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Abstract
Natural rubber (NR) grafted by methyl methacrylate (MMA) was used to produce 
bio-based wood adhesive. The effect of total solid content (%TSC) at 55, 57, and 
60%, represented as 55NR-g-MMA, 57NR-g-MMA, and 60NR-g-MMA, respec-
tively, and the effect of storage time on lap shear strength were investigated. It was 
found that contact angle sharply decreased from 95° for NR to approximately 65° for 
all of NR-g-MMAs. Because the MMA groups were incorporated into various NR-
g-MMA samples and the highest relative amount of grafted MMA was obtained by 
57-NR-g-MMA which is determined by peaks intensities ratio between wave num-
ber at 1725 (C=O stretching) and 1450 (CH2 stretching), investigated by attenuated 
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). These influ-
ences resulted in an increase in storage modulus (E′), whereas tanδ was decreased 
as compared to that of NR, characterized by dynamic mechanical analyzer (DMA). 
In addition, the apparent viscosity performed by plate-and-plate rheometer trended 
to increase with total solid content and storage time. However, the highest lap shear 
strength was achieved by 57NR-g-MMA. It means that the lap shear strength was 
not only governed by viscosity as well as total solid content, but the amount of 
grafted MMA also plays an important role.
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Introduction

Presently, there has been an increase in the development of environmentally friendly 
wood adhesive from bio-based material for the substitution of petroleum-based 
adhesive. Bio-based wood adhesive has been developed from biomass resource 
such as cassava starch [1], soy bean protein [2] and lignin [3] in order to substi-
tute for synthetic thermosetting resins as adhesives because of environmental issues 
worldwide. Moreover, natural rubber (NR) is abundance and alternative material 
to produce this adhesive due to good mechanical properties and ability to crystal-
lize under applied loading. According to these advantages, it has been used to be 
material for producing both household and engineering products such as tires, rub-
ber gloves, bridge bearing, adhesive, etc. However, it is difficult to bond with high 
surface energy materials such as wood and polar polymers. To address this problem, 
the chemical modification of NR including epoxidation [4], chlorination [5], and 
grafting with polar monomer such as maleic anhydride [6] and methacrylate mono-
mer [7] was investigated. Therefore, it can blend and adhere with polar materials 
such as acrylonitrile butadiene rubber (NBR) [8], chloroprene rubber [9], and wood 
[10]. The modification of NR has been performed in both latex and dry rubber stage 
in the mixing process. In addition, the modification in the latex stage was easily 
accomplished with high grafting yield and practical to apply for adhesive manner. 
The application of NR latex-based wood adhesive was investigated by several tech-
niques such as epoxidized NR used to be adhesive for making particleboard from 
para rubber wood which was obtained high internal strength [10]. In addition, NR 
latex-based wood adhesives were prepared by mixing prevulcanized NR latex with 
various amounts of ammonium caseinate, carboxymethyl cellulose, cooked starch, 
and phenol formaldehyde resin acting as adhesion promoter [11]. According to these 
techniques, the adhesion between NR and wood which is mainly composed of cel-
lulose can be improved [12]. Viscosity as well as storage time of latex adhesive was 
necessarily considered to produce wood adhesive. The viscosity of latex wood adhe-
sive influences the ability to wet or spread on wood surface, whereas the stability 
due to long-distance transportation of adhesive or relatively long-term storage was 
represented by storage time [13]. The effect of structure change of urea–formal-
dehyde resins during storage has been studied [14], and the effect of viscosity of 
acrylic and protein of wood adhesive on adhesive strength was also investigated [13, 
15].

They claimed that the appropriate and stabilized viscosity during storage of syn-
thetic adhesive in the latex form was important because of them directly influenced 
to adhesive strength. In the case of NR latex, it was stable emulsion in water medium 
and the viscosity also varied with total solid content and storage time [16, 17].

 The effect of viscosity and storage time of NR-based wood adhesive on adhe-
sive strength has not been reported. In this study, the influence of total solid 
content (%TSC) on viscosity of NR-g-MMA latex adhesive resulted in lap shear 
strength between wood and latex adhesive which was investigated. Finally, the 
stability and adhesive properties of latex wood adhesive during storage were also 
investigated and discussed in detail.
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Experimental procedure

Materials

High ammonium natural rubber (HANR) latex, 60% dry rubber content (DRC), 
was purchased from Chemical and Material Co. Ltd. Methyl methacrylate mono-
mer (MMA) was purchased from Carlo Erba Reagents. Cumene hydroperoxide 
(CHP) and tetraethylene pentamine (TEPA) acting as redox initiators were pur-
chased from Sigma-Aldrich. Potassium laurate (K-laurate), potassium hydroxide 
(KOH), and isopropyl alcohol were supplied by Sigma-Aldrich, and all solvents 
used were of analytical grades.

Adhesive preparation

Graft copolymerization of MMA onto NR backbone was performed by emul-
sion polymerization technique. Redox bipolar initiating system of CHP/TEPA 
was used by a ratio as shown in Table 1. HANR, diluted to obtain desire total 
solid content (%TSC), was poured into glass reactor equipped with condenser, 
and then, K-laurate acting as surfactant and KOH acting buffer were added under 
continuous stirring and nitrogen atmosphere at room temperature for 30  min. 
And MMA monomer was then charged to glass reactor before heating to 50 °C 
for 1 h to allow the latex particles to absorb the monomer. After that, CHP/TEPA 
was added to the glass reactor and the reaction was allowed to proceed for 4 h 
of total reaction time under nitrogen atmosphere. After the completion of reac-
tion, the small amount of sample was coagulated for sample analysis by using 
10% CaCl2 before leaching by distilled water. It was then extracted by petro-
leum ether and acetone to remove free NR and free MMA and dried at 50  °C 
for 24 h, respectively. The grafted samples were obtained at different %TSCs at 
55, 57, and 60 identified as 55NR-g-MMA, 57NR-g-MMA, and 60NR-g-MMA, 
respectively.

Table 1   Formulation used for 
grafting reaction

Chemicals Dry 
weight 
(phr.)

NR latex (60% HAL) 100
99% MMA 10
10% Potassium laurate 1.5
80% CHP 1
85% TEPA 1
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Characterization

Lap shear strength

The adhesive performance was evaluated by lap shear test following ASTM D2339-
98. Para rubber wood was selected as adherend in this research. Sample preparation 
with a dimension of 2.5 × 10 × 1 cm3 was allowed at room temperature for 48 h. Two 
hundred milligrams of NR-g-MMAs adhesive was performed to wood specimen which 
was 2.5 × 2.5 cm2 of applied adhesive area and was then dried for 15 min before assem-
bly. After that, assembly samples were kept at room temperature for 24 h before lap 
shear test. The bonding strength of the assembly was investigated by a shear strength 
test using a crosshead speed of 50 mm/min, with ten replicate assemblies per treatment. 
The adhesive shear strength presented was averaged across the replicates.

Contact angle measurement

The wettability of NR-g-MMAs was determined by contact angle measurement, 
model Data physic OCA 40. Deionized water was used as test liquid, and the meas-
urement was done five times in different locations and average values.

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR‑FTIR)

The chemical compositions of NR-g-MMA were determined by FTIR 2000 Perki-
nElmer with ATR-FTIR mode. The spectra were recorded with the resolution of 
4 cm−1 in the range of 4000–400 cm−1, and a diamond crystal was used.

Dynamic mechanical analyzer (DMA)

Dynamic mechanical properties of samples were investigated by DMA GABO 
model EPLEXOR 100. The sample size was 1 × 3 × 0.2 cm3 and was determined by 
tension mode at a frequency of 1 Hz and temperature from − 100 to 100 °C at heat-
ing rate 2 °C/min.

Rheological analysis

Two grams of NR-g-MMA of different total solid contents was placed onto rheom-
eter. Plate-and-plate configuration of Thermo Fisher Scientific HAAKE MARS III 
was used in this study.

Results and discussion

Preparation of NR‑g‑MMAs wood adhesive of various total solid contents

HANR was diluted by distilled water to obtain 55, 57, and 60 total solid con-
tent (%TSC) before grafted by MMA to obtain NR-g-MMAs (55NR-g-MMA, 
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57NR-g-MMA, and 60NR-g-MMA). NR-g-MMAs latex adhesive was extracted 
by acetone soxhlet extraction before characterization by water contact angle meas-
urement as shown in Table 2. The water contact angle of NR-g-MMAs is sharply 
decreased from 95° to approximately 65° after modification, whereas the water 
contact angle of wood is approximately 60°. It could be explained that wettabil-
ity and hydrophilicity are achieved by grafted MMA, and they can increase inter-
action between NR-g-MMAs and wood which mainly composes of cellulose and 
hemi-cellulose. In addition, the chemical composition of NR-g-MMAs was charac-
terized by ATR-FTIR and is displayed in Fig.  1a. The absorption band of NR is 
found at 833 cm−1 which is assigned to H–C=C stretching and the absorption bands 
at 1450 and 1375  cm−1 correspond to CH2 and CH3 stretching, respectively. The 
broad absorption band around 1665 cm−1 is attributed to C=C stretching. The new 
absorption band of MMA at 1153 cm−1 and 1725 cm−1 is detected after modifica-
tion at various samples which correspond to C–O and C=O stretching. According 
to contact angle and ATR-FTIR results of various samples, the wettability of NR-
g-MMAs latex adhesive could be improved by the introduction of those functional 
groups of MMA onto NR backbone. Moreover, the mechanical properties of NR-
g-MMA were characterized by dynamic mechanical analyzer (DMA) as shown in 
Fig. 1b. The dynamic mechanical properties of 57NR-g-MMA are chosen to repre-
sent. 57NR-g-MMA demonstrates relatively high storage modulus (E′) and low tanδ 
as compared to that of NR. It implied that the increase in E′ may be associated with 
an achievement of MMA grafted onto NR backbone which results in the improve-
ment of elastic modulus of NR-g-GMA.

The influence of NR‑g‑MMA on lap shear strength

The influence of latex adhesive of NR-g-MMA on lap shear strength is compared 
with NR as shown in Fig. 2. Lap shear strength of NR-g-MMA is higher than that 
of NR. The failure mode was observed by visualization, and mixed modes (adhesive 
and cohesive failure) were obtained. This result could claim that the modification 
improves adhesive strength of NR-g-MMA adhesive latex because the ability to wet 
or spread onto wood surface and hydrophilicity of NR-g-MMA are better than those 
of NR as stated in the previous section.

According to ATR-FTIR and DMA results, the incorporation of the new chemi-
cal functional groups into NR-g-MMA backbone such as carbonyl and ester groups 

Table 2   Contact angle of NR-g-
MMAs at different total solid 
contents

xxNR-g-MMA represented total solid content

Samples Degree

NR 95 ± 3
Wood 60 ± 3
55NR-g-MMA 65 ± 2
57NR-g-MMA 65 ± 2
60NR-g-MMA 64 ± 2
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can possibly promote the interaction with cellulose in wood surface such as mul-
tiple hydrogen bonding, obtaining good bonding resulting in difficulty to rupture 
under applied loading, and the cohesive strength under shear force of this adhesive 

Fig. 1   a ATR-FTIR spectra of NR-g-MMA of various total solid contents and b E′ and tanδ of 57NR-g-
MMA
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could be improved due to higher stiffness as compared with NR. The obtained result 
could be compared with the similar adhesive latex criterion. And the lap shear 
strength was higher than that of grafting diacetone acrylamide (DAAM) onto NR 
latex approximately 12% because the introduction between MMA and DAAM onto 
NR was difference. The grafting efficiency of NR-g-MMA was 97%, whereas NR-
g-DAAM was approximately 50–62% which depended on monomer concentration. 
The higher DAAM monomer concentration tended to form homopolymer, resulting 
in a reduction in grafting efficiency [18].

The influence of total solid content of NR‑g‑MMAs latex adhesive on lap shear 
strength

The lap shear test was used to determine adhesive strength between various total 
solid contents of NR-g-MMAs latex adhesives and wood as shown in Fig. 3. Fig-
ure 3 shows that the lap shear strength increases until maximum value at 1025 kPa 
of 57NR-g-MMA, and thereafter, it decreases. It does not vary with apparent vis-
cosity which is correlated well with total solid content. In addition, it does not also 
vary with the amount of grafted MMA which is determined by the intensities ratio 
between I1725 and I1450. The intensities ratio was sharply reduced in the initial per-
centage of total solid content; thereafter, it slightly decreased. These effects mean 
that lap shear strength is not governed by both apparent viscosity and percentage 
total solid content, but the amount of MMA onto NR backbone also plays impor-
tant roles in the adhesion. Sun and Cheng [13] suggest that the lower viscosity pro-
duced over penetration and the higher viscosity influenced shallower penetration. 
Both of them resulted in dry-out at the interface, and the concentration of func-
tional groups reduced significantly which resulted in the reduction of the interaction 

Fig. 2   Lap shear strength of NR and NR-g-MMA
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between wood and adhesive. The appropriate adhesive viscosity results in the best 
wetting performance; after that, the chemical interaction and physical interaction 
such as hydrogen bonding could be developed and accompanied with good adhesive 
strength. 

The influence of storage time of NR‑g‑MMAs latex adhesive on lap shear strength

 The effect of storage time on lap shear strength of 57NR-g-MMA is displayed in 
Fig. 4a. This latex adhesive was kept at room temperature before determining lap 
shear strength at a given storage time. The result shows that the apparent viscos-
ity trends to increase during storage from 1 to 4 weeks and this effect results in the 
reduction in lap shear strength as displayed in Fig. 4a. Our result is in good agree-
ment with Christjanson [14]. Urea formaldehyde adhesive was kept at room tem-
perature, and the viscosity sharply increased with an extended period because of the 
reaction between free terminal amino groups and hydroxymethyl groups. The reason 
to explain how to increase in viscosity of 57NR-g-MMA latex adhesive during stor-
age could be explained by ATR-IR results as shown in Fig. 4b. The absorption band 
around 3600–3100 cm−1 and 1729 cm−1 appears for 4 weeks of storage time, which 
can be assigned to the OH and C=O stretching due to the hydrolysis or aging pro-
cess of ester groups of methacrylate. Because the 57NR-g-MMA latex adhesive is 
exposed to basic solution of pH around 7–8 and temperature around 30–35 °C. This 
reaction influenced the ester groups as shown in Fig.  5 and then formed multiple 
hydrogen bonding which was in good agreement with Bettencourt [19]. Therefore, 
the increase in viscosity above optimum value could reduce the wettability of latex 
adhesive due to an insufficient spreading of adhesive on the surface according to the 
report by Plaz [15].  

Fig. 3   Variation of lap shear strength versus intensities ratio (I1725/I1450) and apparent viscosity of NR-g-
MMAs of various total solid contents
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Fig. 4   a Lap shear strength of NR-g-MMAs at various storage times and b ATR-FTIR of 57NR-g-MMA 
for 4 weeks of storage
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Conclusion

NR latex wood adhesive of various total solid contents could be achieved by 
grafted copolymerization between MMA monomer and NR using redox initia-
tion system. Contact angle was decreased from 95° for NR to about 65° for NR-
g-MMAs of various total solid contents due to the introduction of hydrophilic 
groups to NR-g-MMAs such as carboxyl and ester groups. These effects result in 
an increase in storage modulus, whereas tan delta was decreased as compared to 
that of NR. In addition, the apparent viscosity was increased with an increase in 
percentages of total solid content as well as storage time; conversely, the amount 
of grafted MMA trended to decrease with increasing percentages total solid con-
tent. The highest lap shear strength was accomplished for 57NR-g-MMA, and it 
trended to decrease with increasing viscosity.
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