hardness of film, wet tack, 
and bonding strength can be advantageous. Hence, ML-5 white glue sample can be 
made as a two-pack system, where glutaraldehyde and the other formulation can be 
separately packed. Steep increment in viscosity after 15 days of storage shown by 
boric acid sample, ML-1, is due to the complex 3-D network formation [22, 35]. 
ML-2 sample with glyoxal as crosslinker showed increase in viscosity with respect 
to time, but after 30 days, lump formation was observed. The increment in viscos-
ity is sharp, and possibility for gelation after 30 days cannot be neglected. From the 
literature, it is studied that citric acid acts as a good additive for PVA/S blend [22, 
34]; similar observations are also noted. Citric acid-incorporated adhesive, ML-3, 
showed stable viscosity profile without lump formation, discoloration, and odor, 
showing the stability. The sample can be comparable to the stability of ML-Stand-
ard, since both the samples showed similar viscosity profile and are almost same 
after 30 days. Hence, on comparison, although boric acid sample showed high vis-
cosity without gelling even after 30 days, the higher value of viscosity compared to 
standard can be an issue on spread-ability in wooden substrates. On the other hand, 
citric acid-incorporated white glue formulation showed a more stable viscosity with 
respect to time.

Conclusion

The study investigated the effect of various crosslinkers on PVA/S blend and its 
incorporation in PVAc emulsion-based adhesive. Physical, thermal, mechanical, 
and performance properties were analyzed comprehensively. Results from DMA 
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analysis proved the proposed crosslinking mechanism, as samples showed increase 
in Tg by shift of tan delta peak, on addition of crosslinkers. Moreover, enhanced 
storage modulus denoted the rise in mechanical property. Viscosity enhancement for 
the sample with crosslinked blends can be equated to the spread ability and better 
surface application of white adhesive. Various analysis concluded the pronounced 
effect of plasticization over crosslinking for citric acid sample. All the crosslinked 
samples showed profound enhancement in adhesion property evidenced from ten-
sile test on wooden specimens and wet tack analysis. Although boric acid sample 
reflected its crosslinking effects in various analysis, viscosity rise after 30 days of 
storage at 50  °C can be a limitation on its ease of application on wood substrate. 
Gel formation in dialdehyde samples can be resolved by making it as a two-pack 
system. In conclusion, the study successfully investigated the incorporation of vari-
ous crosslinkers of PVA/S into PVAc-based formulation, and the so prepared white 
adhesive samples showed better physical, mechanical, and thermal properties when 
compared to the standard adhesive. Hence, this study can be potential in further 
development of PVAc adhesive with starch blended PVA system for wood bonding 
applications.
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