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In this study, bio-adhesives from natural rubber latex (NRL) were combined with starch and formic acid to
fabricate jute stick-based particleboards (JSPs). Different blends of NRL, starch, and formic acid, ie., 6 :1: 1,

2:1:1, and 2:3:3, were used to produce particleboards using a pressing temperature of 180 °C and

applied pressure of 5 MPa using a 5 min pressing time. The particleboards were tested for physical,
mechanical, and thermal properties according to ANSI standards. Based on initial screening, the best
formula (NRL/starch/formic acid of 2 : 3 : 3) was used to optimize the temperature and pressing time for
the highest board performance. The highest density, tensile strength, modulus of elasticity, and modulus

of rupture were 830 g cm™>, 10.51, 2380, and 20.05 N mm™~2, respectively. Thermo-gravimetric analysis

indicated that thermal decomposition of samples primarily occurred in a temperature range of 265 to
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399 °C, indicating good thermal performance. The measured physical and mechanical properties of the

produced JSPs fulfilled the production standards. However, fulfilling the water absorption and thickness
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1. Introduction

In recent decades, depleted resources and environmental
concerns have stimulated research on renewable and recyclable
components in particleboard production.’ In the development
of biodegradable composites, such as fiberboards and parti-
cleboards, adhesives play a significant role in the sustainability
of building and structural materials.> The global wood-adhesive
industry is supported by petrochemical-derived resins due to
their superior ability to yield high performance.** These
formaldehyde-based resins are strongly associated with emis-
sions of carcinogenic gases or the release of volatile organic
compounds (e.g.,, formaldehyde) and/or other toxic
compounds.>® Formaldehyde-bearing adhesives are linked to
health and environmental risks.*” Therefore, attempts have
been made to find novel adhesive formulae for wood from
renewable resources.*® While many researchers are working on
formaldehyde-free bio-adhesives, formaldehyde has not yet
been completely phased out.” Bio-adhesives are derived from
biomass resources like starch,*'*** protein,'** lignin," soy
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swelling criteria was a challenge. The results indicate that NRL is a promising alternative binder when
blended with starch and formic acid.

flour,*® and tannin' but the properties of these adhesives are
not yet suitable for replacing synthetic-based adhesives. Among
natural bio-based resins, the use of natural rubber latex (NRL)
as a wood adhesive has been reported many years ago and
several studies reference this raw material'®" but it has not
been studied in detail.

NRL extracted from Hevea brasiliensis Mill. Arg., is one of the
most promising natural adhesives which exhibit good moisture
and mold resistance with no toxicity.>** NRL is a milky brown
fluid that contains tiny particles of rubber.* It consists of two
main parts; a hydrocarbon (1,4-cis-polyisoprene) and a mixture
of other non-rubber components, mainly carbohydrates,
proteins, and lipids in an aqueous serum phase.* Its excellent
flexibility, high tack and tack retention features, moderate
moisture resistance, and improved strength after vulcaniza-
tion** are among the beneficial properties of NRL and aid its use
in green adhesive formulae.”® Latex has been widely investi-
gated and used to synthesize wood adhesives, especially for
non-polar adherents after modification to increase its perfor-
mance on polar surfaces.” Modification of NRL to increase its
bonding strength with wood has also been studied.*****”
However, detailed investigations on its physicochemical prop-
erties, bonding strength with wood, chemical extraction and
modification, have not been performed. Its potential for wood-
based industries has not yet been explored although there is
a great interest in developing more sustainable adhesives.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The purpose of this study was to evaluate NRL incorporated
with starch and formic acid to test its effectiveness as a bio-
adhesive. The most promising adhesive formula was to be
identified and used to fabricate particle board samples whose
physical and mechanical properties were analysed as a function
of processing parameters, i.e., time and temperature.

2. Experimental section
2.1 Materials

Crude natural rubber latex and jute stick were sourced from the
rubber garden, Bangladesh Forest Industries Development
Corporation (BFIDC), Chittagong, and the local market, Khulna,
Bangladesh, respectively. Laboratory grade corn starch powder
and reagent grade (=95% purity) formic acid (H,CO,) and
ammonium (NH,) were received from Carolina Biological
Supply Company, New York City, USA, and Merck KGA, Darm-
stadt, Germany, respectively.

2.2 Methods

2.2.1 Preparation of raw materials. Ammonium (NH,) with
a concentration of 0.8% w/w basis was added to the crude NRL
to prevent coagulation. The jute sticks were air-dried at 35 °C
and RH 60% for 24 h and milled, and screened using a 2 mm
screen to obtain a particle size less than 2 mm. This powder was
then dried in an oven (Vacuum Oven, OV-11, Korea) at 103 +
2 °C for 24 h to a moisture content of 4% (dry basis). The oven-
dried jute stick powder was stored in an airtight zip-lock bag.

2.2.2 Screening of different NRL-based bio-adhesive
formula. Three different formula for NRL-based bio-adhesives
were tested (Table 1). The NRL was uniformly mixed with jute
stick powder, starch and formic acid using a rotary drum. Starch
was added to the mixture afterward because the dispersion of
starch in NRL was problematic if added earlier. Formic acid was
then added to the mixture. Mats with dimensions of 310 x 310
x 7 mm were formed using a steel frame. The mats were
pressed using a single daylight hot press at a temperature of
180 °C and a pressure of 5 MPa for 5 min. Three or more jute
stick particleboards (JSPs) were produced with each type of
adhesive formula.

2.2.3 Analysis of particleboard properties. The produced
JSPs were trimmed and conditioned at 25 + 2 °C with a relative
humidity of 60 &+ 2% for about three days. JSP moisture content
was determined by the oven dry method. The modulus of

Table 1 NRL-based bio-adhesive formulae used in making the three
types of particleboard

NRL-based bio-adhesive components (% volume)

Particle Natural rubber Formic acid
board latex Corn starch (H,CO,)
Type A 75 12.5 12.5

Type B 50 25.0 25.0

Type C 25 37.5 37.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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elasticity (MOE), modulus of rupture (MOR), and tensile
strength were determined according to standard methods®
using the static three-point bending and a universal testing
machine (UTM) (SHIMADZU AG-50KNXplus, Japan). The parti-
cleboard density, water absorption (WA), and thickness swelling
(TS) were assessed after 2 and 24 h immersion in water at room
temperature.” Differential scanning calorimetry (DSC) was
used to determine the glass transition temperature (T,). A
temperature-modulated DSC (LABSys evo, Setaram Instrumen-
tation, France) was used to measure the heat flow and reverse
heat flow under nitrogen atmosphere over a temperature range
of 25 to 600 °C with a heating rate of 10 °C min " according to
ASTM. To determine the activation energy in the physical and
chemical pathways, data were obtained through several kinetic
non-isothermal curing experiments performed under N, atmo-
sphere using DSC at constant rates of heating, i.e., 5, 10, and
15°C min~ ' (constant during each test, different between tests).
The activation energy was calculated following the Kissenger
pathway discussed in Islam et al.*> At least five samples were
tested for each mechanical property.

2.2.4 Optimization of the particleboard manufacturing
process parameters

2.2.4.1 Selection of best particleboard formula. Based on the
physical, mechanical, and thermal properties of the JSPs in the
NRL-based bio-adhesive formula screening experiments, type C
was selected for further optimization of process temperatures
and pressing times.

2.2.4.2 Fabrication of particleboards. The optimization of
process parameters was performed by varying the press time
and temperature according to Table 2. A total of 125 different
types of particleboards, i.e., five replications for each type, were
manufactured and conditioned according to the aforemen-
tioned method.

2.2.4.3 Scanning electron microscope (SEM) analysis of the
particleboards. The extent of the intercalation and exfoliation of
NRL-based adhesive into the matrix of the particleboard was
observed with a field emission gun scanning electron micros-
copy (FEG-SEM) (EVO LS15, Zeiss, Germany). The fourth
generation variable pressure secondary electron detector (VPSE
G4) with a voltage of 17.00 kV and magnification of 69x was
used for imaging. The voltage, magnification, and sensor were
selected based on trial and error.

2.3 Statistical analysis

Data analysis was performed using statistical software (RStudio
version 1.1.463, RStudio Team, 2008).*° The ‘psych’ package was

Table 2 Process parameters for optimization of the process condi-
tions with type C bio-adhesive

Time (min) Temperature (°C)

4 140 150 160 170 180
6 140 150 160 170 180
8 140 150 160 170 180
10 140 150 160 170 180
12 140 150 160 170 180

RSC Adv, 2021, 11, 28542-28549 | 28543
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used to analyze descriptive statistics (means, SD, SEs, etc.).*!
Normality and homogeneity were tested with the ‘car’ package.*
The appropriate transformation was applied to yield normal
distributions for properties. An analysis of variance (ANOVA)
model and least significant difference (LSD) was used at a 5%
significance level. All figures were made with the ‘ggplot2’
package (version 3.2.1).

3. Results and discussion

3.1 Screening of bio-adhesive formula

3.1.1 Physical properties. The density of type A, B, and C
JSPs were 815, 857, and 861 kg m >, respectively (Fig. 1A). Type
B and C showed almost the highest density mentioned in JIS
5908 for a standard particleboard ranging from 0.4 to
0.9 g cm >, The higher density of B and C may be due to the
presence of accessible OH (hydroxyl) groups in the starch.?”*3*
Additionally, formic acid acts as a coagulant® which helps the
NRL to form into a homogenous solid. The protein molecules
present in the NRL and OH groups are interlinked and,
enhanced particle bonding in the matrix. Therefore, both starch
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comparison, the density of particleboards made with modified
wheat and palm oil starch was reported to be 610 kg m 2.3
The MC of the JSPs ranged from 4.8 to 6.4% and the board
density increased with decreasing MC (Fig. 1B) as the high
density boards generally showed lower MC. When the bonding
of interparticles in the matrix of particleboards is strong then
the board density increased and, resulting in retarded water
penetration. Agnantopoulou et al.*” found that the presence of
starch-based materials in wood composites led to lower mois-
ture content. Type C JSPs had the lowest WA, 36 and 114%
(Fig. 1D), and the lowest TS, 18 and 69% (Fig. 1C), respectively,
after 2 and 24 h water immersion. Swelling decreased with
increasing NRL concentration and proportion of starch (Table
1). Previous studies have shown that the addition of starch-
based materials reduces water uptake capacity in compos-
ites.*” Starch molecules and OH groups are interlinked and this
accelerates particle bonding, and retards water penetration in
particleboard matrix.*® This is responsible for lower MC, WA,
and TS of particleboards made with an adhesive containing
a lower amount of latex and a higher amount of starch. Akbari
et al.*” observed a similar trend in their study. When fabricating

and formic acid enhance particle-particle bonding. For epichlorohydrin-modified oil palm starch-based particleboards
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Fig. 1 Density (A), moisture content (B), thickness swelling (C) and water absorption (D) of jute stick-based particleboards with different NRL-
based bio-adhesive formulae (see Table 1). Analyses of variance (ANOVAs) were conducted to determine significant differences (p < 0.05); when
ANOVAs were significant, the means for each value were compared with Least Significant Difference (LSD) post hoc test; means that share
a lowercase letter are not statistically different, while different letters denote for statistical differences at least 95% confidence.
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Fig. 2 Modulus of elasticity (MOE) (A), modulus of rupture (MOR) (B) and tensile strength (C) of jute stick-based particleboards (JSPs) with

different NRL-based bio-adhesive formulae (see Table 1).

(600 kg m™?), Sulaiman et al.*® reported WA of 114 and 123%,
and TS of 43% and 54% for immersion times of 2 and 24 h,
respectively. However, chemical modification of NRL-based
adhesives may be option to improve the
hydrophobicity.*®

3.1.2 Mechanical properties. The observed mechanical
properties of the JSPs are shown in Fig. 2. Type C particleboards
had the highest MOE, MOR, and tensile strength values of 2866,
15.6, and 5.01 N mm >, respectively. Mechanical properties
were enhanced with increasing amounts of starch in the
adhesive (Fig. 2). The affinity of starch to form strong adhesion
is thought to be the reason for this effect®**" as starch possesses
good adhesion and film formation properties.*> The MOR of
boards also tends to increase with the starch content in the NRL

a viable

Dry Mass (%)

Temperature (° C)

latex.”” This improves adhesion between the fiber matrix and
the NRL.”* Moreover, as starch concentration increases,
hydrogen bonding between interparticle is enhanced which
increases the mechanical strength of the boards. Additionally,
the dried lignocellulosic particles reduce the weaker hydrogen-
bonding between water molecules. This is the primary mecha-
nism which explains why the higher amount of starch along
with latex causes higher values of MOE, MOR, and tensile
strength of particleboards. All of the fabricated particleboards
fulfilled the production standard requirements.*®

3.1.3 Thermal properties. The TGA analysis shows that
NRL based JSPs are likely to retain their properties even at
relatively high temperatures. Fig. 3A and B show the thermog-
ravimetric analysis (TGA) and derivative thermogravimetry

d/dT (Mass %)
&

Temperature (° C)

Fig. 3 Thermogravimetric analysis (TGA) (A) and derivative thermogravimetry (DTG) (B) performance of the jute stick particleboards (JSPs)
produced from three types (Table 1) of NRL-based bio-adhesive formula. Thermoanalysis was carried out under nitrogen atmosphere using

a heating rate of 10 °C min~* according to ASTM E1582 45
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Table 3 Peak decomposition temperature, activation energy and energy transformation rate of JSPs made from NRL-based bio-adhesive

obtained using thermogravimetric analysis®

T, (°C) Decomposition temperature
Adhesive 5 10 15 —(Eo/RT) E, (K] mol ") T, (°C) T, (°C) T. (°C) Mass loss (%) R?
Type A 356.7 369.0 379.1 5926.7 49 320.92 351.79 366.30 29.3 0.9918
Type B 386.9 398.0 410.9 6470.3 54 369.0 398.0 414.6 32.6 0.9617
Type C 398.4 414.6 421.4 7238.5 60 390.76 419.39 431.74 37.3 0.9889

¢ To-temperature at the onset of decomposition; Tp,-the peak decomposition temperature and T.-temperature at the endpoint of decomposition.

(DTG) performance of produced particleboards. Particleboards
of type A showed the lowest overall mass loss, whereas, type C
showed the highest mass loss (Table 3). The observed mass loss
can be divided into three stages. The first stage began before
100 °C when moisture was vaporized. In the second stage (100 to
250 °C), the mass did not change.** Type A JSPs entered the
third stage of significant mass loss at 250 °C, whereas this stage
did not start until 300 °C for the type B and C. The blending of
jute stick particles with NRL and starch appeared to cause an
upward shift in the degradation temperature, i.e., from 300 to
350 °C. Similar results have been observed by other
researchers.””**

The amount of NRL in the adhesive significantly increased
the rate of degradation of the sample. Sowinska et al.*® stated
that the modified JSPs along with the addition of variety
chemicals showed better results rather than untreated and/or
NRI treated JSPs. Hossain et al.*’” also observed less degrada-
tion when using okra fiber having the same chemical treatment

The activation energy (E,) was consistent with the increasing
mass-loss rate of different types of adhesives, and thus, the
energy transformation rate (E,/RT) had a stronger correlation
with the mass loss (char residue formation) (Table 3). As
a result, the higher thermal stability of composites is primarily
determined by the amount and concentration of activated
chemicals rather than the parent materials. Therefore, in terms
of weight loss and the rate of decomposition, TGA revealed that
the thermal stability of JSPs (type C) produced from NRL-based
bio-adhesive was improved by the addition of higher chemical
concentrations of formic acid and starch.

3.2 Optimization of process settings for type C particleboard

3.2.1 Type C physical properties. The observed physical
properties of the type C JSPs are shown in Fig. 4. Board density
ranged from 546 to 830 kg m™ . The highest density was ob-
tained at 180 °C for 10 min and the lowest density at 140 °C for
4 min setting (Fig. 4D). Umemura et al* observed a similar
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trend for bio-adhesive bonded particleboard prepared at higher
temperatures.

The lowest WA at 2 and 24 h of immersion: 33% and 171%,
respectively, were obtained for the 180 °C and 10 min setting
(Fig. 4C), but the lowest MC and TS: 4.29 + 2.77 and 123.22 +
15.74%, respectively at 180 °C and 12 min (Fig. 4A and D).
Umemura et al.* observed that the TS was lower for bio-adhesive
bonded particleboard prepared at higher temperature. It has
previously been shown that a higher temperature increases the
compactness in the matrix of particleboards, increasing the
density and decreasing the MC, WA, and TS.”® The range of MC
and densities of the JSPs fulfilled the ANSI standard.> However,
WA (171-228%) and TS (123-226%) for all the processed JSPs
exceeded the limit of the ANSI standard® and the measured
values were higher than previously reported.**

3.2.2 Mechanical properties. All of the particleboards
fabricated with NRL-based bio-adhesives fulfilled the ANSI
standard for MOE, MOR, and TS. The highest MOE: 2380.3 +
135 N mm~ %, MOR: 20.05 + 2 N mm >, and tensile strength:
10.5 £ 0.21, were obtained at 180 °C and 8 min setting (Fig. 5A-
C). This might be the increment of interfacial adhesion prop-
erties increasing the bonding ability in the matrix of particle-
boards and thus, enhances the strength properties of JSPs.*®
Similar trends for bio-adhesive bonded particleboards have
previously been observed.**>** The crosslinking network of the
NRL adhesives provided a better elasticity that is responsible for
better tensile strength for the JSPs made at 180 °C and 8 min.

The tensile strength was also influenced by the filler fraction
and interfacial adhesion between particles and the adhesive.
Therefore, at a certain limit, a longer pressing time resulted in
lower MOE and MOR values (180 °C and 10 and 12 min) (Fig. 5A
and B). However, the best mechanical properties obtained with
pressing time 8 min and temperature 180 °C are much preferred
in the industrial sector.

3.2.3 Scanning electron microscopy. SEM was used to
qualitatively observe the adhesion of the fabricated JSPs. Fig. 6
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Fig. 6 A SEM micrograph of the type C JSP pressing at 180 °C
temperature for 8 min.

reveals the texture of the cross section of JSPs with type C
adhesive at 180 °C for 8 min. The surface of this JSP shows
a certain smoothness with no apparent lumps of adhesive. This
indicates that the latex was distributed homogeneously and
provided interfacial interactions between filler and matrix. As
a result, this homogeneous distribution of adhesive and
compactness of the matrix can distribute the load uniformly*>
and can be an indication of robust interparticle bonding in the
matrix.*

4. Conclusions

In this study, environmentally friendly bio-adhesives were
produced from natural rubber latex (NRL), starch, and formic
acid and used to fabricate jute stick particleboards (JSPs). Using
different blends of these constituents, it was found that the
adhesive type with the lowest NRL proportion (type C having
25% NRL, 37.5% corn starch and 37.5% formic acid) yielded
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Fig. 5 Modulus of elasticity (A), modulus of rupture (B) and tensile strength (C) of type C particleboards.
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JSPs with the highest strength properties. Fabrication was
further optimized with this adhesive type and the most favor-
able pressing conditions used a pressing temperature of 180 °C
and a pressing time of 8 min. Although mechanical properties
were found satisfactory enough to replace urea formaldehyde
(UF) based particleboards, the physical properties were not
sufficient. Therefore, further studies are needed to improve the
hydrophobicity of NRL.
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