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Abstract. Many studies tried to innovate wood bioadhesives using renewable resources. This 
research attempted to synthesize wood bioadhesive using cassava starch and polyvinyl alcohol 
(PVA). As a new cross-linking agent, citric acid was added to the bioadhesive to ensure the bonding 
between cassava starch and PVA. PVA and citric acid contain hydroxyl groups that can initiate 
polymerization with starch. The synthesis of bioadhesive has three steps, namely, acid hydrolysis, 
oxidation, and cross-linking reactions. The operating condition was set at 70°C under atmospheric 
pressure for 90 minutes. The amount of added PVA varied at 0%, 10%, 20%, 30%, and 40% relative 
to the weight of cassava starch. Physical properties such as viscosity, solid content, shelf life, and 
dry and wet shear strength were analyzed to determine the best composition of starch and PVA. 
Results showed that the addition of PVA could enhance the bioadhesive's properties, especially its 
dry and wet shear strength. 
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1. Introduction 

Wood adhesive is one of the essential materials in the wood industry (Dunky, 2017; 
Kaboorani and Riedl, 2011; Frihart, 2011) because of its easy and fast application in joining 
a pair of wood pieces. Synthetic adhesives such as phenol-formaldehyde and urea-
formaldehyde are the popular types of adhesives (Ćehić, Talić, and Omer, 2023; Gonçalves 
et al., 2021; Pizzi and Mittal, 2003). The industry has become comfortable with using this 
adhesive during manufacturing because of its good performance in gluing a couple of wood 
parts. However, this type of adhesive has a dangerous influence on human health. Synthetic 
adhesives contain highly volatile compounds that could cause irritation and respiratory 
problems in humans after prolonged contact (David and Niculescu, 2021; Kumar and Pizzi, 
2019; Łebkowska, 2017). 

Bioadhesive is an alternative to synthetic adhesives and has sufficient capability to 
glue a pair of wood pieces. Moreover, it offers several advantages, such as renewability, low 
cost, easy processing, reusability, and environmental friendliness (Borges et al., 2023; 
Raydan et al., 2021; Balgude, Sabnis, and Ghosh, 2017). However, this adhesive has weak 
strength and lousy durability compared with synthetic adhesives. Many researchers have  
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tried to innovate and develop bioadhesives from many renewable resources to obtain 
excellent adhesive characteristics. Cassava starch is an abundant resource that shows 
potential as the raw material for adhesives (Admase, Mersha, and Kebede, 2024; Yu et al., 
2016; Ozemoya, Ajisegiri, and Idah, 2007). Due to its easy gelatinization and modification 
suitable for developing new wood bioadhesives (Wang et al., 2017; Zhang et al., 2015; Wang 
et al., 2012). Many studies were conducted to improve the quality of cassava starch as a 
bioadhesive. Modifications, such as hydrolysis, oxidation, and gelatinization, were carried 
out to obtain high-quality starch bioadhesives. However, starch's retrogradation limits its 
performance as a bioadhesive. Several studies attempted to add an acid catalyst (Gadhave 
et al., 2020; Monroy, Rivero, and García, 2019) or a surfactant (Li et al., 2014) to prevent 
this retrogradation.  
 Starch retrogradation can be reduced by binding the starch with other monomers or 
polymers to form a new polymer model. Polyvinyl alcohol (PVA) is an example of a polymer 
that can be added to starch to improve the 'latter's adhesive properties (Elgharbawy et al., 

2024; Farshi et al., 2024; Jaffe and Rosenblum, 1990). 
PVA is a synthetic polymer that is cheap, non-toxic, and has high water solubility and 

elasticity  (Chousidis, 2024; Barleany et al., 2020; Gaaz et al., 2015). PVA can be applied as 
a nanofiber membrane. The addition of 5% ramie cellulose nanocrystal (CNC) as 
reinforcement can increase the tensile strength by 2 times more than before it was added 
(Xu et al., 2024; Nguyen et al., 2023; Rochardjo et al., 2021). Another study stated that 
adding a copolymer in the form of PVA and 2-ethylhexyl acrylate (2-EHA) grafted with 
ammonium persulfate (APS) in mortar could increase physical properties such as 
compressive strength and reduce water absorption (Bekbayeva et al., 2020). The hydroxyl 
groups of PVA provide an opportunity to form a new polymer between PVA and starch 
(Sridach, Jonjankiat, and Wittaya, 2013; Reddy and Yang, 2010). As a new natural cross-
linking agent, citric acid can initiate polymerization to ensure PVA–starch bonding. In this 
research, we tried to synthesize a new bioadhesive polymer from cassava starch and PVA 
using citric acid as the cross-linking agent. Physical properties such as viscosity, durability, 
and shear strength were analyzed to evaluate the adhesive quality of the bioadhesive 
polymer. 

 
2. Methods 

2.1.  Materials 
 The following are the materials used in this research: cassava starch (PT. Budi Acid 
Jaya, Tbk), ammonium persulfate ((NH4)2S2O8) (LPPT UGM, Indonesia), polyvinyl alcohol 
(PVA) (99% hydrolyzed, Mw 89,000 – 99,800, Merck KgaA Company, Germany), sodium 
dodecyl sulfate (SDS) (CV. Gudang Kimia, Indonesia), 37% hydrochloric acid (HCl) (Merck 
KgaA Company, Germany), and wooden board (Tectona grandis) (UD. Makmur Jaya, 
Indonesia). 

2.2. Synthesis of Bioadhesive 
  In this experiment, approximately 50 g of cassava starch was dissolved in 100 mL of 
0.5 M HCl. The resulting solution was placed in a three-neck flask and heated to 70°C with 
stirring at 500 rpm using a mercury stirrer. After 10 minutes, 0.4 g of (NH4)2S2O8 was added 
to the solution, followed by the addition of 1 g of SDS after 30 minutes. Separately, 5 g of 
PVA was dissolved in 50 mL of Aquadest and added to the three-neck flask. Then, 0.4 g of 
citric acid was added to the solution and stirred for 1 hour. The experiment was repeated 
with different amounts of PVA (0, 10, 15, and 20 g) using the same procedure. 
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Figure 1 The Illustration of Bioadhesive Synthesis in the Temperature of 70 ℃ and 
Pressure 1 atm 

2.3. Viscosity Analysis 
 The 'adhesive's viscosity was evaluated in accordance with ASTM D1084. The adhesive 
was transferred to a beaker glass, and a suitable spindle was installed by considering the 
thickness of the adhesive. The size and rotating speed (rpm) of the spindle in the DV-E 
Brookfield Viscometer were controlled. Viscosity was recorded as the value consistently 
shown on the monitor. The allowed error for viscosity was in the range of 10%–90%. 

2.4. Shelf-Life Analysis 
 The shelf life of the adhesive was measured in accordance with ASTM D1337. The 
sample was kept at room temperature with 50% relative humidity, and its viscosity was 
tested every 7 days for 31 days. The thickness was evaluated in accordance with ASTM 
D1084. 

2.5. Solid Content Analysis 
 The solid content of the adhesive was evaluated in accordance with ASTM-D2369. In 
brief, 1 g of the adhesive was placed in a petri dish and dried in the oven for 60 minutes at 
110 ± 2.5°C. The sample was then cooled and stabilized in a desiccator for 10 minutes and 
finally weighed. The solid content of the adhesive was calculated using Equation 1: 

𝑆 =
𝑚2−𝑚0

𝑚1−𝑚0
× 100%,      (1) 

where S is solid content (%), m0 is the weight of the petri dish (g), m1 is the weight of the 
petri dish and sample before heating (g), and m2 is the weight of the petri dish and sample 
after heating (g). The analysis was repeated three times, and the results were averaged. 

2.6. Dry Shear Strength Analysis 
 Dry shear strength was evaluated in accordance with ASTM D906. Wood pieces with  
30 × 25 × 2 mm dimensions were glued using the adhesive and pressed under 3.27 × 10−2 
N/mm2 for 24 hours. The wood samples were stored at room temperature with 50% RH 
for 7 days, and their maximum load was measured using a universal testing machine at 2 
mm/min of testing speed. The shear strength was calculated using Equation 2: 

𝜎𝑡 =
𝑊

𝐴×1000
,       (2) 
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where 𝜎𝑡 is the shear strength of adhesive (MPa), W is the maximum value load (N) that 
was shown in the monitor of the universal testing machine, and A is the glued area of the 
wood (mm2). The measurement was repeated five times, and the obtained values were 
averaged. 

2.7. Wet Shear Strength Analysis 
 Wet shear strength was evaluated in accordance with ASTM D1183. Dry shear strength 
was measured by determining the exact dimension of the wood that was glued and pressed 
under 3.27 × 10−2 N/mm2. After 24 hours, the sample was immersed in water for another 
24 hours. The sample was dried for 24 hours and stored at 50% RH and at room 
temperature for 7 days. Afterward, the maximum load of the samples was measured using 
a universal testing machine at 2 mm/min of testing speed. The wet shear strength was 
calculated using Equation 2. The measurement was repeated five times, and the obtained 
values were averaged. 

2.8. Fourier Transform Infrared (FTIR) Spectroscopy 
 FTIR spectroscopy was applied to identify the functional groups in the samples using 
spectrophotometer FT-IR Mb 3000 (LPPT UGM, Yogyakarta, Indonesia). The spectra ranged 
between 650 and 4000 cm−1, and 32 scans were performed. 

2.9. DinoLite Microscopy and Scanning Electron Microscopy (SEM) 
 The surfaces and morphology of the bioadhesive were analyzed using a DinoLite 
microscope and a SEM from LPPT UGM, Yogyakarta, Indonesia. 
 
3. Results and Discussion 

 Various PVA and starch compositions were examined to determine the best 
combination that would provide the best performance for the bioadhesive. The PVA: starch 
ratios of 1:10, 2:10, 3:10, 4:10, and 0:10 (wt./wt.) were labeled as SP1, SP2, SP3, SP4, and 
SP0, respectively (the blank sample: regular bioadhesive without PVA). The experiment 
was carried out using a batch reactor, which is easy to control and can provide the best 
conversion in the reaction. 

3.1.  Reaction Mechanisms of Adhesive Synthesis 
 Several mechanisms are involved in bioadhesive synthesis. The first process involved 
hydrolysis and gelatinization using HCl solution as the catalyst at 70°C under atmospheric 
pressure. In this step, the glycosidic bonds in cassava starch were destroyed, resulting in 
acid-thinned starch (ATOS). The starch's primary alcohol or primary hydroxyl groups were 
then oxidized using (NH4)2S2O8 (Imanzadeh et al., 2007).  
 This process aimed to form the carboxyl groups (-COOH) in the structure to support 
polymerization. The other hydroxyl groups or secondary alcohol could be oxidized to 
carbonyl groups (-CO). SDS and PVA were dissolved in aquadest and added to the mixture. 
SDS was added to prevent retrogradation during cassava starch gelatinization. After 10 
minutes, citric acid was added to the mixture as the cross-linking agent. The two possible 
reaction paths in cross-linking reactions are polymerization between starch molecules and 
polymerization between starch and PVA. These synthesis processes are shown in Figure 3. 
 This solution polymerization reaction requires a non-monomeric solvent, aquadest 
(H2O) (Ahmed and Rashid, 2022). PVA is dissolved in aquadest (liquid phase), so the 
opportunity to in-contact with oxidized starch, PVA, and citric acid is greater. Moreover, the 
heat of the polymerization reaction can be removed by water. The hydroxyl group of PVA 
interacts with the carboxylic group of citric acid, thus forming an ester. The molecules 
formed become larger, so the average molecular weight increases. 
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Figure 2 Infrared of cassava starch, acid-thinned and oxidized starch (ATOS), SP0, and SP3 
 

 

Figure 3 Sequence of reaction in starch/polyvinyl alcohol adhesive formation with citric 
acid addition 

3.2. Viscosity of Adhesives 
Viscosity was analyzed following ASTM D1084 to measure the thickness of the 

adhesive using a spindle with the lowest rotating speed. This setting was selected because 
the adhesive is a non-Newtonian thixotropic fluid; hence, its viscosity will decrease over 
time (Bird, Stewart, and Lightfoot, 2002). The viscosity was calculated from the average of 
measured viscosities on the Brookfield monitor. 

The viscosity of adhesives is shown in Figure 4. First, the viscosity decreased from 2118 
cP to 106.2 cP and then gradually increased to 984, 2312, and 5127 cP. When the PVA 
content was 10%, the viscosity decreased due to the excess water in SP1. Meanwhile, the 
viscosity increased with PVA content due to the increase in the average molecular weight 
caused by the cross-linking reaction. PVA also introduced some solid particles into the 
adhesive, thus increasing its viscosity. 
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Figure 4 Viscosity of the adhesives with various polyvinyl alcohol additions 

Viscosity is related to the ability of the adhesive to cover the surface of the wood easily. 
Therefore, adhesives with high viscosity are not desirable. SP1 had the lowest value of 
viscosity. The addition of water and PVA in this sample rendered it easy to apply. However, 
this addition affected the composition of solids and liquids in the adhesive. The 
polymerization between starch or starch/PVA also produced a large amount of water. This 
reaction involved condensation because of the interactions between the hydroxyl group on 
PVA and carboxylic acid on citric acid and between the hydroxyl group on starch and 
carboxylic acid on citric acid (Figure 3). 

3.3. Shelf Life of Adhesives 
The shelf life of the adhesive was evaluated to estimate its durability. The samples' 

viscosity was measured per ASTM D1084 every week for 31 days. The results are shown in 
Figure 5.  

The viscosity of each sample increased over time. After 24 days, SP4 substantially 
thickened, so its viscosity could not be measured using the Brookfield Viscometer. The 
viscosity increased due to the contact between the adhesive and air trapped in the 
container. An adhesive with high viscosity is difficult to apply to any wood 'specimen's 
surface. 

 

Figure 5 Viscosity of bioadhesives in a certain period 

 The significantly increased viscosity of SP4 shows that excessive PVA addition can 
have a negative impact on the quality of the adhesive. Additionally, clumping occurred in 
the adhesive that had been stored for a long period of time. This phenomenon increased the 
viscosity level of the adhesive and decreased its adhesion strength, thus making it 
nonreusable.  

Solidification is the other reason for the increased viscosity of the adhesive. Excessive 
PVA addition will increase the number of solid particles in the adhesive, allowing PVA and 
starch to solidify. This phenomenon is plausible because no other additives have been 
incorporated into the adhesives. 
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3.4. Solid Content of Adhesives 
The adhesives' solid content was measured per ASTM D2369 to identify their volatility 

level. High content of solid particles will decrease the volatility of the adhesive. 
The solid content of the adhesives is shown in Figure 6. First, the value decreased from 

30.62% to 25.16% and then increased gradually to 28.00%, 30.19%, and 32.70%. When the 
PVA content was 10%, the solid content decreased due to the low amount of solid particles 
in SP1. The solid content increased with the amount of PVA addition because many 
nonvolatile molecules were formed after the cross-linking reaction. 

 

Figure 6 Solid content of the adhesives with various polyvinyl alcohol additions 

Compared with SP0, the other samples had lower solid content, except for SP4. The 
reaction between PVA and starch increased the water content of the samples. Meanwhile, 
PVA addition also increased water accumulation in the adhesive. The excess water will 
reduce the solid content of the adhesive because the water will evaporate at oven 
temperature. 

3.5. Dry Shear Strength of Adhesives 
Shear strength is an essential parameter because it estimates the bonding strength of 

the adhesive. The shear strength measured in the dry condition is shown in Figure 7. The 
dry shear strength increased with the amount of PVA addition. In the dry state, the shear 
strength increased from 0.55 MPa to 2.54 MPa. Compared with SP0, SP4 had increased 
initial shear strength by 316.82% in the dry state and 678.13% in the wet state. These 
results indicated that the addition of PVA increases the shear strength of the adhesives. The 
cross-linking reaction between starch and PVA enhances the starch-based adhesive's 
bonding strength. 

 

Figure 7 Dry shear strength of the adhesives with various polyvinyl alcohol additions 

PVA addition can improve the chemical structure of the cassava starch adhesive. The 
bond of cassava starch–citric acid–cassava starch or cassava starch–citric acid–PVA 
rendered the resulting polymer highly stable. The interaction between hydroxyl groups (-
OH) and carboxyl groups (-COOH) formed crosslinked molecules. The amount of these 

22%

24%

26%

28%

30%

32%

34%

36%

0% 10% 20% 30% 40% 50%

So
li

d
 C

o
n

te
n

t

Composition of PVA

0

1

2

3

0% 10% 20% 30% 40% 50%

Sh
ea

r 
St

re
n

gt
h

, M
P

a

Composition of PVA



Budhijanto, Pancasakti, and Hartanto 1893 

groups decreased, and the adhesive shear strength increased due to the absence of affinity 
effects on the water in the air. 

3.6. Wet Shear Strength of Adhesives 
Wet shear strength was analyzed per ASTM D1183 to determine theadhesive's 

resistance under moist or wet conditions. The adhesive's strength under various conditions 
must be evaluated to determine whether it can be used in the wet state. The results of the 
wet shear strength analysis are shown in Figure 8. 

 

Figure 8 Wet shear strength of the adhesives with various polyvinyl alcohol additions 

The wet shear strength increased with PVA addition. The shear strength increased 
from 0.32 MPa to 2.49 MPa. All adhesives had lower shear strength in the wet state than in 
the dry state. The shear strength decreased due to the high affinity between water and 
cassava starch. The hydroxyl groups (-OH) in cassava starch have an affinity for water, 
allowing cassava starch to be used as an adhesive that can dissolve in water. The dissolution 
of the adhesive into the water will affect the adhesive used during the gluing process. When 
a large amount of adhesive dissolves, the adhesion strength becomes weak. This affinity to 
water is caused by the similarity of polarity between the hydroxyl groups (-OH) and water. 
In some samples, the added PVA can prevent the cassava starch adhesive from dissolving 
during soaking. The PVA addition produced ester bioadhesives (crosslinked starch) and 
increased the water accumulation in the adhesive. The high-water content in the adhesive 
reduced the water resistance and broke the bonding of the wood specimens. Thus, the 
solubility of the adhesive increased, leading to a low bonding strength under moist 
conditions. 

Compared with the dry shear strength, the wet shear strength decreased significantly. 
Table 1 shows the decrease in adhesive shear strength in each sample. In particular, SP4 
experienced a reasonably small decrease in shear strength. Therefore, PVA addition can 
reduce the solubility of cassava starch in water. This effect can be attributed to the 
reduction in the hydroxyl groups (-OH) because of polymerization. Reducing the number of 
hydroxyl groups will reduce the solubility and increase the water resistance of the adhesive. 

Table 1 Reduction in the shear strength of the adhesives after being immersed in water 

Sample Shear Strength Reduction 

SP0 41.45% 
SP1 8.29% 
SP2 19.37% 
SP3 29.91% 
SP4 1.99% 

3.7. FTIR of Adhesives 
FTIR spectroscopy was carried out to observe the structural changes of the starch-

based adhesives during the reaction. The molecular structures were compared among 
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cassava starch, ATOS, SP0, and SP3. The SP4 was not used because it had dried out. The 
analysis result is shown in Figure 2. At wavenumber 1022.43 cm−1, the peak intensity of C–
O bonds decreases from cassava starch to ATOS. Meanwhile, the peak intensity of O–H 
groups increases at wavenumber 3330.34 cm−1. This finding indicated the occurrence of 
hydrolysis that destroyed the C-O bonds in amylose and formed the hydrolyzed starch. In 
addition, O-H bonds in cassava starch increase because hydroxyl groups are formed more 
in each single molecular hydrolyzed starch.   

SP0 has a higher peak intensity at 1022.43 cm−1 and 1636.4 cm−1. This is due to the 
addition of citric acid to SP0 from oxidized starch. The number of carboxyl groups increases 
and ester groups may start to form. Overall, no significant change was observed between 
SP0 and SP3 due to the compensatory role of the new O-H bonds generated from the 
polymerization between starch/PVA and citric acid. However, SP3 has a broader peak than 
SP0 in the 3000-3500 cm-1. The hydroxyl group in PVA reacts with a carboxylic group from 
citric acid, so it was resulting in shifts, changes, and broadening of the absorption band SP3 
to form ester groups   

3.8. Morphology of Adhesive 
The morphology of adhesives was analyzed using a DinoLite microscope and a SEM. 

The bioadhesive films with citric acid addition (Figure 9b and 10b) were smoother than 
those of the adhesive without the cross-linking agent (Figure 9a and 10a). This finding 
indicated that citric acid provides good homogeneity to the adhesive solution and 
increases the capability of the adhesive to bond the wood pieces and create a strong 
bonding. 

 
(a)     (b) 

Figure 9 Morphology of the adhesive without citric acid addition (a) and with citric acid 
addition (b) visualized using a DinoLite microscope 

 
(a)      (b) 

Figure 10 Morphology of the adhesive without citric acid addition (a) and with citric acid 
addition (b) visualized using scanning electron micrographs 
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4.  Conclusions 

PVA addition improves the properties of cassava starch-based bioadhesive. The 
viscosity and solid content of bioadhesives tend to increase with the PVA content. The dry 
and wet shear strength are enhanced when the PVA amount is increased. The dry and wet 
shear strengths of SP4 are 316.82% and 678.13% higher than those of the adhesive 
without PVA, respectively. However, an excessive amount of PVA addition could drastically 
increase the viscosity of the adhesive and accelerate the thickening process, leading to the 
poor durability and reusability of the bioadhesive. Therefore, the suitable composition of 
PVA addition to the starch adhesive was in sample S1 (10% of PVA content) because it 
offered a low viscosity value. On the other hand, this sample had enough value of shear 
strength to apply as wood bioadhesive directly. For future research, it is crucial to analyze 
the characteristics of adhesive toxicity and vary the use of starch as raw material.   
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