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1. Introduction

ABSTRACT

Developing cold-setting adhesives derived from waste styrofoam (WS) of
expanded polystyrene foam for laminated gmelina wood involves
innovative recycling of WS into functional adhesives. As a type of
thermoplastic polymer, WS can be used as an adhesive at room
temperature. In this study, WS was functionalized into cold-setting
adhesives through dissolution and cross-linking reaction with methylene
diphenyl diisocyanate (MDI) at a concentration of 40% wi/v at 60°C. The
mixture was then stirred at 200 rpm for 30 minutes. The adhesive is
characterized by its ability to be set at room temperature, offering
environmental benefits and practical applications in wood lamination.
Solids content, gelation time, viscosity, cohesion strength, functional
group analysis, morphological features, and curing temperature analysis
were performed to characterize the cold-setting adhesives. The WS-MDI-
40% had 62.4% solids content, 906.8 mPa.s viscosity, 182.3 Pa cohesion
strength, and 197.8 minutes of gelation time at room temperature. The
adhesion performance was evaluated in laminated wood using gmelina
wood at glue spread rates of 250 and 300 g/m? and cold-pressed at various
durations. The block shear strength value of laminated wood bonded with
WS-MDI-40% at 300 g/m? and cold-pressed for 24 hours was higher than
that of other samples, reaching 8.2 MPa, which met the Japanese
Agricultural Standard (JAS No. 234) for glued laminated timber,
exceeding the minimum requirement of 5.4 MPa. Fourier transform
infrared (FTIR) spectroscopy revealed that the cold-setting WS-MDI-
40% were cross-linked via urethane linkages (R-NH-COO-R). The
free -\N=C=0 groups could react with the —OH groups of gmelina wood to
produce laminated wood during cold-pressing. This study suggested a
recycling alternative of WS into a cold-setting wood adhesive for
laminated wood, which can be utilized in interior applications.

Over the past decade, a significant emphasis on the viewpoint of environmental concerns
about products manufactured from recycled materials has been raised. The progress of this product
recycling method demonstrates that material recycling has become both economically and
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environmentally attractive (Capricho et al. 2022; Garcia-Barrera et al. 2022). In developed
countries, properly managing waste electrical and electronic equipment, which constitutes a
significant amount of discarded material, is a significant concern (Maafa 2021). Although the
direct recycling of polystyrene into adhesives is not commonly practiced, several mechanisms
exist for repurposing or reusing waste styrofoam (WS).

The increase in WS is not accompanied by an increase in the management of the recycled
styrofoam process. Expanded polystyrene (EPS) is a common WS with a wide range of
applications, including the manufacture of trays, bowls, plates, boxes, insulation foams, and
packaging materials. The global production of WS is around 15 million metric tons per year, and
most of the WS ends up in a landfill (Uttaravalli et al. 2021). In the United States (U.S.), over 3
million tons of WS are produced annually, and around 2.3 million tons end up in landfills. It is
reported that less than 2% of WS were recycled in the U.S. (Fitriasari and Liu 2024). Around 10
wt.% of the total plastic waste produced annually originates from WS, and burning WS produces
harmful gases such as styrene, hydrochlorofluorocarbon, carbon black, carbon monoxide, and
polycyclic aromatic hydrocarbons (Aljabri et al. 2017).

WS dissolves readily in various solvents and has been utilized in the preparation of coatings
and adhesives. When applied to various materials, such as plastic, wood, and cardboard, the
adhesive exhibits good adhesion strength, physical performance, and mechanical properties.
Polystyrene is a synthetic aromatic thermoplastic polymer produced from the styrene monomer,
and is the world’s third most widely used thermoplastic, with a glass transition temperature (Tg)
of about 100°C (Noori et al. 2023). Below the Tg, WS is stiff, hard, and brittle; above Tg, it can
be melted and bonded to the wood through mechanical interlocking at room temperature.

One way to utilize WS as a wood adhesive is by developing cold-setting adhesives. Cold-
setting adhesives have several advantages over other commercial adhesives. This adhesive requires
a moderate curing treatment at room temperature (25°C). Thus, this adhesive is eco-friendly, based
on renewable resources, and possesses several functionalities, including serving as a plasticizer,
emulsifier, and surfactant (Amin et al. 2023; Amin et al. 2024). Cold-setting adhesive also enables
in-use, moist bonding processes for laminating wood by applying adhesive to the surface of each
wood strip before assembly. Common cold-setting adhesives for laminated gmelina wood include
epoxy (Dwianto et al. 2023), polyurethane (Hariz et al. 2023), and phenol-resorcinol-
formaldehyde resins (Wibowo and Park 2024). However, conventional cold-setting adhesives are
costly, non-renewable, and toxic.

Utilizing WS as raw material for cold-setting adhesive requires novel methods to convert the
polystyrene into effective adhesive formulations. The WS-based adhesives possess the property of
setting at ambient temperatures, thereby providing environmental advantages and practical utility
in the wood laminating process (Noori et al. 2023). To synthesize sticky films, it is dissolved in
solvents such as D-limonene, toluene, or mixtures of gasoline and acetone. An adhesive’s
characteristics, including viscosity, binding strength, and drying time, are influenced by solvent
selection (Maulana et al. 2024; Noori et al. 2023; Osemeahon et al. 2024). Cold-setting adhesives,
such as those produced from butylphenyl polyester, utilize reactive groups and a hybrid geometry
to provide robust adhesion at ambient temperatures (Cao et al. 2024). Butylphenyl polyester and
WS have high glass transition temperatures and do not warp or deform at relatively high
temperatures. However, the bonding strength decreases with increasing exposure to high relative
humidity (Noori et al. 2023).
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Incorporating plasticizers, such as glycerol, can enhance the pliability of the adhesive;
however, this may increase moisture content. Cross-linking agents containing isocyanate groups
and dual-functional polymers can enhance both adhesive bond strength and heat resistance
(Osemeahon et al. 2024). The bond strengths of adhesives produced from polystyrene waste vary
depending on the formulation. A study by Osemeahon et al. (2022) demonstrated that adhesives
containing a combination of toluene and acetone exhibited a strong bonding strength of 7.04 MPa
on plywood. The lap shear strength of cold-setting adhesives is significantly high, rendering them
well-suited for use in wood applications. Through the recycling of waste materials, these adhesives
provide a sustainable solution to mitigate environmental contamination. Developing such
adhesives aligns with generating value-added products from waste and promoting environmentally
sustainable products (Osemeahon et al., 2022; Younesi-Kordkheili et al., 2024).

To achieve strong bonding and mechanical performance, the process parameters, such as
pressure and adhesive content, are carefully adjusted (Budhe et al. 2017). Certain cold-setting
adhesives, such as those formulated from butylphenyl polyester, provide repair capabilities,
enabling the restoration of wooden constructions (Cao et al. 2024). The optimization of formulas
for specific applications of cold-setting adhesives derived from waste styrofoam presents
challenges despite the various advantages they offer. Precise control of solvent selection, adhesive
composition, and curing conditions is necessary to attain the intended performance features.
Optimizing reaction parameters, including temperature, duration, and the quantity of additives, is
necessary to form adhesives from waste styrofoam (Montalvo-Romero et al. 2022). The primary
requirement for solvent selection is the high solubility of WS, such as toluene and acetone. The
selection of solvents affects the adhesive’s viscosity, bond strength, and drying time. Optimal
adhesive performance on different substrates has been observed when a combination of toluene
and acetone is used (Osemeahon et al. 2022).

Recycling WS into adhesives mitigates environmental issues by diminishing pollution and
generating sustainable value from waste materials. This method involves dissolving WS in
solvents and subsequently reacting it with additives to generate desirable adhesives characterized
by high peel strength and a minimal environmental footprint (Beran et al. 2021; Obele et al. 2024).
Thermosetting adhesives are produced from WS by cross-linking with agents such as methylene
diphenyl diisocyanate (MDI). This process improves the adhesive’s thermo-mechanical
characteristics and bonding strength, making it suitable for applications such as particleboard
production (Karliati et al. 2024). The equilibrium between pliability and resistance to moisture is
crucial for maintaining the integrity of adhesive joints in various environmental conditions. These
factors underscore the ongoing need for research to develop the promise of cold-setting adhesives.

This work analyses and describes the cold-setting adhesive from WS for laminated wood
made from gmelina (Gmelina arborea). The evaluation encompassed quantifying the solids
content, gelation duration, viscosity, pH, rheological characteristics, functional group analysis, and
curing analysis. Moreover, the adhesive strength of cold-setting adhesive obtained from WPS was
examined using a block shear strength test on laminated wood.
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2. Materials and Methods
2.1. Materials

The primary material was waste styrofoam (WS), collected from Cibinong, Indonesia. The
solvents used were toluene (95.0% technical grade), butanol (99.0% technical grade), propanol
(99.0% technical grade), methylene chloride (99.0% technical grade), ethyl acetate (99.0%
technical grade), and butyl acetate (99.0% technical grade). Methylene diphenyl diisocyanate
(MDI) with a £ 31% NCO content and 98.7% solids content was bought from Anugerah Raya
Kencana Company, Serang, Indonesia. Aquades were bought from a local chemical store in Bogor,
Indonesia. Wood samples of 7-year-old gmelina (Gmelina arborea) with a rectangular shape of
200 mm x 100 mm x 20 mm were obtained from a community forest in Bandung, Indonesia.

2.2. Formulation of Cold-Setting Adhesive Derived from Waste Styrofoam

Fig. 1 illustrates the preparation of waste styrofoam (WS)-based adhesive. The WS used in
this study was a food container. A comprehensive cleaning was conducted on the WS, followed
by its subsequent crushing into smaller fragments. WS particles were dissolved using a previously
described design, with certain modifications (Gutierrez-Velasquez et al. 2022; Karliati et al. 2024).
About 400 grams (40% w/v) of WS particles were dissolved in a co-solvent mixture. 100 mL of
methylene chloride, 100 mL of ethyl acetate, 150 mL of butyl acetate, 90 mL of butanol, 60 mL
of propanol, and 500 mL of toluene were used as co-solvents. The dissolution process was carried
out at a temperature of 60°C, with continuous stirring at 100 revolutions per minute for 10 minutes.
Following the complete dissolution of WS, approximately 40% w/v of MDI was introduced into
the liquid WS. The cross-linking reaction was performed at 60°C and maintained at 200 rpm for
30 minutes.

\ WS particles Dissolution of WS Addition of cross-linkers WS-based adhesives )

Fig. 1. Preparation of WS-based adhesive.

2.3. Characterization of Cold-Setting Adhesive Derived from Waste Styrofoam

This study evaluated the properties of adhesives derived from WS, including solids content,
viscosity, gelation time, and pH. The solids content in WS-modified MDI adhesives at 40% MDI
levels was determined by drying a 1 g sample in an oven set at 105°C for 3 hours. Once the drying
process was completed, the oven-dried weight was divided by the initial weight to calculate the
solids content. The average viscosity of WS-modified MDI adhesives at 40% MDI levels was
measured using a rotational rheometer (RheolabQC, AntonPaar, Austria). The measurement was
performed at 27°C for 120 seconds with a consistent shear rate of 100/s. The measurement was
conducted using a No. 27 spindle apparatus. The gelation time of WS-modified MDI adhesives at
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40% MDI levels was assessed by monitoring the duration for the adhesive to become a gel at 30°C
and 50 rpm using a gel time meter (GT-6, Techne Inc., USA). Using a digital pH meter (OrionStar
Al11, Thermo Scientific, USA), the pH of WS-modified MDI adhesives at 40% MDI levels was
determined at a temperature of 27°C.

Fourier transform infrared (FTIR) spectroscopy was conducted using the Spectrum Two
instrument (Perkin Elmer Inc., MA, USA) to investigate the alterations in the functional groups of
WS-modified MDI adhesives at a 40% level of MDI. The adhesive samples were analyzed using
the attenuated total reflectance (ATR) technique at a temperature of 25°C. The ATR-FTIR was
conducted within the 400 to 4000 cm™, using a 4 cm* resolution for each sample. The viscosity,
cohesion strength, and rheological behaviour of WS-modified MDI adhesives at 40% levels of
MDI were analyzed using a rotational rheometer (RheolabQC, AntonPaar, Austria) at 27°C under
a constant shear rate of 200/s.

Dynamic mechanical analysis (DMA 8000, PerkinElmer Inc., USA) was performed to
investigate the thermo-mechanical characteristics of WS-modified MDI adhesives at a 40% level
of MDI. Each adhesive was used to bind two Whatman filter sheets together, using a glue spread
of 200 g/m?, resulting in a sample measuring 50 mm in length, 8 mm in width, and 0.2 mm in
thickness. The DMA was performed at temperatures ranging from 30 to 100°C. Each specimen’s
storage modulus (E”) was determined using the dual cantilever mode at a strain level of 0.01%, 1

Hz, and heating rates of 1, 3, and 5°C/min.

2.4. Preparation and Evaluation of Laminated Gmelina Wood Properties

As shown in Fig. 2, the preparation of laminated gmelina wood bonded with WS-modified
MDI adhesives at a 40% level of MDI was performed according to the procedure described in a
published work (Lubis et al. 2022a). The surface of the gmelina wood was flattened by a sander.
The laminated wood was produced at glue spread rates of 250 and 300 g/m?. The laminated
gmelina wood was bonded in parallel fiber orientation using a cold press at 30°C and 10.0 MPa
for 2, 6, and 24 hours. Before testing and evaluating the adhesion performance of the laminated
gmelina wood, the samples were pre-conditioned at room temperature for one week, following the
guidelines of the Japan Agriculture Standard (JAS) for glued laminated timber (JAS 2007). The
adhesion performance of laminated gmelina wood bonded with WS-modified MDI adhesives at
40% MDI levels and cold-pressed for different hours was evaluated using block shear strength
(BSS). Approximately six samples of each laminated gmelina wood were fabricated, each
measuring 30 mm x 25 mm, to assess the BSS. The BSS was measured using a universal testing
machine (UTM, AG-IS 50 kN, Shimadzu, Japan) at a cross-head speed of 2 mm/min.

2.5. Data Analysis

Microsoft Excel 2019 (Microsoft, USA) and IBM SPSS Statistics 20 (IBM SPSS Statistics
20, SPSS Inc., USA) were used to statistically analyze the obtained data statistically, employing a
completely randomized design with two factors: the glue spread and the cold-pressing times. Each
treatment was carried out three times. The analysis of variance (ANOVA) with a 95% confidence
level was performed accordingly. Duncan’s multiple range test (DMRT) was conducted to identify
significant differences between treatments on parameters.
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\ Gmelina wood Gluing and cold-pressing Testing /

Fig. 2. Preparation and evaluation of laminated gmelina wood bonded with cold-setting WS-
MDI adhesive.

3. Results and Discussion
3.1. Basic Properties of WS-MDI Adhesives

Table 1 presents the basic properties of the cold-setting WS-MDI adhesive, including solids
content, gelation time, average viscosity, cohesion strength, and pH. The adhesive’s solids content
measures the amount of particles present in the liquid adhesive. The bonding strength will be
improved by augmenting the number of adhesive particles that come into contact with the wood
throughout the gluing procedure. The WS had an average solids content of 38.90%, and MDI had
a solids content of 98.75%. The mixture of WS-MDI-40% had a solids content of 62.46%. Adding
MDI into the WS-based adhesive system could increase the solids content, which is comparable
to the standard solids content of commercial cold-setting phenol-resorcinol-formaldehyde (PRF)
adhesives, around 60-65% (BSN 1998; Wibowo and Park 2024). As MDI has a solids content of
98.7%, adding MDI to WS-based adhesives increases the solids content. This result was in line
with published works that reported that adding MDI increased the solids content of polystyrene-
based adhesives (Obele et al. 2024; Uttaravalli et al. 2021).

Table 1. Basic properties of WS, MDI, and cold-setting WS-MDI-40% adhesive

Formula Solids content Gelation time Average Cohesion oH
(%) (min) viscosity (mPa.s)  strength (Pa)

WS 38.90 £ 0.48 nd 31.54 +0.52 6.27 £0.01 4.8 £0.02

MDI 98.75 +0.25 359.55 +5.70 200.4 £0.25 30.05 +£0.01 55+0.03

WS-MDI 62.46 £ 0.37 197.86 + 2.53 906.81 + 1.82 182.32 £ 0.10 5.9+0.05
Note: nd= not detected.

Gelation time is the duration needed for an adhesive to change from a liquid to a gel form.
This gel time value is essential for establishing the adhesive’s working time and setting properties.
Table 1 shows the adhesive’s gelation time test at 30°C. The WS did not have a gel time value
because the WS did not have reactive functional groups. By contrast, MDI had a gel time of 359.55
minutes due to the presence of reactive isocyanate (-N=C=0) groups. The mixture of WS-MDI-
40% had a faster gel time of 197.86 minutes at 30°C. This is possibly because the reaction between
the (-N=C=0) groups and the hydrogen (H) atoms in WS to form urethane linkages (R-NH-COO-
R) (Zhu et al. 2015). Compared to epoxy and polyurethane resins, the gelation time of WS-MDI
adhesive was much longer. Epoxy resin has a gelation time range of 30-50 min at 25°C (Mubarok
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et al. 2025), while polyurethane has a gelation time of 80—100 min at a similar temperature
(Baskara et al. 2023; Mubarok et al. 2025). A faster gelation time at lower temperatures suggests
that a longer pressing time is required when using cold-setting adhesives. However, the adhesive
will coagulate rapidly due to the short gelation time, which will reduce the adhesive’s shelf life
(Wibowo and Park 2024). This is also related to the adhesive’s solids content, where the value will
be inversely proportional. The higher the solids content of an adhesive, the shorter the gelation
time (Fitrianum et al. 2023).

The viscosity of an adhesive significantly impacts its capacity to wet the surfaces, penetrate
substrates, and form strong bonds. High-solids-content and high-viscosity adhesives can establish
optimal bonding and adequate adhesion (Radabutra 2020). The average viscosity values of WS,
MDI, and WS-MDI-40% adhesives tested at 27°C are shown in Table 1. The WS had an average
viscosity of 31.54 mPa.s, and MDI had an average value of 200.48 mPa.s. The mixture of WS-
MDI-40% had an average viscosity of 906.81 mPa.s. MDI acted as a heat stabilizer, effectively
inhibiting thermal oxidation by neutralizing the acid catalyst of WS. Additionally, MDI caused a
significant increase in the viscosity of neat WS. The comparison of the viscosity enhancement
effect of MDI on WS and WS-MDI showed that the viscosity of WS-MDI blends was higher than
that of neat WS melted polymer. Cross-linking and the formation of a branched structure in WS-
MDI blends contributed to a higher viscosity than that of non-cross-linked WS (Karliati et al. 2024;
Uttaravalli et al. 2021). A higher viscosity value can influence the shelf life of the adhesive, where
the higher the value, the shorter the shelf life (Ju et al. 2022). This study requires a high-viscosity
adhesive for cold-setting adhesive to manufacture laminated gmelina wood. This result was in line
with published works, which reported that adding MDI increased the solids content of polystyrene-
based adhesives (Obele et al. 2024; Uttaravalli et al. 2021).

Cohesion strength is critical for cold-setting adhesives, specifically formulated to solidify at
ambient temperature. This could form a strong adhesion for bonding the laminated wood without
the need for hot-pressing. Table 1 shows the cohesion strength values of WS, MDI, and WS-MDI-
40% adhesives tested at 27°C. The WS had a cohesion strength of 6.27 Pa, and MDI had an average
value of 30.05 Pa. The mixture of WS-MDI-40% had a cohesion strength value of 182.32 Pa. A
higher viscosity value can influence the cohesion strength of the adhesive (Ju et al. 2022). The
cohesion strength of adhesives is primarily dependent on the polymer structure as well as on the
physical state, which can be characterized by viscosity. Adhesives with low viscosity have low
energy for chemical reactions, thus resulting in low values of cohesion strength and fast adhesion
failure. Meanwhile, high viscosity results in greater cohesion strength due to the chemical reaction
(Gutierrez-Velasquez et al. 2022; Karliati et al. 2024; Uttaravalli et al. 2021). Cold-setting
adhesives are designed to cure at ambient temperatures, providing strong bonds without the need
for heat. The chemical composition of WS-MDI-40% influences the cohesion strength.

Acidity (pH) can influence the properties of cold-setting adhesives, as it impacts the
polymerization process and the surface interaction between the adhesive and wood. An adhesive’s
pH level can potentially modify its mechanical characteristics and degree of adhesion. As reported
in published works, the adhesive bonding strength of wood with a polystyrene-based adhesive was
found to be inversely affected by the pH of the adhesive (Uttaravalli et al. 2021). The acidic pH
was found to be more harmful to the wood surface than the alkaline pH. As presented in Table 1,
the liquid WS had a pH of 4.8, while MDI had a pH of 5.5. The mixture of WS-MDI-40% had a
higher pH value of 5.9. Generally, the bonding strength was worst in adhesive solutions with the
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lowest pH values (Anastasiadis et al. 2018). The addition of MDI increased the pH due to the
presence of nitrogen in the isocyanate (—N=C=0) groups.

3.2. Chemical, Thermal, and Curing Behaviour Properties of Cold-Setting WS-MDI Adhesives

Several parameters, including the adhesive composition, curing conditions, and the
interaction of its chemical constituents, influence the chemical, thermal, and curing behavior of
cold-setting WS-MDI adhesives. The WS-MDI adhesives offer a sustainable approach by
upcycling non-biodegradable WS into cold-setting adhesive for laminated wood. Fig. 3a reveals
the FTIR spectra of WS, MDI, and cold-setting WS-MDI adhesives. The wavenumber around
3050 cm? was originated from the aromatic C—H stretching vibration of WS. Additionally, the
wavenumbers at 1605 cm™ and 1492 cm™ correspond to the aromatic C=C stretching vibration
absorption, indicating the presence of benzene rings in WS. The wavenumbers at 2940 cm™ and
2845 cm™ indicated the presence of methylenes (-CH2-). These findings align with the published
work that involves preparing polymer blends consisting of polystyrene (Zhu et al. 2015).
Meanwhile, MDI had a typical isocyanate (-N=C=0) group at 2245 cm™ and a carbonyl (C=0)
group at 1775 cm™. Several studies have shown that the -N=C=0 and C=0 groups of MDI appear
at wavenumbers of 22402250 cm™ and 1750-1775 cm, respectively (Lubis et al. 2020a; Lubis
et al. 2020b).

(C=0) (N-H)

2280 m 3380 W
y i om 1735
i ﬂvﬁ'( )

1 775

2845

2245 (C=C)
3050 2940 22)3 (-N=C=0) 1392
— WS — WS
—— MDI —— MDI
—— WS-MDI (a) —— WS-MDI (b)
4000 3600 3200 2800 2400 2000 1600 1200 800 400 2500 2250 2000 1750 1500 1250
Wavenumber (cm" ) Wavenumber (cm’ﬂ)
Room 1 r1'
Free- \1-~~=~—7 \ socyanate r
“N-C=0
isocyanate/ | N C= 0| » Urethane
' on | o ' Bond J
L-5%--- Temperature Ws |
CH_ ; ~ ~CH—_—_
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(c)

Fig. 3. FTIR spectroscopy of WS, MDI, and cold-setting WS-MDI adhesives. (a) full FTIR
spectra, (b) enlarged FTIR spectra, (c) reaction scheme.

The blending of WS with 40% MDI resulted in the formation of several functional groups,
as displayed in Fig. 3b. The 2280 cm™ wavenumber indicated the presence of free isocyanate

608



Karliati et al. (2025) Jurnal Sylva Lestari 13(2): 601-616

(=N=C=0) groups in the WS-MDI-40% blend. These free isocyanate groups could react with the
hydroxyl (—-OH) groups on the surface of gmelina wood to manufacture laminated wood. In
addition, wavenumbers at 1735 cm™ and 1530 cm* were assigned to the C=0 and N-H stretching
vibrations of urethane linkages, respectively. Fig. 3c displays the possible reaction scheme of WS
and 40% MDI. These findings revealed that the cold-setting WS-MDI-40% were cross-linked via
urethane linkages (R-NH-COO-R). The free -N=C=0 groups could react with the —OH groups
on the surface of gmelina wood to produce laminated wood during cold pressing (Zhu et al. 2015).

Understanding the intricate interactions between WS and MDI is crucial for understanding
the rheological behavior, as these interactions can significantly impact the material’s flow and
deformation. Fig. 4a shows the shear stress-shear strain curve of WS-MDI adhesive. The cold-
setting WS-MDI was characterized by higher shear stress as a function of shear strain. Shear strain
hardening is a prominent characteristic observed in WS-MDI, predominantly at elevated shear
stress. Beyond a critical shear stress threshold of approximately 104 Pa, this behavior shifts from
conventional stress overshoot to hardening (Liu and Wang 2016). Fig. 4b illustrates the
relationship between the cohesion strength and viscosity of the WS-MDI adhesive. Higher
viscosity resulted in greater cohesion strength of WS-MDI adhesive. The chemical interactions
between the constituent polymers affect the viscosity of WS-MDI blends. Specifically, the
viscosity increases exponentially when the -N=C=0 groups of MDI react with the H atom WS
(Fig. 3c). Furthermore, blends of WS-MDI demonstrate enhanced cohesion strength compared to
the neat WS and MDI (Table 1). The reason for this phenomenon is the interplay between different
phases, which indirectly impacts the glass transition temperature (Tg) and the mechanical
properties of the WS-MDI mixture (Li et al. 2015). As displayed in Fig. 5a, the neat WS had Tg
from 90.5 to 134.5°C, with a peak temperature of 107.8°C. Incorporating MDI into WS lowered
the temperatures, ranging from 72.4 to 88.7°C. This indicates that the WS-MDI adhesive can be
efficiently cured at 72.4°C at a heating rate of 1°C/min. Cold-setting adhesives are specifically
formulated to solidify at ambient temperature. The viscosity of the WS-MDI adhesive influences
its application procedure, whereas the cohesion strength governs the durability and reliability of
the adhesive bond.

183 184
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Fig. 4. Rheological behavior of cold-setting WS-MDI adhesive. (a) shear stress-shear strain
curve, (b) cohesion strength and viscosity relationship.

DMA efficiently examines the thermal-curing characteristics of cold-setting WS-MDI
adhesive, enabling a comprehensive examination of its curing behavior (Dunky 2021). The neat
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WS had Tg from 90.5 to 134.5°C, with a peak temperature of 107.8°C (Fig. 5a). Incorporating
MDI into WS increased the storage modulus of the adhesive at lower temperatures, ranging from
72.4 10 88.7°C. This indicates that the WS-MDI adhesive can be efficiently cured from 72.4°C to
reach the maximum storage modulus of 3875 MPa at a heating rate of 1°C/min. A lower heating
rate of curing, such as 0.10°C/min, can produce cold-setting WS-MDI adhesives at room
temperature (30°C). The curing of cold-setting adhesives, such as WS-MDI, is influenced by
variables including temperature and catalyst activation. These variables influence the degree of
polymerization and the development of bonding strength (Wibowo and Park 2024). Cold-setting
WS-MDI adhesives are specifically formulated to cure at room temperature, offering benefits in
outdoor applications where maintaining regulated conditions is impossible (Lubis et al. 2023).
Nevertheless, lower temperatures can impede the curing process, resulting in inadequate
polymerization and decreased mechanical properties, as indicated by the lower storage modulus

in Fig. 5b.
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Fig. 5. Curing behavior of cold-setting WS-MDI adhesive: (a) typical DMA thermogram of WS,
(b) storage modulus of WS-MDI adhesives at different heating rates.

3.3. Properties of Laminated Wood Bonded with Cold-Setting WS-MDI Adhesives

Fig. 6 displays the stress-strain curves of laminated gmelina wood at 250 and 300 g/m? of
glue spread and cold-pressed at different times. Higher stress was generally observed at greater
glue spread and longer cold-pressing time. Several studies have shown that longer cold-pressing
times result in greater stress and bonding strength values, indicating that cold-pressing time has a
remarkable influence on the formation of adhesion strength (Hermiati et al. 2019; Lubis et al.
2023). The highest stress, nearly 85.7 MPa, was achieved in laminated wood bonded with WS-
MDI at 300 g/m? and cold-pressed for 24 hours. The lowest stress, around 20.5 MPa, was obtained
in laminated wood bonded with WS-MDI at 250 g/m? and cold-pressed for 2 hours. Cold-setting
WS-MDI adhesive is specifically formulated to complete the curing process at ambient
temperature. However, shorter pressing time can hinder the curing process, resulting in inadequate
polymerization and decreased mechanical properties (Kim et al. 2021), as indicated by the lower
stress strain in Fig. 6. MDI, a prevalent isocyanate employed in cold-setting adhesives, enhances
the bonding strength by forming urethane (R-NH-CO-R) linkages (Lubis et al. 2022a).
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Fig. 6. Stress-strain curves of laminated wood bonded with WS-MDI adhesives at different glue
spreads and cold-pressed for different times. (a) 250 g/m?, (b) 300 g/m?.

Fig. 7 presents the BSS values of laminated gmelina wood bonded with WS-MDI adhesives
at different glue spreads and cold-pressed for different durations. Greater BSS values were
generally observed at higher amounts of glue spread (Amin et al. 2023) and longer cold-pressing
times (Lubis et al. 2022b). The highest BSS value, nearly 8.2 MPa, was obtained in laminated
wood bonded with WS-MDI at 300 g/m? and cold-pressed for 24 hours. The lowest BSS value,
around 1.7 MPa, was obtained in laminated wood bonded with WS-MDI at 250 g/m? and cold-
pressed for 2 hours. This study showed that only laminated gmelina wood bonded with WS-MDI
at 300 g/m? and cold-pressed for 6 and 24 hours achieved a block shear strength exceeding 5.4
MPa, as set by JAS No. 234 for glued laminated timber (JAS 2007). Cold-setting WS-MDI
adhesive is specifically formulated to complete the curing process at ambient temperature.
Nevertheless, lower temperatures can hinder the curing process, resulting in inadequate

polymerization and decreased mechanical properties (Kim et al. 2021).
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Fig. 7. Block shear strength (BSS) of laminated wood bonded with WS-MDI adhesives at
different glue spreads and cold-pressed for different times.

611



Karliati et al. (2025) Jurnal Sylva Lestari 13(2): 601-616

Fig. 8 shows an example of a micrograph of BSS of laminated wood bonded with WS-MDI
adhesives at a glue spread of 300 g/m? and cold-pressed for 24 hours. The micrograph revealed
that not all wood surfaces were wet by the adhesives. This is possibly due to the high viscosity of
the WS-MDI adhesive (Amin et al. 2024), which reaches 906.8 mPa.s. Incorporating MDI into
WS resulted in a yellow-brown adhesive film. A high addition of MDI (40% wi/v) in WS enhanced
the cohesion strength of the adhesive (Table 1), which eventually increased the bonding strength
of laminated gmelina wood.
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Fig. 8. Micrograph of block shear strength of laminated wood bonded with WS-MDI adhesives
at a glue spread of 300 g/m? and cold-pressed for 24 hours.

4. Conclusions

A novel approach to recycling waste styrofoam (WS) into cold-setting adhesives is
employed for laminated gmelina wood. Cold-setting adhesives were produced by functionalizing
the WS by dissolving and cross-linking with methylene diphenyl diisocyanate (MDI) at a solution
concentration of 40%. This cold-setting WS-MDI adhesive is distinguished by its ability to solidify
at room temperature, providing environmental advantages and practical uses in wood laminating.
The WS-MDI-40% had a solids content of 62.4%, a viscosity of 906.8 mPa.s, a cohesion strength
of 182.3 Pa, and a gelation time of 197.8 minutes at room temperature. The properties of laminated
wood using gmelina were evaluated at different glue spreads of 250 and 300 g/m?, followed by
cold pressing for varying durations. The laminated wood bonded with WS-MDI-40% at a glue
spread of 300 g/m? and subjected to cold pressing for 24 hours exhibited a block shear strength
value of 8.2 MPa, surpassing the minimum requirement of 5.4 MPa set by the JAS No. 234 for
glued laminated timber. Fourier transform infrared (FTIR) spectroscopy showed that the cold-
setting WS-MDI-40% were interconnected by urethane linkages (R-NH-COO-R). During cold-
pressing, the free -N=C=0 groups have the potential to undergo a reaction with the —OH groups
present on the surface of gmelina wood, resulting in the formation of laminated wood. This work
proposes a recycling option for WS as a cold-setting wood adhesive for laminated wood, suitable
for interior applications. Further research is expected to enhance the reactivity of cold-setting WS-
MDI, allowing it to be cold-pressed within an hour to meet the minimum requirements specified
in JAS No. 234.
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