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A hybrid adhesive system composed of phenol-formaldehyde (PF) resin
and polymeric methylene diphenyl diisocyanate (pMDI), modified with two
types of alkaline catalysts, namely NaOH and CaCOs at 20% (w/v), was
used for manufacturing the oriented strand board (OSB) from sengon
(Paraserianthes falcataria L. Nielsen) wood. The catalyst was added at a
concentration of 1% of the solids content of PF adhesive, and pMDI was
added at 2.5% and 5.0% of the PF adhesive solids content. Adding
catalysts and cross-linking agents increased the solids content and
viscosity of the adhesive and accelerated the gelation time. The water
absorption of OSB increased with the addition of catalysts and crosslinking
agents compared to the control PF. Still, the CaCOs catalyst worked
optimally in reducing the thickness swelling of OSB. The mechanical
properties of the laboratory-fabricated OSB panels increased with the
addition of catalyst and cross-linker, except for the modulus of elasticity
parallel to the grain. The optimal performance of OSB was obtained by
adding 1% CaCOs and 2.5% pMDI based on the PF’s solids content.
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INTRODUCTION

Wood is a versatile construction material for houses and buildings that is both
environmentally friendly and sustainable. Wood’s inherent elasticity, strength, and
lightweight nature provide a distinct advantage during earthquakes. Wooden structures'
ability to flex and revert to their original shape after seismic events has made them a
favoured construction choice for centuries in earthquake-prone regions, such as Indonesia
(Mahmoud and Abbas 2020). Wood materials have the advantage of a higher strength-to-
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weight ratio compared to steel and concrete. Currently, the woodworking industry in
Indonesia obtains its raw materials from Industrial Plantation Forests (IPF) and community
plantation forests. The wood generated is typically a variety of lightweight, rapidly
growing wood that possesses traits such as tiny diameter, low to medium density, limited
natural resistance to decay, low dimensional stability, and numerous inherent flaws
(Cahyono et al. 2017; Suri et al. 2021).

One alternative to using low-density wood is processing it into wood-based
composite products. Directional strand board, also known as Oriented Strand Board (OSB),
IS a composite product commonly used as a structural material suitable for light, fast-
growing wood, particularly in North America. OSB is a type of structural composite that
may be manufactured using lignocellulosic materials, such as wood and bamboo. Prior
studies indicate that hardwood OSB possesses a sleek exterior, although its capacity to
maintain shape and its mechanical characteristics are subpar (Iswanto et al. 2010b; Hidayat
et al. 2011, 2017). The assessment of OSB’s superiority as a construction material is
contingent upon several factors, including its fundamental properties, strength, resistance
to naturally destructive organisms, resistance to fire, and other relevant considerations.
Apart from that, OSB has advantages, including an easy manufacturing process,
overcoming knot defects in raw materials, homogeneous characteristics, properties
isotropic, abundant in supply, cheap in price, and quite high shear strength (Shmulsky and
Jones 2011; Febrianto et al. 2017).

Sengon (Paraserianthes falcataria L. Nielsen) wood is one of the major IPF-
harvested materials in Indonesia. The production of sengon wood experienced a significant
growth of 62,270 m2 from 2019 and 2021. Sengon is a rapidly growing plant species that
yields a total wood production of 152,014 m3 (BPS 2022). Sengon wood has been widely
used in various wood products and their derivatives such as interior crafts, pallets, fuel
(Anis et al. 2021), pulp (Winarni et al. 2020), fiberboard (Sufi et al. 2018), laminated
veneer lumber, and barecore. Currently, sengon wood is the primary material for
manufacturing OSB and cross-laminated timber (Hidayat et al. 2011; Baskara et al. 2022).
The potential use of sengon wood as raw material for OSB is rated quite good. This is
supported by OSB consumption in the United States in 2019-2020, which increased from
19,770 to 20,100 m® (Baskara et al. 2022).

Previous research suggests that the typical vulnerabilities are linked to mechanical
characteristics such as bending strength (modulus of elasticity) and fracture strength
(modulus of rupture), as well as internal bonding (IB) in OSB (Baskara et al. 2022). Several
factors can contribute to this weakness, such as the type of raw material, compression ratio,
glue type and content, strand geometry, wood extractive chemicals, and pretreatment
(Febrianto et al. 2017). A study reported that by using phenol-formaldehyde (PF) adhesive
with a mixture of NaOH and CaCOs catalysts, it was able to provide adhesive strength
values that met SNI 01-5008.2 standards (Fitrianum et al. 2023). The production of OSB
from gmelina wood, employing a 5% concentration of polymeric methylene diphenyl
diisocyanate (pMDI) adhesive with pre-evaporation treatment on the strands, resulted in
board adhesive strength values that were deemed satisfactory. Applying a pre-evaporation
treatment to the strand can enhance the dimensional stability of OSB made from sengon
wood (Aisyah et al. 2021).

Although pMDI is highly effective as a high-performance adhesive for OSB
production, it is also quite costly. Mixing it with PF could have reduced the overall
production without compromising its properties. Therefore, in this study, the performance
of OSB from sengon wood was evaluated using hybrid PF/pMDI adhesive systems
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comprising two types of catalysts, NaOH and CaCOs. Basic properties, chemical
properties, and thermo-mechanical properties of hybrid PF/pMDI adhesives were also
investigated using several techniques.

EXPERIMENTAL

Materials

A 10-year-old sengon (P. falcataria L. Nielsen) tree with a diameter of 28 cm DBH
was obtained from a plantation forest in Bogor, Indonesia. A PF adhesive with a solids
content of 47.39% was acquired from Pamolite Adhesives Company, located in
Probolinggo, Indonesia. The paraffin, distilled water, NaOH (technical grade, 20% w/v),
and CaCOs (technical grade, 20% w/v) were acquired from a chemical store located in
Cibinong, Indonesia. Anugerah Raya Kencana Company in Banten, Indonesia provided
pMDI with a solids content of 99.47%.

Formulation and Characterization of Hybrid Adhesives

Hybrid PF/pMDI adhesives were created in four different formulations and
compared to PF only as a control (Table 1). Two catalysts, NaOH (20% w/v) and CaCO3
(20% wi/v) solution were created by combining 200 g of technical grade NaOH and
technical grade CaCQOsg, respectively, with 1000 mL of distilled water. The combination of
adhesive and catalyst, together with the pMDI, is mixed based on the solid content of PF
adhesive. The catalyst and pMDI were added according to the formulation provided in
Table 1.

Table 1. Hybrid PF/pMDI Adhesive in Different Formulations

Type of Hardener PF resin (g) NaOH 20% (g) CaCO0s 20 % (9) pMDI (g)
Control 300 - - -
NaOH-2.5 (N-2.5) 300 7.1 - 3.57
NaOH-5.0 (N-5.0) 300 7.11 - 7.15
CaCQOs3 -2.5 (C-2.5) 300 - 7.11 3.57
CaCO0Os -5.0 (C-5.0) 300 - 7.11 7.15

The fundamental characteristics of hybrid PF/pMDI adhesives, including solids
content (SC), viscosity, pH, and gelation time, were assessed based on prior research
(Fitrianum et al. 2023). The solids content was determined by desiccating 1 g of the sample
in an oven at 105 °C for 3 h, and thereafter dividing the weight of the dried sample by its
original weight. The mean viscosity of hybrid PF/pMDI adhesives was measured using a
rotational rheometer (RheolabQC, AntonPaar, Austria) with a spindle no. 27 at a
temperature of 25 + 2 °C and a consistent shear rate of 100 s for a duration of 120 s. The
gelation time of hybrid PF/pMDI adhesives was determined by subjecting them to boiling
water at a rotational speed of 10 rpm, using a gelation time meter (GT-6, Techne Inc.,
USA). The pH of hybrid PF/pMDI adhesives was measured at a temperature of 25+ 2 °C
using a digital pH meter (OrionStar A111, ThermoScientific, USA).

The change in functional groups of liquid and cured hybrid PF/pMDI adhesives
was investigated using Fourier transform infrared (FTIR) spectroscopy. The SpectrumTwo
instrument from Perkin Elmer Inc., Waltham, MA, USA, was utilized for this purpose. The
samples were analyzed at a temperature of 25 + 2 °C using the Attenuated Total Reflection
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(ATR) technique throughout a range of 400 to 4000 cm™?, with a resolution of 4 cm™ for
each sample. Each formula was examined with three repetitions.

The rheological characteristics of hybrid PF/pMDI adhesives were examined using
a rotational rheometer (RheolabQC, AntonPaar, Austria). The adhesive's dynamic
viscosity, cohesion strength, and relaxation modulus were assessed within the 30 to 100 °C
temperature range. The measurements were conducted at a constant shear rate of 200 s*
and a heating rate of 5 °C min™.

The thermo-mechanical characteristics of hybrid PF/pMDI adhesives were
investigated using Dynamic Mechanical Analysis (DMA 8000, Perkin Elmer Inc., USA).
Each adhesive was applied to adhere two Whatman filter papers, with a glue coating weight
of 180 grams per square meter, to create a sample of 50 millimetres in length, 8 millimetres
in width, and 0.2 millimetres in thickness. Before the DMA analysis, all specimens were
subjected to pre-curing in an oven at a temperature of 50 °C for 5 min. The storage modulus
(E"), loss modulus (£"), and tan delta of each specimen were measured at a frequency of 1
Hz, strain level of 0.01%, and heating rate of 1, 3, and 5 °C min™* in the temperature range
of 30 to 200 °C using the dual cantilever mode.

Pre-treatment and Characterization of Strands

The sengon logs, which had a specific gravity of 0.38, were transformed into
strands using a disk flaker with a target size of 70 mm x 25 mm x 0.5 mm. The sengon
wood has an initial moisture content of 12.42% and an oven-dried density of 405 £ 42 kg
m~3. As displayed in Fig. 1, the sengon wood strands underwent steam treatment in an
autoclave at a temperature of 126 °C and a pressure of 0.14 MPa for 1 h. The strands were
left to dry in the air for approximately 5 days and then placed in an oven for approximately
14 days until the moisture content reached below 5%. The dimensions of the strand (length,
width, thickness), as well as the slenderness ratio (SR) and aspect ratio (AR) for each
treatment, were determined by measuring 100 oven-dried strand samples.

Steam treatment at 126 °C, Air-drying of sengon Oven drying of sengon
Sengon:wood Sinds 0.14 MPa for 1 hour wood strands for 5 days wood strands at 40°C
for 14 days

Fig. 1. Flowchart of sengon wood strands preparation

Manufacturing of OSB

As depicted in Fig. 2, 250 mm x 250 mm x 12 mm OSB panels were produced
using different hybrid PF/pMDI adhesive formulations, specifically N-2.5, N-5.0, C-2.5,
and C-5.0. Panels using unmodified PF were also made as controls. A wax content of
approximately 1% was incorporated into the hybrid PF/pMDI, according to the weight of
the strands. Subsequently, sengon wood strands were mixed with a hybrid PF/pMDI at a
concentration of 10% using a rotary drum mixer and spray gun. The strand mats were
subsequently created using a shelling ratio 1:2:1 (Maulana et al. 2019). The mats
underwent a hot-pressing process at a temperature of 150 °C, with a precise pressure of
2.45 MPa applied. The single-stage pressing cycle was 9 min counted from the target board
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thickness or stopping position reached. The panels were conditioned at a temperature range
of 25 to 30 °C and a relative humidity range of 60 to 65% for approximately 14 days until
they achieved a state of equilibrium moisture content. A total of 15 panels were produced
for three panels per adhesive formula.

Adhesive spraying
using a rotary blender
at 10% resin content

Mat forming at Hot pressing at 150 °C, Conditioning at 25-30
25 x 25 x1.2 em? size 2.45 MPa, for 9 min. °C, for 14 days.

Testing of OSB

Fig. 2. Preparation of OSB bonded with hybrid PF/pMDI adhesives

Evaluation of OSB Properties

The physical and mechanical characteristics of the OSB were assessed following
the JIS A 5908 standards (JSA 2003). These included density, moisture content (MC),
water absorption (WA) in 24-hour immersion, thickness swelling (TS) in 24-hour
immersion, modulus of elasticity (MOE), modulus of rupture (MOR), and internal bonding
(IB). Three samples per adhesive formula were used for each test. The acquired values
were subsequently compared to the CSA 0437.0 standard (Grade O-1) for commercial OSB
panels (CSA 2011).

Statistical Analysis

Statistical analysis was conducted on the performance of OSB utilizing a
completely randomized design, considering the catalyst type and the level of pMDI added
to the hybrid PF/pMDI adhesives. Each treatment was replicated three times. Data was
processed using Microsoft Excel 2019 software and IBM SPSS Statistics 20. The data
analysis was conducted using analysis of variance (ANOVA) at a confidence level of 95%.
Duncan's multiple-range test (DMRT) was conducted on parameters that had a substantial
impact to ascertain the notable disparity among treatments.

RESULTS AND DISCUSSION

Basic Properties of Hybrid PF/pMDI Adhesives

Table 2 presents the average SC values from the control PF and hybrid PF/pMDI
adhesives at different catalysts and levels of pMDI. The average SC of the control PF
adhesive was 46.0%, while the hybrid PF/pMDI had an average SC of around 46.8 to
47.6%. Adding a catalyst can enhance the adhesive's shear strength compared to
uncatalyzed PF adhesives. The obtained SC value in this study exceeded the current
standard range of 40 to 45% (SNI 1998). This is supported by research by Fitrianum et al.
(2023), which states that the type of catalyst influences the SC value. The ANOVA and
DMRT test revealed that only the catalyst type significantly influences the SC values. At
the same time, the pMDI content and the interaction between factors did not provide a
significant effect. The acidity factor is crucial in the bonding process between wood and
adhesive, particularly when the bonded material contains a significant amount of extractive
materials. The ANOVA and DMRT test results showed that adding the NaOH catalyst had
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a more significant effect than the adhesive with the CaCOs catalyst. This happens because
NaOH has stronger basic properties and is very reactive compared to CaCOs (Amin 2019),
making it possible for adhesives with a NaOH catalyst to harden more quickly, and the
particle content to be greater is related to the condensation reaction in the adhesive. The
SC denotes the amount of solid present in the adhesive, and this value generally correlates
with the viscosity, specific gravity, and gelation time. Increased SC leads to elevated
adhesive viscosity and specific gravity, resulting in extended gelation time. A higher
concentration of resin in the copolymer indicates an elevated number of molecules, which
is believed to contribute to the adhesive’s intermediate interaction with the adherent.
Adhesives that include a high concentration of solids exhibit strong adhesive characteristics
and can form optimal bonds, leading to satisfactory adherence (Fitrianum et al. 2023).

The results of the gelation time of the hybrid PF/pMDI adhesive can be seen in
Table 2. The control PF exhibited the lengthiest gelation period compared to the hybrid
PF/pMDI when a catalyst was introduced, specifically lasting 14.2 min. Including the
NaOH catalyst accelerated the gelation process, reducing the time required from 8.87 to
9.83 min. In contrast, adding the CaCOs catalyst resulted in a longer gelation time of 10.7
to 12.5 min. The adhesive’s fast gelation time indicates that it does not require an extended
period to mature while subjected to hot pressing in producing composite products.
Nevertheless, the adhesive’s rapid gelation time results in a swift coagulation process,
thereby reducing the adhesive's shelf life (Santoso et al. 2019). The ANOVA test showed
that the catalyst type factor significantly affected the gelation time produced. In contrast,
the pMDI concentration and the interaction between the two factors gave insignificant
results. Based on DMRT tests, the hybrid PF/pMDI gelation time with NaOH catalyst was
more significant than with CaCOs catalyst and control. The results of this test show that
the type of catalyst significantly influences the gelation time produced. This shows that the
treated adhesive's gelation time is shorter than the control PF adhesive. SNI 06-4567 states
that the gelation time for PF storage is around 30 to 60 min at a temperature of 25 °C (SNI
1998). This is also related to the value of the SC produced, where the value will be directly
proportional. The higher the solids content of an adhesive, the longer it takes for the
adhesive to change form to gel (Fitrianum et al. 2023). Nevertheless, this investigation
showed that adhesives with increased SC exhibited a reduced gelation time compared to
other treatments. The presence of NaOH, a highly reactive substance, can accelerate the
polymerization process and reduce the gelatinization time of adhesives. NaOH functions
as a catalyst, enhancing the speed of chemical processes.

Table 2. Basic Properties of PF and Hybrid PF/pMDI Adhesives

Adhesive Characteristics
Catalyst SO|IdS Ge|.atlon Average Viscosity (m Pa-s) pH
Type Content Time
(%) (min) pMDI 2.5% pMDI 5.0% pMDI 2.5% | pMDI 5.0%
Control 46.00%* 14.172 239.48P 12.402
NaOH 47.37° 9.35P 250.24% 219.71¢ 12.35b 12.34b
CaCoOs3 46.76° 11.62°¢ 218.91¢ 206.63¢ 12.124 12.27¢

* Values with different letters are significantly different.
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To ensure the stability of the liquid adhesive during storage, it is necessary to
preserve the hybrid adhesive under alkaline conditions, which will sustain the curing
reaction of the adhesive for an extended period (Santoso et al. 2019). The control PF
adhesive had the highest pH value compared to the other adhesives, while the lowest was
the C2.5 adhesive (Table 2). The addition of CaCOs causes a decrease in the pH value due
to the inherent alkaline nature of this catalyst, which has a pH of 9.91. When combined
with PF, it will lower the final pH value. The pH measurements of adhesives subjected to
different treatments indicate that the adhesive exhibits alkaline characteristics. The results
obtained are based on the standards specified in SNI 06-4567-1998, ranging from
approximately 10 to 13 (SNI 1998). Furthermore, the ANOVA test showed that the
interaction between catalyst type and pMDI content significantly affects the pH value.
DMRT test results revealed that the hybrid PF/pMDI adhesives formulated with different
catalysts and pMDI concentrations had significantly different pH values. The hybrid
PF/pMDI adhesive must be maintained in alkaline conditions to maintain the adhesive's
curing reaction/copolymerization reaction. Thus, the liquid adhesive is relatively stable
during storage (Santoso et al. 2019).

The viscosity of the adhesive affects its capacity to permeate the wood pores and
its shelf life. Maloney (1993) states that adhesives with a high concentration of particles
and the appropriate viscosity can create optimal connections, leading to strong adhesion.
Table 2 displays the viscosity values of the hybrid PF/pMDI adhesives with different
formulations at 25 °C, commonly called room temperature. In addition, identification of
the effect of additional temperature was also carried out on the viscosity, cohesive strength,
and relaxation modulus on the same adhesive samples (Fig. 1). The ANOVA showed that
the interaction between the factors of catalyst type and pMDI content has a significant
influence on the viscosity and cohesive strength of the adhesive. The findings of the DMRT
test demonstrated that the viscosities of the hybrid PF/pMDI adhesives produced with
various catalyst types and pMDI concentrations differed noticeably. Using 2.5% NaOH
and pMDI catalyst (N-2.5), the hybrid PF/pMDI adhesive with the highest viscosity was
created. It was followed by the Control treatment, N-5.0, C-2.5, and C-5.0 (Table 2).

The N-2.5 adhesive formula has the highest viscosity and cohesive strength values,
so it hardens more quickly than other types of adhesives (Fig. 3). This can occur due to the
addition of a NaOH catalyst, which is very reactive (Amin 2019) and can increase the
number of particles contained in the adhesive, as well as the reaction of the PF adhesive
with pMDI which influences the viscosity of the adhesive. A high viscosity value can affect
the shelf life of the adhesive, where the higher the value, the shorter the shelf life (Shi and
Gardner 2001). The standard optimum viscosity value of PF adhesive required by SNI 06-
4567 is between 130 and 300 mPass (SNI 1998). Test results show that PF and hybrid
PF/pMDI adhesives at room temperature (25 °C) have adhesive viscosity values ranging
from 207 to 250 mPas. This value shows that all adhesive formulas have viscosity values
that comply with SNI 06-4567 standards (SNI 1998).

As depicted in Fig. 3, adding a catalyst can reduce the viscosity, cohesive strength,
and relaxation modulus of the hybrid PF/pMDI adhesive as a function of temperature
(Hong et al. 2018). This can happen because the catalyst had a solution concentration of
20%; thus, more hydroxyl groups will be contained in the adhesive when mixing. Adding
pMDI provides lower viscosity at room temperature and with additional temperature. The
higher the percentage of pMDI content added, the lower the viscosity and cohesive strength
produced. The lower viscosity of pMDI can cause this phenomenon compared to PF
adhesive, which is around 200 to 212 mPa.s. The viscosity value decreases with increasing
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temperature, indicating that the ability of the adhesive to distribute on the strand will
become lower when the temperature increases. The value of cohesion strength decreases
with increasing temperature. Low cohesive strength will facilitate adhesive distribution on
the wood strands' surface during the board compression (Aisyah et al. 2021). The decrease
in cohesive strength value occurs due to damage to the polymer chain bonds at higher
temperatures, randomly shaped to reduce interactions between molecular chains. In
addition, when the temperature was increased, the relaxation modulus strength value
decreased significantly with the same trend for each interaction factor in the adhesive.
Relaxation modulus is used to assess stress relaxation as a function of temperature. The
higher the temperature, the lower the relaxation modulus value.

The relaxation modulus quantifies the stress relaxation characteristics of a
substance by describing the decay of its stress response over time while maintaining a
constant strain. An analysis was conducted on the relaxation modulus of the hybrid
PF/pMDI adhesive at different temperatures: 25, 50, and 75 °C (Fig. 3c). This analysis
aimed to investigate the impact of temperature elevation on the relaxation modulus of the
adhesive. Additionally, it provided insights into determining the level of adhesive curing
rates and the treatment limits that can be applied. The relaxation modulus value exhibited
a negative correlation with rising temperature. Based on data analysis, it has been
determined that the PF-C adhesive exhibits the highest relaxation modulus value at a
temperature of 25 °C. It is followed by the N-2.5 adhesive sample, C-2.5, N-5.0, and C-
5.0.
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Fig. 3. Viscosity (a), cohesion strength (b), and relaxation modulus (c) of hybrid PF/pMDI adhesive
at different formulations and temperatures
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FTIR and XRD Analysis of Hybrid PF/pMDI Adhesives

Using an FTIR instrument, functional group analysis was performed on liquid and
cured hybrid PF/pMDI adhesive in various formulations (Fig. 4). The presence of O—H
group in the hybrid adhesive is indicated by a wavenumber of 3600 to 3200 cm™' (Fig. 4a).
The phenolic hydroxyl absorption peak is situated at 3300 cm™'. The C=C stretching
vibration of the benzene aromatics in PF and pMDI is responsible for the significant
absorption peak observed between 1460 and 1600 cm™!. Furthermore, the vibration of the
C-O group can be attributed to the absorption peak at 1000 to 1033 cm™'. There was no
discernible variation in intensity between the hybrid PF/pMDI adhesive treatments. The
presence of the CH2 group from the CH20OH molecule, which results from a reaction
between formalin and phenol, is indicated by wavenumbers between 1340 and 1470 cm™'.
When comparing analysis utilizing liquid samples to those using solid materials, there is a
difference in wave number intensity. A peak in the 3600 to 3200 cm™' range suggested that
the hybrid PF/pMDI adhesive contained O—H groups. As shown in Fig. 4b, the absorption
intensity is lower, indicating the O—H groups are not detected due to the cured adhesive
sample. The C—H group at the wavenumber 2922 cm™! also appears from the CH: in the
cured adhesives. Another peak at 1435 cm™! can be caused by CHz bending vibrations,
which indicate the presence of methylene groups in the adhesive due to the reaction
between phenol and formalin.

V1150 ¢ T '
v e C-8.0 1638 1268 + —C-50 2922 1600 \i
3339 c25 1445 1014 —C25 ' '
—N-5.0 ! —N-5.0 v 1271 879
N25 962 1435
= Control = Control
,,,,,,,,,,,,,,,,,

T T T T T A T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 8OO 400

Wavenumber (cm™) Wavenumber (cm-1)

Fig. 4. FTIR spectra of the hybrid PF/pMDI adhesive. (a) Liquid adhesive, (b) solid adhesive

The XRD analysis of the hybrid PF/pMDI adhesive in various formulations can be
seen in Fig. 5. The control PF (C) had one peak at the 26 of 20.8°, the hybrid PF/pMDI
with N-2.5 had some peaks at the 26 of 20.5 to 35°, the hybrid N-5.0 had several peaks at
26 of 22.34 t0 40°, the hybrid C-2.5 with some peaks at the 20 of 19.8 to 35°, and the hybrid
C-5.0 with the highest peak at the 26 of 20.17 to 45°. The respective peak angles
characterize the crystalline form of each adhesive. The hybrid PF/pMDI adhesives
combined with various catalysts had more crystalline structures than the control PF (C),
which was dominated by an amorphous structure. Further identification of the degree of
crystallinity (DOC) of the hybrid PF/pMDI adhesives at different formulas showed that the
DOC of the adhesive with the addition of catalyst and pMDI increased compared to the PF
control. The addition of the CaCOs catalyst provided a higher increase in DOC compared
to the NaOH catalyst. Adding 5.0% pMDI content resulted in higher DOC than adding
2.5% pMDI content. This is explained by the nature of pMDI, which can cross-link with
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PF via a urethane bond and increase the cohesive strength of the hybrid adhesive. The
hybrid C-5.0 formula had the highest DOC of 59.3%, while the control C formula had the
lowest DOC of 38.4%. Due to the strong inter-chain forces and high-order chains that
predominate in the polymer structure, a crystalline area can be formed by the chains or
parts of the chains approaching each other in a parallel manner. The high DOC shows this.
Hydrogen bonds between chains create an attraction. This is brought on by variations in
each polymer's molecule’s length and irregularity. Irregularities in the chain structure, such
as branch structures, will prevent the chains from approaching each other, limiting the
crystallization process. However, when it comes to copolymers used in wood adhesive
applications, elasticity is primarily needed rather than stiffness or strength. In this scenario,
the presence of branch structures is necessary to impede or restrict the movement of the
chains, preventing them from coming into proximity. This is done with the expectation that
the adhesive will retain its original properties and not become brittle upon curing.
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Fig. 5. XRD patterns of hybrid PF/pMDI adhesives at different formulations

Thermo-Mechanical Properties of Hybrid PF/pMDI Adhesives

The results of the DMA of control PF and hybrid PF/pMDI adhesives with the
addition of catalysts on two types of catalysts and different pMDI levels are shown in the
following graph in Fig. 6. DMA provides information related to storage modulus (E"), loss
modulus (E"), and tan delta, namely data related to the thermomechanical and viscoelastic
properties of adhesives. The tan delta peak represents the midpoint transition or inflexion
point of the decline in the log curve E', while the loss modulus peak shows the initial drop
of E' in the glassy state towards the transition stage. The E" peak at the temperature of glass
(Tg) generally indicates the intersection of two tangential curves on the log E' obtained
from the glassy region and the transition called the onset temperature (Menczel and Prime
2009). The DMA results of the hybrid PF/pMDI adhesives in various formulations show
different viscoelastic properties with different catalysts and pMDI levels. However, it is
difficult to analyze the accurate temperature at which curing occurs in the hybrid PF/pMDI
adhesives. This is also supported by the nature of thermoset polymers, which do not have
a clear Tg; such clear Tq results are expected in the case of thermoplastic polymers. The
increase of Ty value does not influence the strength and hardness of thermosets in
temperature and deformation rate. The combination analysis of E', E", and tan delta was
able to explain the hardening properties of the hybrid PF/pMDI adhesives to a greater
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extent than using only the E' parameter and the tan delta curve (Lei and Frazier 2015). This
is because the increase in temperature only provides a small change in the resulting E’
value, so it is quite challenging to determine the onset temperature accurately on the
adhesives tested.

Storage modulus (E') shows the elasticity value of the material in the form of the
material's ability to store energy. Measuring the adhesive's E' value indicates the adhesive’s
ability to resist deformation. The E' values of the five treatments decreased with increasing
temperature (Fig. 6a). The E' value declined significantly during heating from 30 to 120
°C, due to the softening of the adhesive in this region (Hong et al. 2018). Shen et al. (2021)
state that the softening temperature is achieved at 80 to 120 °C (Shen et al. 2021). After
softening, then E' decreases gradually between 120 and 200 °C, and another significant
decrease occurs at a temperature of 200 to 300 °C related to the adhesive phase transition,
while at a temperature of 265 to 300 °C a carbonization process occurs in the adhesive.
The E' value indicates the stiffness properties of the adhesive, as can be seen at
temperatures below 200 °C; higher E' values and more glassy structure are obtained
compared to the properties produced at temperatures above 200 °C. A low E' value
correlates with low mechanical properties of the adhesive when applied to the board.

900 45
811.41
o 800+ —— Control 404 4014 _ggn;o«
& 663.43 ——N-25 =
(m 7004 ) 583.93 N-5.0 o 35
w6004 564.01 —C25 )
= —C-5.0 w 30
_g 500 4 E
3 25
9 400 ]
E o ]
g 300 E
»
& 204 n 157
[ o
a 100 4 = 10 (b)
0 T : : . . : : ; 5 . v Y Y . . . :
30 60 90 120 150 180 210 240 270 300 30 60 90 120 150 180 210 240 270 300
Temperature (°C) Temperature (°C)
1.0 —— Control
——N-25
N-5.0
0891 __ca25
——C-5.0
8 o6
[}
o
c 044
S
|_
0.2
0.0
T

60 150 150 2:50 300
Temperature (°C)

Fig. 6. DMA thermograms of hybrid PF/pMDI adhesives at different catalyst formulations. Storage
modulus (a), loss modulus (b), and tan delta (c)

Loss modulus (E") indicates the material’s ability to dissipate energy. Measuring
the E" value of an adhesive indicates the ability of the adhesive to emit energy as heat. The
E" values of the hybrid PF/pMDI at five formulations gave varying results at different
temperatures (Fig. 6b). The DMA thermogram showed that control PF adhesive releases
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the most energy as temperature increases. This indicates that the control adhesive has the
highest E" value compared to the hybrid PF/pMDI adhesives at different catalysts. The
hybrid adhesive produces two clear peaks and requires higher temperatures (70 and 190
°C) to release the energy stored in the adhesive. In contrast, adhesive with catalyst and
pMDI can accelerate the energy release rate in the adhesive, namely at temperatures around
60 to 180 °C. Adding NaOH and CaCOs as catalysts and pMDI as a cross-linker agent can
speed up the hybrid adhesive maturation process.

Tan delta shows the balance between the elastic and viscous phases of the
polymeric materials (Hassan et al. 2011). The tan delta (damping ability) of the hybrid
PF/pMDI adhesives with various formulations is shown in Fig. 6¢. Kamarudin et al. (2020)
stated that an elastic phase occurs in the adhesive if the tan delta is close to 0, while a
viscous phase occurs when the tan delta value approaches 1 (Kamarudin et al. 2020). The
peak of the tan delta value for each treatment appeared at a temperature of 240 to 260 °C.
This is also supported by previous research using differential thermal analysis (DTA),
which stated that there was a change in the melting phase transition temperature due to the
addition of reactants, so a new compound with different properties was produced (Santoso
et al., 2019). The standard melt phase transition temperature for PF adhesives is
approximately 260 °C.

Characteristics of Sengon Wood Strand

Strand geometry is one of the most critical factors in improving the properties of
OSB because it can provide a wider actual contact area and better stress transfer. OSB
properties directly influenced by strand geometry include mechanical properties, board
surface characteristics, response to water vapour, and machining properties such as ease of
sawing. Table 3 shows the geometric distribution characteristics of sengon wood strands.
Strand geometry is one of the factors that affect the properties of OSB. The mean AR value
of the strands was 2.82, whereas the SR values were 113. The contact area determines the
SR value of the strand, the mechanical properties of the board, and the amount of adhesive
used. As the SR value increases, the contact area between strands improves, enhancing the
board's mechanical properties (Iswanto ef al. 2010a). Previous research showed that strands
with AR values exceeding 3 and SR exceeding 100 produced good mechanical properties
in OSB using PF. The strand geometry in this study is sufficient to produce OSB with good
properties. An aspect ratio of 2 is sufficient to produce good OSB properties (Kuklewski et
al. 1985; Maulana et al. 2023). AR value of more than 1 facilitates orientation during mat
formation (Maloney 1993). The SR value of the strand is related to the panel’s contact area,
the panel's mechanical properties, and the adhesive consumption. Higher SR values
increase the contact area between the strands and the mechanical properties of the board
(Maloney 1993; Iswanto ef al. 2010a).

Table 3. Geometry of Sengon Strands for Manufacturing OSB Panels

Parameters Maximum Minimum Average Sta’?d?“d
deviation
Length (cm) 8.38 6.51 6.81 0.17
Width (cm) 3.10 2.09 2.42 0.14
Thickness (cm) 0.11 0.03 0.06 0.02
SR 175.87 60.55 112.83 26.37
AR 3.53 2.20 2.82 0.17
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Physical Properties of OSB bonded with Hybrid PF/pMDI adhesives

The average density value of the OSB ranged from 0.55 to 0.64 g.cm™ (Table 4)
and met the target density of 0.60 g.cm. The ANOVA results showed that only pMDI
levels significantly influenced the density values. DMRT results revealed that the density
of OSB with adhesive using 5.0% pMDI was the highest and was significantly different
from others, followed by the control PF adhesive, and the lowest density was the hybrid
adhesive using 2.5% pMDI. This can occur due to the good adhesive strength of pMDI.
pMDI can form a solid bond between the substrate and adhesive, thereby improving the
physical and mechanical properties of the board, one of which is the resulting density.
Higher pMDI content in the hybrid adhesives resulted in a higher density of OSB. Table 4
also shows that the hybrid PF/pMDI adhesive formulas could meet the target density of 0.6
g.cm3, except for the hybrid PF/pMDI with C-2.5. This is probably due to uneven strand
distribution in the OSB manufacturing process. However, the density of OSB bonded with
hybrid PF/pMDI adhesives at various formulas provided values that align with the desired
targets.

Table 4. Density (g.cm) of OSBs with Different Levels of pMDI and Types of
Catalyst

Type of Level of pMDI

Catalysts 0% 2.5% 5.0% Average
Control * 0.62+0.03 - - 0.62+0.03
NaOH - 0.60+0.01 0.64+0.02 0.62+0.02
CaCOs - 0.55+0.05 0.62+0.05 0.59+0.05
Average 0.62+0.03a 0.58+0.03b 0.63+.03c

* Control = Commercial PF without the addition of catalyst and pMDI

The MC of OSB obtained from this research was homogeneous, namely around
7.15 to 7.45% (Table 5). The homogeneous MC value was attributed to the board being
conditioned at the same temperature and time, namely at room temperature. Sengon wood
OSB MC value meets JIS A 5908 standards, which requires MC of OSB in the 5 to 13%
(JSA 2003). The results of ANOVA showed that the type of catalyst and pMDI content, as
well as the interaction between the two, did not affect OSB moisture content. This is
because the water content of the sengon wood strands was relatively the same for all
adhesives applied to OSB.

Table 5. Moisture Content (%) of OSBs with Different Levels of pMDI and Types
of Catalyst

Type of Level of pMDI

Catalysts 0% 2.5% 5.0% Average
Control * 7.23+0.33 - 7.23+0.33
NaOH 7.26x0.34 7.15+0.43 7.21+0.38
CaCOs 7.45%0.36 7.15+0.23 7.31+0.30
Average 7.23+0.33 7.36£0.35 7.15+0.33

* Control = Commercial PF without the addition of catalyst and pMDI
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The WA value of OSB bonded with hybrid PF/pMDI adhesives ranged from 64.4
to 83.1% after 24-h soaking (Fig. 7). The ANOVA showed that the interaction between
catalyst type and pMDI content had no significant effect on the WA of OSB. However,
each factor had a significant and significant impact on the WA of OSB. DMRT results
showed that adding the CaCOs catalyst type was significantly different from adding the
NaOH catalyst and adding 5.0% pMDI was significantly different from adding 2.5%
pMDI. This shows that adding pMDI to the PF adhesive can decrease the WA values of
OSB due to the formation of a urethane bond between pMDI and PF adhesive (Lubis et al.
2019a). The CaCOs catalyst type provided a lower WA value than the NaOH catalyst. This
might be because CaCOs decomposes into calcium ions and carbonate that are not highly
hydrophilic. At the same time, NaOH produces sodium ions and hydroxyl ions that tend to
attract water.
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Fig. 7. Water absorption in 24 h of OSBs using PF with different levels of pMDI (a), and different
types of catalyst (b)

The TS of OSB was 16.1 to 25.5% after 24 h of soaking (Table 6). As the soaking
time increased, the TS value was directly proportional to the WA value. This occurs
because the amount of water absorbed by the test sample increases, resulting in the
expansion of cell walls and changes in sample dimensions. The adhesive system impacts
hydrolytic stability in addition to the wood strands (Sari et al. 2024). Hybrid PF/pMDI
adhesives with a CaCOs catalyst obtain significantly lower OSB’s TS values.

Table 6. Thickness Swelling of OSB Bonded with Hybrid PF/pMDI Adhesives at
Different Formulations

Thickness Swelling in 24 h (%)
Type of Level of pMDI
Catalyst 0% 2.5% 5.0% Average
Control * 20.58+3.64 - - 20.58+3.64a
NaOH - 22.39+3.11 25.52+3.63 23.96+3.37b
CaCO3 - 16.13+£3.92 19.41+2.66 17.774£3.29c¢
Average 20.58+3.64 19.26+3.52 22.47+3.15

*Control = Commercial PF without the addition of catalyst and pMDI

The results of ANOVA showed that the catalyst type factor significantly influenced
TS. In contrast, the pMDI content and the interaction between the two factors did not
significantly influence the TS of OSB. The DMRT test showed that adding the CaCO3
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catalyst gave the lowest TS value and was significantly different from adding NaOH to the
adhesive. This correlates with the DSA properties of OSB, which also showed that with
the CaCOs catalyst, the value decreased, and the physical properties of the board increased.
Adhesives with the addition of CaCOs catalyst provided higher TS values than adhesives
with NaOH. This correlates with the properties of CaCOs, which can increase the water
absorption resistance of the board and improve the interfacial bond on the board, which
prevents the formation of cavities in the board, thereby increasing the effectiveness of its
adhesive strength. OSB with C-2.5 and C-5.0 adhesive were able to meet the standard PT
requirements (soaking 2 h) for OSB according to CSO 0437.01 (Grade O-1) (CSA 2011).

Mechanical Properties of OSB bonded with Hybrid PF/pMDI Adhesives

The MOE perpendicular (L) to the grain value of OSB ranged from 1220 to 4120
MPa (Fig. 8). Except for OSB prepared with a C-5.0 adhesive formula, all adhesives used
to make OSB achieved the standards required by CSA 0437.0 (Grade O-1) for MOE L to
grain, namely 1300 MPa (CSA 2011). The analysis of variance showed that the interaction
of the two factors had a real influence on the MOE value. Duncan’s further tests showed
that OSB using N-5.0 formula adhesive had the highest MOE L to grain value and was
significantly different from OSB using other adhesives, followed by OSB with C-2.5
adhesive. OSB using C-5.0 adhesive had the lowest MOE L to grain value, but it was not
significantly different from OSB using N-2.5 adhesive or control adhesive (C). Adding
pMDI as a cross-linker in the adhesive provides optimal values for the N-5.0 and C-2.5
formulas. This was related to the nature of pMDI, which can form urethane bonds from the
reaction between the -NCO group in pMDI with -OH groups in sengon wood (Lubis ef al.
2019a), so that it can produce good adhesion bonds.
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Fig. 8. MOE perpendicular (1) to the grain of OSBs bonded with control PF (C) and hybrid PF/pMDI
at different formulations

The MOR L to grain value obtained ranged from 13.6 to 30.6 MPa (Fig. 9). The
analysis of variance showed that the factors of catalyst type and pMDI content do not
significantly influence the MOR L to grain value. In contrast, the interaction of these two
types of factors had a significant effect on the MOR value. Duncan's further test results
showed that OSB using N-5 adhesive had the highest MOR L to grain value but was
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relatively the same as OSB using C-2.5 adhesive. Both adhesives produced MOR values
significantly different from those of OSB using other adhesives. C-5.0 adhesive provided
the lowest MOR L to grain value for OSB but was not significantly different from OSB
using control, N-2.5, and C-5.0 adhesives. Test results showed that all OSBs that use all
adhesive formulas met the MOR L to grain standard required by CSA 0437.01 (Grade O-
1), namely above 9.61 MPa (CSA 2011).
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Fig. 9. MOR perpendicular (1) to the grain of OSBs bonded with control PF (C) and hybrid PF/pMDI
at different formulations

OSB’s internal bonding (IB) strength ranged from 0.25 to 0.46 MPa (Table 7).
According to the CSA 0437.0 standard, the 1B strength for OSB (Grade O-1) is over 0.35
MPa (CSA 2011). Therefore, only OSB bonded with hybrid PF/pMDI adhesive mixed with
C-2.5 and C-5.0 was able to meet the minimum IB requirements, while other formulas did
not. The results of ANOVA showed that the type of catalyst significantly affected the 1B
strength. In contrast, the pMDI level and the interaction between the two factors did not
significantly affect the resulting 1B strength. DMRT test showed that adding a catalyst
increased the IB strength significantly. Using the CaCOs catalyst provided a higher 1B
strength of OSB compared to adhesives with the addition of NaOH.

Table 7. Internal Bonding (MPa) of OSBs with Hybrid PF/pMDI Based on Different
Levels of pMDI and Types of Catalysts

Level of pMDI
Type of Catalyst
0% 2.5% 5.0% Average
Control * 0.25+0.05 - - 0.25+0.05a
NaOH - 0.32+0.04 0.27+0.14 0.30+0.08b
CaCOs - 0.40+0.01 0.46+0.08 0.43+0.04c
Average 0.25+0.05 0.36+0.02 0.37+0.11

*Control = Commercial PF without the addition of catalyst and pMDI
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Statistical analysis showed that adding pMDI and catalyst increased OSB’s
physical and mechanical properties. This can occur due to the nature of pMDI, which can
bond well with hydroxyl groups in wood through urethane bonds, thus producing good
adhesion bonds, which is correlated with improving the mechanical properties of wood
(Lubis et al. 2019b). Hybrid PF/pMDI adhesives with the addition of CaCOs catalyst
provided higher IB values than adhesives with NaOH. This correlates with the properties
of CaCOs, which can increase the water absorption resistance of the board and improve the
interfacial bond on the board, which prevents the formation of cavities in the board, thereby
increasing the effectiveness of its adhesive strength (Laksana and Waluyo 2021).
Therefore, the choice of catalyst and adhesive greatly influences the resulting adhesive
properties (Berdnikova et al. 2021).

The performance assessment of OSB bonded with control PF and hybrid PF/pMDI
adhesives showed the most optimal adhesive formula and can be recommended for future
use (Table 8). The type of adhesive formula with the highest total assessment showed the
best characteristics compared to other types of formula. The highest rating was obtained
for the C-2.5 adhesive formula type, namely 23 points. This shows that the PF formula
with the addition of CaCOs catalyst and 2.5% pMDI content provided the most optimal
characteristics compared to other formulations when applied to OSB.

Table 8. Determination of Optimum Hybrid PF/pMDI Adhesive Formula for OSB
Made of Sengon Wood Strand

Formulas
Parameters
C N-2.5 N-5.0 C-25 C-5.0
Density 3 2 3 1 2
Moisture content 2 2 3 3 1
Water absorption 3 1 2 2 3
Thickness swelling 2 1 1 3 3
MOE 1 1 3 3 1
MOR 1 1 3 2 1
Internal bonding 1 2 1 3 3
Total 20 18 22 23 19

*Mark 1 = bad, 2 = medium, and 3 = good

CONCLUSIONS

1. This study developed a hybrid phenol-formaldehyde/poly(methylenediphenyl-
diisocyanate) (PF/pMDI) adhesive system to produce oriented strand board (OSB) by
utilizing various catalysts and different levels of pMDI.

2. It was found that the choice of catalyst and concentration of pMDI can enhance the
hybrid adhesive’s solids content, accelerate gelatinization, and elevate its viscosity.

3. The addition of catalyst and pMDI was observed to decrease OSB’s physical properties,
including moisture content (MC), water absorption (WA), and thickness swelling (TS).
A CaCQOs catalyst proved highly effective in reducing OSB’s WA and TS characteristics.
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4. The inclusion of catalysts and pMDI in the hybrid adhesives increased the average
mechanical properties. Hybrid PF/pMDI formulations can enhance adhesive properties
by incorporating the NaOH catalyst. In OSB applications, using hybrid PF/pMDI
formulations that include CaCO3 improves physical and mechanical properties.

5. Based on the solids content of the PF resin, the optimal performance of OSB panels
was achieved with the adhesive system comprising 20% (w/v) CaCO3 at 1% and 2.5%
pMDL.

ACKNOWLEDGMENTS

This study was mainly funded by the RIIM-PRN project No. 65/11.7/HK/2022,
second fiscal year 2023-2024, titled “Pengembangan Produk Oriented Strand Board
Unggul dari Kayu Ringan dan Cepat Tumbuh Dalam Rangka Pengembangan Produk
Biokomposit Prospektif”. This research was also supported by the Slovak Research and
Development Agency under contracts No. SK-CZ-RD-21-0100, No. APVV-20-0004,
APVV-22-0238 and by the Ministry of Education, Science, Research and Sport of the
Slovak Republic under the project VEGA 1/0077/24. This research was also supported by
the project “Development, Exploitation Properties and Application of Eco-Friendly Wood-
Based Composites from Alternative Lignocellulosic Raw Materials”, project No. HUC-b-
1290/19.10.2023, carried out at the University of Forestry, Sofia, Bulgaria.

REFERENCES CITED

Aisyah, S., Haryadi, J., Maulana, M. 1., Marwanto, Prasetia, D., Hidayat, W., Lubis, M. A.
R.,Kim, N. H., and Febrianto, F. (2021). “Effects of strands pre-treatment and adhesive
type on the properties of oriented strand board made from gmelina (Gmelina arborea)
wood,” Jurnal Sylva Lestari 9(3), 475-487. DOI: 10.23960/jsl.v9i3.532

Amin, M. (2019). “Effect of use of sodium hydroxide (NaOH) on geopolymer making
using Perlit materials, Basalt, Feldspart,” Inovasi Pembangunan : Jurnal Kelitbangan
7(2).

Anis, S., Nugroho, B., and Kusumastuti, A. (2021). “Design and preliminary testing of a
small-scale throatless fixed-bed downdraft gasifier fueled with sengon wood block,” J.
Advan. Res. Fluid Mech. Therm. Sci. 80(1), 1-12. DOI: 10.37934/arfmts.80.1.112

Baskara, M. I. A., Hapsoro, D., Maulana, M. I., Marwanto, Prasetia, D., Hidayat, W.,
Lubis, M. A. R., Kim, N. H., and Febrianto, F. (2022). “Physical and mechanical
properties of oriented strand board from three species of plantation forests at various
resin contents,” Jurnal Sylva Lestari 10(1), 49-62. DOI: 10.23960/jsl.v10i1.519

Berdnikova, P. V., Zhizhina, E. G., and Pai, Z. P. (2021). “Phenol-formaldehyde resins:
Properties, fields of application, and methods of synthesis,” Catalysis in Industry 13(2),
119-124. DOI: 10.1134/S2070050421020033

BPS. (2022). Statistik Produksi Kehutanan 2021, Badan Pusat Statistik, Jakarta.

Cahyono, T. D., Wahyudi, 1., Priadi, T., and Febrianto, F. (2017). “The quality of plywood
made from juvenile and mature wood veneer of Samama,” Jurnal llmu dan Teknologi
Kayu Tropis 15(2), 155-166. DOI: 10.51850/jitkt.v15i2.394

Sari et al. (2024). “OSB with hybrid adhesive system,” BioResources 19(4), 8103-8123. 8120



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

CSA. (2011). CAN/CSA-0437 Standards on OSB and Waferboard, Standards Council of
Canada, Ottawa, Canada.

Febrianto, F., Sumardi, I., Hidayat, W., and Maulana, S. (2017). Bamboo Oriented Strand
board: Superior Materials for Structural Building Material Components, IPB Press,
Bogor.

Fitrianum, F., Lubis, M. A. R., Hadi, Y. S., Sari, R. K., Maulana, M. 1., Kristak, L., Iswanto,
A. H., Mardawati, E., Reh, R., and Sedliacik, J. (2023). “Adhesion and cohesion
strength of phenol-formaldehyde resin mixed with different types and levels of catalyst
for wood composites,” J, Composites Sci. 7(8). DOI: 10.3390/jcs7080310

Hassan, A., Rahman, N. A., and Yahya, R. (2011). “Extrusion and injection-molding of
glass fiber/MAPP/polypropylene: Effect of coupling agent on DSC, DMA, and
mechanical properties,” Journal of Reinforced Plastics and Composites 30(14), 1223-
1232. DOI: 10.1177/0731684411417916

Hidayat, W., Qi, Y., Jang, J.-H., Febrianto, F., Lee, S.-H., Chae, H.-M., Kondo, T., and
Kim, N.-H. (2017). “Carbonization characteristics of juvenile woods from some
tropical trees planted in Indonesia,” Journal of the Faculty of Agriculture, Kyushu
University 62(1), 145-152. DOI: 10.5109/1801799

Hidayat, W., Sya’bani, M. 1., Purwawangsa, H., [swanto, A. H., and Febrianto, F. (2011).
“Effect of wood species and layer structure on physical and mechanical properties of
strand board,” Jurnal llmu dan Teknologi Kayu Tropis, Masyarakat Peneliti Kayu
Indonesia, 9(2), 134-140.

Hong, S., Gu, Z., Chen, L., Zhu, P., and Lian, H. (2018). “Synthesis of phenol
formaldehyde (PF) resin for fast manufacturing laminated veneer lumber (LVL),”
Holzforschung 72(9), 745-752. DOI: 10.1515/hf-2017-0184

Iswanto, A. H., Febrianto, F., Wahyudi, I., Hwang, W.-J., Lee, H.-S., Kwon, J.-H., Kwon,
S.-M., Kim, N.-H., and Kondo, T. (2010a). “Effect of pre-treatment techniques on
physical, mechanical and durability properties of oriented strand board made from
Sentang wood (Melia excelsa Jack),” Journal of the Faculty of Agriculture, Kyushu
University 55(2), 371-377. DOI: 10.5109/18854

Iswanto, A. H., Febrianto, F., Wahyudi, I., Hwang, W. J., Lee, S. H., Kwon, J. H., Kwon,
S. M., Kim, N. H., and Kondo, T. (2010b). “Effect of pre-treatment techniques on
physical, mechanical and durability properties of oriented strand board made from
sentang wood (Melia excelsa Jack),” Journal of the Faculty of Agriculture, Kyushu
University 55(2), 371-377. DOI: 10.5109/18854

JIS A 5908 (2003). “Japanese industrial standard: Particle board,” JSA.

Kamarudin, N., Biak, D. R. A., Abidin, Z. Z., Cardona, F., and Sapuan, S. M. (2020).
“Rheological study of phenol formaldehyde resole resin synthesized for laminate
application,” Materials 13(11), 14-19. DOI: 10.3390/mal13112578

Kuklewski, K. M., Blankenhorn, P. R., and Rishel, L. E. (1985). “Comparison of selected
physical and mechanical properties of red maple (Acer rubrum L.) and aspen (Populus
grandidentata Michx.) flakeboard,” Wood and Fiber Science 17(1), 11-21.

Laksana, A., and Waluyo, M. (2021). “Pengaruh Komposisi Serat Kenaf dan Serbuk
CaCOs Terhadap Kekuatan Tekuk dan Water Absorption Komposit Hybrid-Poliester,”
Injection: Indonesian Journal of Vocational Mechanical Engineering 1, 58-64. DOI:
10.58466/injection.v1i2.126

Lei, H., and Frazier, C. E. (2015). “A dynamic mechanical analysis method for predicting
the curing behavior of phenol-formaldehyde resin adhesive,” Journal of Adhesion
Science and Technology 29(10), 981-990. DOI: 10.1080/01694243.2015.1011735

Sari et al. (2024). “OSB with hybrid adhesive system,” BioResources 19(4), 8103-8123. 8121



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Lubis, M. A. R,, Park, B.-D., and Lee, S.-M. (2019a). “Performance of hybrid adhesives
of blocked-pMDI / melamine-urea-formaldehyde resins for the surface lamination on
plywood,” Journal of the Korean Wood Science and Technology 47(2), 200-209. DOI:
10.5658/W00D.2019.47.2.200

Lubis, M. A. R., Park, B., and Hong, M. (2019b). “Tailoring of oxidized starch’s adhesion
using crosslinker and adhesion promotor for the recycling of fiberboards,” Journal of
Applied Polymer Science 136(38), article 47966. DOI: 10.1002/app.47966

Mahmoud, S., and Abbas, K. Z. (2020). “Seismic performance of South Nias traditional
timber houses: A priority ranking based condition assessment,” Earthquakes and
Structures 18(6), 731-742. DOI: 10.12989/EAS.2020.18.6.731

Maloney, T. M. (1993). Modern Particleboard and Dry-Process Fibreboard
Manufacturing, Miller Freeman Publications, San Fransisco, US.

Maulana, M. 1., Fitrianum, F., Noviyanti, D., Audy, R., Prasetia, D., Maulana, S., Lubis,
M. A. R., Hidayat, W., Sari, R. K., Febrianto, F., and Kim, N. H. (2023). “Effect of
pretreatment and compaction ratio on the properties of oriented strand board from
sengon (Paraserianthes falcataria L. Nielsen) wood,” Wood Material Science and
Engineering. DOI: 10.1080/17480272.2023.2233952

Maulana, S., Gumelar, Y., Fatrawana, A., Maulana, M. I., Hidayat, W., Sumardi, I.,
Wistara, N. J., Lee, S. H., Kim, N. H., and Febrianto, F. (2019). “Destructive and non-
destructive tests of bamboo oriented strand board under various shelling ratios and resin
contents,” Journal of the Korean Wood Science and Technology 47(4), 519-532. DOI:
10.5658/W00D.2019.47.4.519

Menczel, J. D., and Prime, R. B. (2009). Thermal Analysis of Polymers, (J. D. Menczel and
R. B. Prime, eds.), Wiley, New Jersey, US. DOI: 10.1002/9780470423837

Santoso, A., Latifah, H., and H. (2019). “Optimasi formula perekat tannin fenol
formaldehida dengan metode XRD dan DTA,” Jurnal ITEKIMA, 5(1), 48-59.

Sari, R. K., Fitrianum, F., Maulana, M. 1., Hidayat, W., Winarni, I., Iswanto, A. H., and
Lubis, M. A. R. (2024). Hydrolytic Stability of Sengon-Oriented Strand Board Bonded
with Hybrid Phenol-Formaldehyde/Polymeric Methylene Diphenyl diisocyanate
Adhesives. Jurnal Sylva Lestari, 12(3), 818-831.
https://doi.org/10.23960/jsl.v12i3.987

Shen, Z., Ye, Z., Li, K., and Qi, C. (2021). “Effects of coupling agent and thermoplastic
on the interfacial bond strength and the mechanical properties of oriented wood strand-
thermoplastic composites,” Polymers 13(23), 1-11. DOI: 10.3390/polym13234260

Shi, S. Q., and Gardner, D. J. (2001). “Dynamic adhesive wettability of wood,” Wood and
Fiber Science 33(1), 58-68.

Shmulsky, R., and Jones, P. D. (2011). Forest Products and Wood Science An Introduction,
Wiley, lowa US. DOI: 10.1002/9780470960035

SNI. (1998). SNI 06-4567-1998 : Testing of Liquid Phenol Formaldehyde for Plywood
Adhesive., Badan Standardisasi Nasional, Jakarta, Indonesia.

Sufi, E. F., Susdiyanti, T., and Meiganati, K. B. (2018). “Utilization of Sengon wood saw
waste (Paraserianthes falcataria) becomes fiberboard,” Jurnal Nusa Sylva 18(1), 1-8.
DOI: 10.31938/jns.v18i1.208

Suri, 1. F., Purusatama, B. D., Lee, S. H., Kim, N. H., Hidayat, W., Ma’ruf, S. D., and
Febrianto, F. (2021). “Characteristic features of the oil-heat treated woods from tropical
fast growing wood species,” Wood Research 66(3), 365-378. DOI: 10.37763/wr.1336-
4561/66.3.365378

Sari et al. (2024). “OSB with hybrid adhesive system,” BioResources 19(4), 8103-8123. 8122



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Winarni, 1., Waluyo, T. K., and Pasaribu, G. (2020). “Optimization of pulp concentration
for bioethanol production from elephant grass (Pennisetum purpureum) using two
commercial yeasts with addition of Tween 20,” IOP Conf. Ser.: Earth and Environ.
Science 591(1), article 012017. DOI: 10.1088/1755-1315/591/1/012017

Article submitted: June 13, 2024; Peer review completed: July 17, 2024; Revised version
received: Aug. 28, 2024; Accepted: Aug. 30, 2024; Published: September 10, 2024.
DOI: 10.15376/biores.19.4.8103-8123

Sari et al. (2024). “OSB with hybrid adhesive system,” BioResources 19(4), 8103-8123. 8123



