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The performance of wood binders in particleboard is diminished by both expiration and improper
storage. Those effects on citric acid powder, which is one of potential natural adhesives of particleboard
for the future, is still unknown. This research investigated the effect of duration length of citric acid
past the expiration and its storage conditions on the properties of Salacca frond particleboard. The
effect of its binder content and pressing temperature was also evaluated. One and two-years expired
citric acid were used, especially for two-years expired citric acid, two types storage conditions were
conducted, namely unexposed to ambient humidity (close-lid container storage) and exposed to
ambient humidity (open-lid container storage). The results showed that the water resistance of the
particleboard decreased the longer citric acid passed its expiration and aggravated with exposed
circumstances (open-lid). Under sufficient binder content and optimal pressing temperature, the
mechanical properties of Salacca frond particleboard bonded with expired citric acid were retained
in the properties requirement by Japanese Industrial Standard (JIS) A 5908. Expired citric acid still
has the potential to be used as a natural binder for particleboard until 2 years passed the expiration.

Keywords: Expired citric acid, duration length, storage condition, binder content, particleboard.

INTRODUCTION
In the current increasing awareness on Particleboard was mainly manufactured from
Sustainable  Development Goals (SDG’s) adhesive and various types of lignocellulose

and environmental issues through the Paris
Agreement, the use of environmentally friendly
material and waste management become
highly appreciated globally. Consequently,
lignocellulose-based materials such as wood for
structural and non-structural applications have
new highlight due to their renewability and eco-
friendly properties. This reflected in the rising
demand and production of wood-based panels,
particularly particleboard. According to BPS-
Statistics Indonesia, particleboard production
in Indonesia increased by 231% from 61,249.9
m? in 2019 to 202,644.92 m3 in 2023 (BPS-
Statistic Indonesia 2020, 2024). Similarly, Food
and Agriculture Organization (FAO) reported
a global increase in particleboard production
from 130,913,798 m?® in 2019 to 160,598,927 m?
in 2023 (FAO 2019, 2023).
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particles, mostly from wood residues,
but nowadays it is being developed using
agricultural crop waste as homogenous and/
or heterogeneous particle composition, for
example sengon (Paraserianthes falcataria) wood,
bagasse, and their mixtures; spruce wood; oil
palm biomass and Salacca frond waste (Dewi et
al. 2022, Idris et al. 2024, Laksono et al. 2022,
Pedzik et al. 2021, Widyorini et al. 2018). Salacca
frond was used as a raw material, and the effects
of citric acid-maltodextrin composition ratio,
pressing temperature, and pressing method
were investigated (Widyorini et al. 2018).
The boards were manufactured under the
conditions as follows: single-step and three-step
press methods, adhesive content of 20 wt%, and
pressing temperature of 180 and 200 °C. Salacca
frond waste was known for its high lignocellulose
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content, its potency in the quantity and periodic
availability, and its high particleboard quality
(Dewi et al. 2022, Widyorini et al. 2018). The
utilisation of sustainably managed waste can serve
as an alternative substitute in the production of
renewable bio-based particleboard (Oh 2020).

More than 90% of particleboards use
formaldehyde-based adhesive (Floresetal. 2011),
in spite of a long history of natural adhesive
development. For example, soybean protein
adhesive that had been developed for plywood
in the USA since 1930 (Zhang et al. 2023). It
was due to the advantages of formaldehyde-
based adhesive, namely its superior bonding
performance, efficient procedure, and feasibility
(Hussin et al. 2022). Therefore, discovery of
natural adhesives or binder with comparable
performance to formaldehyde-based adhesives
are still on going. Especially on particleboard,
some natural adhesives were reported to be
potentially used such as lignin, tannin, protein-
based (casein or soy flour), carbohydrate-based,
natural rubber latex, vegetable oil, and citric
acid-based adhesives (Umemura et al. 2017,
Huaxu et al. 2021, Islam et al. 2022, Hussin et
al. 2022, Patel et al. 2024). Moreover, Pizzi et al.
(2020) classified citric acid as a promising natural
adhesive due to its superior water resistance
and strength, as well as being compatible
with many raw materials for particleboard,
such as wood (recycled wood, softwood
sawmilling residues), and non-wood (bamboo,
rubberwood, Salacca frond) (Umemura et al.
2012, Huaxu et al. 2021, Widyorini et al. 2016,
2018, Scharf et al. 2024). Meanwhile, low cost of
manufacture, consistent upward trend of global
production, ease of availability, non-toxicity,
biocompatibility, universality, and the safety of
its breakdown products are what define citric
acid (Apelblat 2014, Ksiazek 2024). To improve
the performance of citric acid as wood binder,
citric acid had been developing with a mixture
of some additives, such as sucrose (Wibowo et al.
2021), starch (Huang et al. 2022), maltodextrin
(Widyorini et al. 2018), tannin (Li et al. 2023),
etc.

The effectiveness of adhesive performance
was influenced by the application procedure
towards the glue catalog recommendations,
storage stability (Liu etal. 2018), and isin the use
by date or shelf life. The application procedure
comprises the optimal adhesive mixture, adhesive
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content, adhesive spreading methods and press
methods (pressing temperature, pressing time,
and pressure). Moreover, long-term storage
stability was required in adhesive. It was related
to period time and the storage environment,
such as specified temperature, relative humidity,
visible light, ultraviolet radiation, and container
closures/seal (open/closed) (Simmons
1995). The container seals are important to
provide protection against fluid’s damage and
contamination by minimising dehydration and
rehydration, as well as protecting fluid from
light, ultraviolet, and impurities (Simmons
1995). Dehydration and rehydration related
to moisture promote the instability of organic
solids chemically and physically (Kwok et al.
2010). Arendse and Jideani (2022) also state that
storage environment, water activity, temperature,
and the environment along with the ingredients
and the production process affect the shelf life
of a material.

Discrepancy with the application procedure
recommendations and  optimal  storage
environment and also expired conditions could
decrease the performance of adhesive. The
decrease could be through chemical change
(structure change) and physical change that
affect the bonding process of adhesive. This
could be severe if the adhesive had already been
in the mixture solution in which the solvent,
hardener, filler or other additives have been
added. Urea formaldehyde (UF) was known to
have structure change and increase its viscosity
during storage at room temperature and
worsen after past the expiry time, therefore
affecting the processability and performance
of the adhesive (Simer et al. 2005, Aini et al.
2024, Kim et al. 2001). The viscosity of natural
rubber and cottonseed meal-based adhesives
(CSM) also increases significantly in a longer
storage time (Radabutra et al. 2020, He et al.
2016). This increase in viscosity decreased the
lap shear strength remarkably in the wood-
lamination with natural rubber adhesive, but
only slightly decreased the lap shear strength
with CSM adhesive. The optimal manufacturing
conditions might also change caused by the
chemical changes and the physical changes of
the adhesives.

Performance of expired citric acid binder and
its storage condition on the particleboard had
not been investigated yet. In addition, citric acid
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Table 1
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Moisture content of powder citric acids and pH of its solutions

Binder condition

Moisture content (%) of powder citric acids

pH of citric acid solutions

Unexpired citric acid solution
2-years passed the expiration (closed-lid)

2-years passed the expiration (open-lid)

0.28+0.03 0.62+0.01
0.54+0.10 0.60+0.02
3.58+0.35 0.63+0.01

binder was stored in crystalline powder form,
different from the commercial formaldehyde-
based adhesives which had been generally
mixed with solvent. Moreover, anhydrous
citric acid was known to absorbs moisture in a
specific relative humidity (Ksigzek 2024). Our
study aims to evaluate the performance of the
expired citric acid at some conditions (1 year
and 2 years passed the expiration in closed-
lid, and 2-years passed the expiration in open-
lid storage) on the properties of Salacca frond
particleboard. Comparison of those properties
with the properties of the effective citric acid
particleboard (used by date, unexpired citric
acid) in the same raw material studied by
Widyorini et al. (2018) was also conducted.

MATERIALS AND METHODS

Salacca frond waste from the pruning activities
of Salacca plantation was acquired from Turi,
Cangkringan, Sleman and Yogyakarta. The
frond was then chipped, air-dried until the
moisture content of +12%, crushed in a ring
knife flaker, and sieved on a 10-mesh sieve for
the raw material preparation of particleboard.
Citric acid (Brataco LLC, Banten, Tangerang,
Indonesia) that expired for one year and two
years past its expiration (kept in a closed-lid
container and stored in a dry cabinet at 35%
relative humidity, 28°C temperature) were used
as a binder. The 2 years-expired citric acid that
is exposed to room relative humidity of +71%
(open-lid container storage) was also used for
representing the exposed citric acid during the
storage toward the environment.

The preparation of binder solution followed
the citric acid solution preparation developed
by Umemura et al. (2012). The citric acid at
three conditions (l-year passed the expiration
closed-lid, 2-year passed the expiration-closed
lid, and 2-year passed the expiration-open lid)
were dissolved in the distilled water at 60 wt%
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concentration. The pH of each condition
was measured using a Mettler Toledo Seven
Compact S220 pH Meter, as presented in Table
1. The binder solution prepared at 10 and 20
wt% based on the air-dried particles weight
were evenly mixed with Salacca frond particles.
Furthermore, the binder-coated particles were
oven-dried at 80°C for 4 hours until its moisture
content was around 6%. Subsequently, it was
arranged into a cube-shape mat with the 25 cm x
25 cm size. The mat was then hot-pressed using
3-step press methods developed by Widyorini et
al. (2018) at 180 and 200°C pressing temperature
for 10 minutes with a specific pressure of 3 MPa.
The final particle board had the target size of 25
cm x 25 cm x 1 cm and target density of 0.8 g/
cm®. The particleboard manufacture treatment
in this study was concluded in Table 2. Each
treatment was conducted in triplicate, therefore
the total particleboard made was 36 boards.

The particleboard was conditioned for 1 week
in a room with an ambient temperature of 27°C
and relative humidity of 71%. Each board was
then sawn using a circular saw into eight samples,
as illustrated in Figure 1. Sampels of 5 cm x 5 cm
size (No. 1-4 and 6-8) were used for internal
bonding strength, water absorption, moisture
content, and density tests, while a 20 cm x 5 cm
size sample (No. 5 and 10) were used for bending
tests. Each test sample is chosen whose density
represents the board’s average density. Density,
moisture content (MC), bending strength and
internal bonding strength (IBS) were tested
according to Japanese Industrial Standard (JIS)
A 5908 (2015), but be specifically modified in
the sample size of moisture content and density.
Furthermore, a water absorption test at 24 hours
water immersion was conducted according to
Widyorini et al. (2018).

All data of the board properties were
statistically analysed to determine the effect
of the binder conditions, binder content
and pressing temperature of particleboard
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Table 2  The treatment arrangement
Binder content  Pressing t:zmperature Binder condition Treatment*
(Wt%) O

1l-year passed the expiration (closed-lid) 10-180-1C

180 2-years passed the expiration (closed-lid) 10-180-2C

2-years passed the expiration (open-lid) 10-180-20

10 l-year passed the expiration (closed-lid) 10-200-1C

200 2-years passed the expiration (closed-lid) 10-200-2C

2-years passed the expiration (open-lid) 10-200-20

1-year passed the expiration (closed-lid) 20-180-1C

180 2-years passed the expiration (closed-lid) 20-180-2C

2-years passed the expiration (open-lid) 20-180-20

2 1-year passed the expiration (closed-lid) 20-200-1C

200 2-years passed the expiration (closed-lid) 20-200-2C

2-years passed the expiration (open-lid) 20-200-20

*10 and 20 = 10% and 20% binder content; 180 and 200 = 180°C and 200°C pressing temperature; 1C = citric
acid binder with l-year passed the expiration and closed-lid storage; 2C = citric acid binder with 2-year passed
the expiration and closed-lid storage; 20 = citric acid binder with 2-year passed the expiration and open-lid
storage. E.g., 10-180-1C = 10% binder content, 180°C pressing temperature, citric acid binder with 1-year passed

the expiration and closed-lid storage

10

Figure 1 Sample sawing patterns

manufacture on the properties of expired citric
acid bonded particleboard. Analysis of variance
was conducted and then continued with Tukey’s
honestly significant difference test at 1% and 5%
test levels. Relationships between particleboard
properties and groups within the particleboards
were evaluated using Principal component
analysis (PCA). Kaiser-Meyer-Olkin (KMO)
Measure of Sampling Adequacy and Bartlett’s
Test of Sphericity was conducted before PCA
to verify the suitability of the dataset for factor
analysis. The KMO values was over 0.5 (0.584),
and the Bartlett’s test significance was <0.001
(2.01 x 107), therefore PCA was suitable to be
conducted.
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RESULTS

Salacca frond particleboards were successfully
made using expired citric acid binder. The
density of the expired citric acid-bonded
particleboard ranged from 0.64-0.78 g/cm?®. The
effect of binder content, pressing temperature,
binder condition, and their combinations on
the properties of particleboard were shown in
Table 3. Analysis of variance showed that the
interaction between binder content, pressing
temperature and binder condition significantly
affected moisture content (MC), internal
bonding strength (IBS), and modulus of
elasticity (MOE) of the particleboard (p<0.05).
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Table 3 The ANOVA results
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The Significance value

Moisture Water

content

absorption

Internal
bonding
strength

Modulus of
rupture

Modulus of
elasticity

3.8 x 102*
1.2 x 10"
6.6 x 10105
1.4 x 10!

Binder content
Pressing temperature
Binder condition

Binder content*Pressing 1.3 x 10

temperature

Binder content*Binder 6.4 x 10!

condition

Pressing 3.8 x 105%:*
temperature*Binder

condition

Binder content*Pressing
temperature*Binder
condition

3.2 x 10%* 5.5 x 10"

2.5 x 105%*
1.1 x 107
9.4 x 10713

7.7 x 107%%*

1.2 x 102*

8.9 x 107
5.7x 10?
9.4 x 105
2.0 x 10

1.1 x 10**
8.0 x10
8.5 x 10!
6.4 x 10"

9.7 x 106
2.4 x 107
1.1 x 106
3.5 x 10%%*

1.7 x 103%* 1.5 x 10 3.1 x 10%*

2.8 x 107%%* 6.9 x 10" 1.7 x 108%*

1.3 x 102* 6.0 x 10" 1.2 x 102*

= significant at 5% test level and ** = significant at 1% test level
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Figure 2 Biplot score PCA of particleboard bonded with expired citric acid

Principal component analysis (PCA)
presented two principal components (PCl1
and PC2) explained 73.9% of the total

variance in the dataset (Figure 2). Similar to
Mehrvan et al. (2024), PCl showed positive
correlations with mechanical properties (such
as modulus of rupture, modulus elasticity and
internal bonding strength), and a negative
correlation with water absorption. Our study
added that moisture content was parallel to
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water absorption and has negative correlation
with mechanical properties. This showed that
particleboards with high mechanical properties
tend to have high resistance of moisture and
water. Figure 2 also describes that particleboards
in quadrant I relatively have high mechanical
properties, while particleboards in quadrant
II have relatively high-water absorption and
moisture content.

Moisture content (MC) and water absorption
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(WA) of Salaccatrond particleboards with 1 year-
expired citric acid tend to have low values both
in two temperatures and two binder contents
(Figure 3 & 4). Then, the longer the citric acid
expires, the higher the MC and WA. High IBS,
MOR, and MOE values were also achieved at 1
year-expired citric acid at 20 wt% binder content
(Figure 5-7). The longer the citric acid expires,
the decrease the mechanical strength values
tend to be.

12 4 Bl-year passed the expiration (close-lid)
2-years passed the expiration (close-lid)
W 2-years passed the expiration (open-lid)

Y

0 -
8.76bc
gz S.12bc

6.04a

Moisture content (%)
(o))

10%

Pressing temperattire, binder content

GK Dewi et al.

DISCUSSION

Expired citric acid binder is still effective as a
natural binder for particleboard, although the
particleboard manufactured has lower density
than the target density. Lower density than the
target density set in this study was expected
mainly due to board widening at non-moulding
particleboard manufacturing. This could have
occurred because of the low adhesion of binder

20%

Figure 3 Moisture content of expired citric acid-bonded particleboard made from Salacca frond
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Unexpired citric acid-bonded salacca particleboard
at single press method (Widyorini et al. 2018)
Unexpired citric acid-bonded salacca particleboard
at 3-steps press method (Widyorini et al. 2018)
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734

Figure 4 Water absorption of expired citric acid-bonded particleboard made from Salacca frond
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Figure 5 Internal bonding strength of expired citric acid-bonded particleboard made from Salacca frond
14 o B l-year passed the expiration (close-lid)
B3 2-years passed the expiration (close-lid) — R
W 2-years passed the expiration (open-lid) - ==
12 4 == == Unexpired citric acid bonded-salacca particleboard 1S 08
at single press method (Widyorini et al. 2018) : ‘\ i ‘-‘-’p_c 8
= == Unexpired citric acid bonded-salacca particleboard (min. 8 (;:Pa)
E 10 - at 3-steps press method (Widyorini et al. 2018) _-;{J_ - :
g 7.4 |
B ) 7.5 + 11 71
% P T :
2 /A
2 : e
= 44
3 ]
0 .
180°C 200°C 180°C
10% 20%

Pressing temperature, binder content

Figure 6 Modulus of rupture of expired citric acid-bonded particleboard made from Salacca frond

before the hot press, therefore low bonding
among particles was obtained. Citric acid was
known to actively bind the lignocellulose for
particleboard manufacturing at a temperature
of 180°C (Lee et al. 2020). Low tackiness of
the expired citric acid binder might also play a
role in a low particle bonding before hot-press.
Board widening was also found in sucrose-citric
acid-based particleboard made from sugar palm
dreg (Aisyadea et al. 2023), and maltodextrin-
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based particleboard made from Salacca frond
(Dewi etal. 2022). Some wood adhesive might be
classified as latent adhesives that are ineffective
at ambient temperature and acquire a specific
activation to bind, namely high temperature,
and hardener.

Table 3 showed all the board properties
affected by binder content, linear with previous
studies (Zeleniuc et al. 2019, Umemura et al.
2012). This showed that expired condition of
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citric acid did not change the effect of binder
contenton particleboard properties. The binder
condition and the interaction between binder
condition and pressing temperature affects
significantly almost all the particleboards,
except MOR. It was expected that binder
conditions could make different characteristics
and properties of binder, therefore affected
the pressing temperature required to melt the
binder and bind the particles. Our early study
found that the moisture content of expired
citric acid powder tends to be different among
different binder conditions (Table 1). This
might affect binder solid content and moisture
content of the mat. Combination between
material’s moisture content and pressing
temperature affect the IBS and TS of binderless
particleboard made from poplar wood (Cheng
etal. 2024).

Pressing temperature remarkably affected
the WA and MOE of particleboard bonded with
expired citric acid (Table 3). In particleboard
manufacturing, pressing temperature affects
the physical and chemical properties of both
raw material and the binder. It might different
between expired and unexpired binder.
However, low pressing temperatures could make
the adhesive uncured in high temperature-cured
binder, such as citric acid, conversely higher
pressing temperature than the required pressing
temperature could cause over-cured adhesive,
and both conditions lead to low strength of
particleboard (Malanit et al. 2009). Hill (2006)
added that the use of temperature within the
range of 180-206°C can alter the chemical
components of lignocellulose, especially the
cellulose and hemicellulose decomposition
and rearrangement. D’Amico et al. (2010)
discovered that curing or pressing temperature
firmly affects the adhesive properties of wheat
flour polymers and the formation of wood-to-
wood bonding (the interfacial bonding). The
strength of interfacial bonding was related to
MOE of particleboard. MOEisrelated tobonding
energies within the material (Stoeckel etal. 2013,
Tabor 1951). Related to interfacial bonding, the
resistance ability of bonding towards the water
immersion determines the WA values. Water
might bind with the free hydroxyl groups of the
wood particles, making the particle absorbing
and swelling, promoting the interfacial failure
between the binder and particle if the bonding
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strength was low, and then causing the WA of the
particleboard. In addition, PCA showed a high
correlation between MOE and WA in negative
direction (Figure 2).

The moisture content (MC) ranged from
5.16 to 9.16% (Figure 3). This range MC was
similar with the range of MC of other Salacca
particleboard but using maltodextrin binder,
namely 5.75-7.59% (Dewi et al. 2022) and other
citric acid Salacca composite board but made
from alkaline-modified Salacca fibrovascular,
namely +6% (Hakim et al. 2024). Additionally,
those MC were within the range of commercial
particleboard manufactured in Indonesia
(8.35-10.85%), but lower than commercial
particleboard manufactured in North America
(10.9-12.0%) (Dettmer & Smith 2015, Wardani
et al. 2015). Relative humidity, adhesive type,
press temperature and particle size affected
the MC of particleboard (Mo et al. 2001,
Iskanderani 2008). All the MC in this study
also met the JIS A 5908 standard that required
the MC range of 5-13%. This showed that the
expired citric acid up to 2-years passed the
expiration, both in closed- or open-lid storage
was still well-performed as a natural binder for
particleboard as long as the sufficient binder
content and the pressing temperature of 180
and 200°C were applied. However, the MC has
increased remarkably from l-year to 2-years
past the expiration, and continues to increase
when stored in open-lid storage. This was
expected to affect the mechanical properties of
particleboard, such as MOR, MOE, and IBS in
inverse relationship (Halligain & Schniewiind
1974) and were proven in PCA results (Figure
2).

The WA of the expired citric acid-bonded
particleboards (Figure 4) was 42.7-107.8%.
Almost all WA values satisfied the acceptable
WA value range of 20-75% (Anosike-Francis et
al. 2022), except the WA from the treatment
of the 180°C pressing temperature, 10% citric
acid, and 2 years passed the expiration in both
closed and open lid storage (87% and 103.3%),
the WA from the treatment of the 200°C
pressing temperature, 10% citric acid, and 2
years passed the expiration (open lid storage)
binder condition (83.5%), as well as the WA
from the treatment of the 180°C pressing
temperature, 20% citric acid, and 2 vyears
passed the expiration (open lid storage) binder
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condition (78.9%). Under the same pressing
temperature, similar WA values were obtained
between the 1 year expired citric acid and
unexpired citric acid produced by Widyorini
et al. (2018) at 20% citric acid (Figure 4).
The WA value of unexpired citric acid-bonded
particleboard was 55-58% and 46% at 180°C
and 200°C pressing temperatures, respectively
(Widyorini et al. 2018). Some commercial
particleboards manufactured in North America
have 44.3-47.7% WA values, but there have also
been reports of WA values below 20% (Dettmer
& Smith 2015). Expired citric acid still creates a
good water-resistant bonding between particles
in particleboard manufacturing, similar to
unexpired citric acid.

WA values were remarkably increased from
1 year to 2 years after the expiration. However,
more increase in WA values occurred at open-
lid storage in 2-years past the expiration binder.
This is in line with the moisture content trend.
It is suspected that environmental factors,
namely relative humidity, affect the moisture
content of powder citric acid (Table 1), then
affect physical and chemical stability of citric
acid, therefore changing the reactivity and
influencing the bonding among particles.
Further research is needed to analyze the
chemical changes that occur in citric acid after
the expiration and their relations with water-
related properties.

As the binder content increases, WA values
decrease. This is comparable with the effect
of increasing pressing temperature. The WA
values decreased by 4.2-23.6% when citric acid
content was increased from 10wt% to 20wt% at
180°C pressing temperature and by 10.2-13.6%
at 200°C pressing temperature. However, the
decrease rate of WA was 6.5% for the Salacca
frond particleboard bonded with unexpired
citric acid and pressed at 180°C (Widyorini et
al. 2019). A significant decrease rate of WA was
found in Huaxu et al. (2021) when the decrease
rate was oo value (board disintegrated) to
137.93% at changing 10wt% to 20wt% in citric
acid bonded particleboard made from rubber
wood and pressed at 180°C.

All IBS values met the JIS A 5908 type 8
standard (min. 0.15 MPa), even some IBS
values met type 18 (min 0.3 MPa). The IBS of
the l-year expired citric acid at 20% binder
content was comparatively within the range of

©Forest Research Institute Malaysia

435

GK Dewi et al.

the unexpired citric acid’s IBS values, which
was 0.31 MPa and 0.35 MPa, as investigated
by Widyorini et al. (2018) at single step hot
press of 180°C and 200°C. That result was
consistent with the WA properties. However,
the IBS value of this study was 30% lower than
that of the unexpired citric acid particleboard
pressed using the 3-step method and 180°C by
Widyorini et al. (2018) (+0.48 MPa). Hence,
they still met the JIS A 5908 (2015) type 18 and
resembled the IBS value of one commercial
particleboard manufactured in North America
(0.32 MPa) (Dettmer & Smith 2015). It showed
that l-year expired citric acid stored in a closed-
lid container still has good performance as a
wood binder. However, the longer the citric
acid expires, the lower the IBS. The IBS values
could decrease up to 37% from 1-year past the
expiration to 2-year past the expiration in the
condition of a closed-lid container. Similar
trend occurred in particleboard with thick
spent sulfite liquor-wheat flour where a slightly
decreased IBS from fresh adhesive to the 30 days
old adhesive (Ferreira et al. 2018). Additionally,
the effect of open or closed-lid container at 2
years past expiration was different based on
binder content and pressing temperature.

Even though the WA and IBS of the
particleboard with the Il-year expired citric
acid was similar with the unexpired citric acid-
bonded particleboard at single press method,
all modulus of rupture (MOR) and modulus
of elasticity (MOE) of the expired citric acid-
bonded particle board were remarkable
lower than those of the unexpired citric acid
particleboard at both single press and 3-steps
press methods (Figure 6-7). The MOR of
salacca particleboard bonded with unexpired
citric acid was around 13 MPa at 180°C and
200°C single hot presses, meanwhile around 10
MPa at 180°C three step hot presses. Moreover,
the MOE of Salacca particleboard bonded with
unexpired citric acid was around 0.36 GPa
at 180°C and 200°C single hot presses and
around 2.8 GPa at 180°C three step hot presses
(Widyorini et al. 2018). This might be caused by
different particle geometry between 2 studies
though both researches used the same passed
through 10 mesh particle size. However, the
particle geometry comparison is not possible
due to the absence of the comparative data.
Particle geometry with high slenderness ratio,
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Figure 7 Modulus of elasticity of expired citric acid-bonded particleboard made from Salacca frond

a ratio between length and thickness, showed a
high MOR and MOE strength of particleboard.
In order to meet MOR and MOE standard,
a poplar particleboard with 0.69 g/cm?® and
8.09% adhesive content had to use particles
with slenderness ratio of 47 (Arabi et al. 2023).

All MOR failed to satisfy the requirement
standard of JIS A 5908 (2015) (8 MPa for type
8). Nevertheless, four MOEs satisfied JIS A 5908
type 8 (min. 2 GPa). These were 20% citric acid
content after one year of expiration at both
pressing temperatures (2.05 and 2.02 GPa), 20%
citric acid after two years of expiration (close-
lid) at 180°C pressing temperature (2.39 GPa),
and 20% citric acid after two years of expiration
(open-lid) at 200°C pressing temperature (2.23
GPa). This phenomenon also happened in
particleboard manufactured from a mixture
of sawdust and bamboo leaves bonded with
urea formaldehyde, as studied by Olawale et
al. (2024). Some of these particleboards have
a modulus of elasticity of more than 2 GPa,
although the modulus of rupture has not yet
reached 8 MPa. Some improvement might
be conducted to increase this particleboard’s
bending strength, especially the MOR, namely
increasing the particleboard density or face
layer density (Divkolaei et al. 2024, Korai 2022),
increasing the slenderness ratio of the particles
(Arabi et al. 2023), etc.

©Forest Research Institute Malaysia

CONCLUSION

Expired citric acid still have potential to be
utilized as a natural binder for particleboard.
Particleboard bonded with citric acid after
one year expiration exhibits internal bonding
strength and water absorption that are still
within the same range as those of unexpired
citric acid-bonded particleboard at treatments
of 20% citric acid, single press method and two
pressing temperatures (180 and 200°C). Those
particleboard properties satisfied JIS A 5908
standard type 8 and acceptable water absorption
value, except the modulus of rupture.
Interaction between binder condition, binder
content, and pressing temperature affected the
moisture content, internal bonding strength
and MOE of the expired citric acid-bonded
particleboard. Water resistance properties
and mechanical properties of Salacca frond
particleboard tend to decrease with the longer
the citric acid passes its expiration, but tend to
be varied in effect of open or close-lid container
conditions at different binder contents and
pressing temperatures. Physical and chemical
changes of citric acid after expiration were
suggested to be analysed in the further study to
investigate the changes of bonding mechanism
and its relation to the decreased particleboard
properties. This might be an alternative
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utilisation of expired citric acid from food and
pharmacy industries.
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