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ABSTRACT

The demand for particleboard is increasing along with economic and population growth. However, two major
barriers to the manufacture of particleboard are a shortage of raw materials (woodchips) and the emission of for-
maldehyde from conventional adhesives. Agricultural by-products such as corn stalks contain an abundance of
renewable lignocellulosic fiber. This study evaluates the effect of citric acid as a natural adhesive and fire retardant
addition on the physical, mechanical, and fire retardancy properties of particleboards fabricated from corn stalks.
A cost-effective and inorganic salt, calcium carbonate, was tested to enhance the fire retardancy. Ammonium
dihydrogen phosphate was also considered as a comparative control. Particleboards with the addition of calcium
carbonate was pretreated with sodium chloride. The particleboards were pressed for 10 min at 200°C. Japanese
Industrial Standard JIS A 5908:2022 was used as the benchmark for the physical and mechanical tests. Fire retar-
dancy was dynamically tested by simulating a Bushfire Attack Level of 19 kW/m2. The particleboard with 25 wt%
citric acid had superior mechanical properties and complied with the JIS A 5908 standard for Type 13 base par-
ticleboard. Particleboard with the addition of calcium carbonate (5% and 10%) showed significantly delayed pyr-
olysis time.

KEYWORDS

Particleboard; corn stalk; fire retardancy; citric acid; mechanical properties

1 Introduction

The demand for particleboard has led to an increased demand for woodchips. According to the Food and
Agricultural Organization, particleboard production has increased by 38.13%, from 76.26 million cubic
metres in 2012 to 105.34 million cubic metres in 2022 [1]. However, ongoing deforestation means that
wood supplies are declining [2], leading to increasing costs and competition for wood fibre. The
identification of renewable non-wood lignocellulosic materials is critical to address this challenge.
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Corn (Zea mays L.) is Indonesia’s second-largest food staple after rice. In 2022, Indonesia produced
approximately 25.3 million tonnes of corn [3] and 55.67 million tonnes of rice [4]. Corn production
generates significant agricultural by-products. According to Pordesimo et al. [5], 54.1% of a mature-age
plant is composed of corn residue, comprising 50.9% stalk, 21.0% leaf, 15.2% cob and 12.9% husk. Corn
stalk, which is typically burned or buried in landfill, is currently underutilised. Globally, corn residue is
the highest contributor (48%) to the open burning of agricultural residues, followed by rice residue
(24%), wheat residue (23%) or sugarcane residue (5%) [6]. Open burning releases air pollutants such as
polycyclic hydrocarbons, particulate matter and hazardous organic compounds [7,8], negatively affecting
air quality and human health.

The incorporation of 25%–50% corn stalk into poplar wood for particleboard (density 0.70 g/cm3)
fabrication resulted in meeting the acceptable standard of particleboard according to European standard
EN 316:1996 [9]. Ghoncheh et al. [10] found that incorporating 70% corn stalks into commercial wood
chips (density of 0.75 g/cm3) using a 12% melamine-urea-formaldehyde resin and pressing for 6 min
resulted in a product that met the EN 312 standard. In another study, corn stalk was mixed with oak
wood using a urea-formaldehyde resin to produce a medium-density fibreboard (particleboards density
0.70 and 0.80 g/cm3) [11]. While the mechanical properties of the fibreboard became progressively less
optimal with an increased proportion of corn stalk, they still complied with the minimum requirements of
TS-EN 310 and TS-EN 319 (1999) [11]. Abdulqader [12] examined corn stalk as a partial wood
substitute (particleboard density 0.70 g/cm3), finding that the higher the ratio of corn stalk to poplar
shavings, the less optimal the physical and mechanical properties of the particleboard. However, the
particleboard was still acceptable for interior applications [12]. The above studies investigated the use of
corn stalk as a partial substitute for wood particles in the manufacture of particleboard. However, studies
on the use of corn stalk to fully replace woodchips for particleboard fabrication are limited.

Prasetiyo et al. [13] and Ye et al. [14] both investigated the full substitution of woodchips with corn stalk
for particleboard fabrication. Prasetiyo et al. [13] examined the properties of corn stalk particleboard with
urea-formaldehyde and phenol-formaldehyde adhesives, finding that the particleboard with 12% phenol-
formaldehyde adhesive fulfilled the Japanese Industrial Standard JIS A 5908:2022 for Type
13 particleboard [15]. These findings suggest that corn stalk may be used as a substitute for woodchips in
particleboard fabrication. However, the studies discussed above all employed formaldehyde-based
adhesives [16,17]. Despite their low cost and high adhesivity [17], formaldehyde-based adhesives have
two main issues. First, they are based on petroleum, a non-renewable resource that is likely to be
restricted in the future [18]. Second, they emit formaldehyde, which is a primary pollutant and a Group
1 human carcinogen [19]. Prolonged exposure to formaldehyde emissions by particleboard factory
workers and consumers could lead to a deterioration in health. Therefore, alternative adhesives for
particleboard fabrication are urgently required.

Ye et al. [14] fabricated corn stalk particleboard using dialdehyde starch as the adhesive, showing that an
increase in pressing temperature, board density and dialdehyde starch dosage increased the modulus of
rupture (MOR) and modulus of elasticity (MOE) and reduced thickness swelling. The challenge
associated with this method is the long and complicated protocol for dialdehyde starch preparation,
particularly the need for nitrogen gas and sodium periodate and the adjustment in pH level. Therefore,
there is a need for an alternative non-formaldehyde adhesive that is both simple and cost effective.

Researchers have shown that citric acid (CA) can act as an adhesive in particleboard fabrication
[20–22]. CA is an organic acid containing three carboxylic acids. It is naturally extracted from citrus
fruits and is commonly used in the food and beverages industry [20]. Therefore, the use of CA as an
adhesive in particleboard fabricated from corn stalk should be investigated. Kusumah et al. [23]
investigated the effect of pre-drying and CA percentage on particleboards fabricated from sorghum
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bagasse as the raw material and CA as the adhesive. The addition of up to 20 wt% CA improved both the
dimensional stability and the mechanical properties of the particleboard. Eterno Teixeria et al. [21]
reported that particleboard based on a CA adhesive resulted in higher water resistance, MOR and MOE,
meeting the EN 312:2020 standard. Based on the above results, CA may be a suitable natural adhesive
for particleboard.

Despite being the most in-demand wood-based panel product, particleboard presents a challenge
because of its high flammability, which limits its applications [24–26]. Thus, any comprehensive
investigation on particleboard properties should include its ability to resist fire. The flammability of
particleboard is mainly related to the presence of organic carbon compounds, particularly lignocellulose
[27]. Fire retardants used in particleboard fabrication should ideally be low in cost, non-toxic and easily
accessible. Ammonium dihydrogen phosphate (ADP) and calcium carbonate (CaCO3) are two of the
preferred fire retardants. CaCO3, a naturally white and odourless powder, is an endothermic material,
meaning that it absorbs heat during decomposition. At high temperatures, CaCO3 decomposes into
calcium oxide and carbon dioxide (CO2). Its ability to release CO2 is the key mechanism that makes
CaCO3 a favourable fire retardant. The decomposition process reduces the temperature of materials and
prevents the ignition and spread of fire. The effectiveness of CaCO3 as a fire retardant depends on its
proportion in the composition. Moreover, its effectiveness is influenced by other additives. Yusof et al.
[28] examined the use of CaCO3 (10 and 20 wt%) as a fire retardant in particleboard, showing that the
incorporation of 20% polyvinyl alcohol and 10% CaCO3 resulted in higher fire retardancy. ADP is a
phosphorus-based material. Research on particleboard fabricated from hemp fibre and rice husk and
exposed to fire showed that the addition of ADP 3–6 wt% resulted in a significant increase in time to
ignition and a decrease in total heat release [24]. Suardana et al. [29] also found that the addition of ADP
5 wt% to a biocomposite made from coconut (Cocos nucifera L.) fibre and jute (Corchorus olitorius L.)
resulted in reduced temperature and decomposition rate needed for a 5% weight loss. Komariah et al.
[30] applied ADP at different percentages to particleboards fabricated with oil palm trunks.

The aim of the present study was to fabricate an eco-friendly, low-flammable using CA as the adhesive
and low-cost and non-toxic fire retardant. The specific objectives were to explore:

. The physical and mechanical properties of different particleboards

. The effect of additives on particleboard colour, which can affect its durability and appearance, with
darker colours indicating increased thermal degradation [31]

. Fire retardancy, measured using mass loss and pyrolysis time, to indicate the overall safety of different
particleboards

. Changes in functional groups and thermal degradation of particleboard, characterised using Fourier-
transform infrared (FTIR) and thermogravimetric analysis.

2 Experimental

2.1 Materials
Corn stalks were collected from a traditional farm in the Dramaga district of Bogor Regency, West Java,

Indonesia. Corn stalks were cleaned and dried at 80°C for 24 h. The dried stalks were then ground into 6–
8 mesh (2.38–3.36 mm). A moisture analyser (Shimadzu MOC63u) was used to ensure that moisture content
(MC) was less than 5%.

Anhydrous CA (C6H6O7) (CAS: 77-92-9) with a solid content of 59% was used as the biobased
adhesive (gelation time: 4.6 min, pH: 2.3, viscosity: 7.3 mPa.s [32]).

Two fire retardants were considered in the present study, i.e., a cost-effective and inorganic salt, calcium
carbonate (CaCO3), and ammonium dihydrogen phosphate (ADP) as a comparative control. Sodium chloride
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(NaCl) (CAS: 7647-14-5) was used to pretreat the particleboards with CaCO3 added. Either of the following
fire retardants was added to different particleboard samples in different amounts:

. CaCO3 powder (CAS: 471-34-1): 5 and 10 wt%.

. ADP (NH4H2PO4) powder (CAS: 7722-76-1): 10, 20, 30 and 40 wt%.

All chemicals were used as received without further purification.

2.2 Preparation and Panel Fabrication
The particleboard panels fabricated in this study were classified as follows (see Table 1):

. Group A: untreated particleboard with the addition of ADP 10, 20, 30 or 40 wt% to identify the
optimal percentage of ADP to produce a particleboard that meets the minimum JIS A
5908:2003 requirements. The controls for this group were untreated particleboard without ADP
and untreated particleboard with CA 25 wt%. Astari et al. [33] found that CA 25 wt% produced
the optimal physical and mechanical particleboard properties.

. Group B: particleboard pretreated with NaCl, with or without the addition of CA 25 wt% and with the
addition of CaCO3 5 and 10 wt% [28].

Group A Particleboard Fabrication

Dried particles (MC < 5%) were placed in an enclosed drum mixer apparatus (see Fig. 1). The ADP
solution was then sprayed onto the particles using a pneumatic spray gun. The mixed particles were then
dried at 80°C for 20 h until MC reached <5%. They were then placed in a mould with metal sheets on
the upper and lower surfaces and a 12-mm stop bar attached (see Fig. 2). The mixed particles were then
ready for hot pressing.

Table 1: Particleboard composition

No. Composition NaCl
pretreatment
(wt%)

CA
adhesive
(wt%)

Additives

CaCO3 ADP

Group A

1 Control 0 0 0 0

2 Corn stalk + ADP 10 wt% 0 0 0 10

3 Corn stalk + ADP 20 wt% 0 0 0 20

4 Corn stalk + ADP 30 wt% 0 0 0 30

5 Corn stalk + ADP 40 wt% 0 0 0 40

6 Corn stalk + CA 25 wt% 0 25 0 0

Group B

1 Control 0 0 0 0

2 Pretreated corn stalk 30 0 0 0

3 Pretreated corn stalk + CA 25 wt% 30 25 0 0

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 30 25 5 0

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 30 25 10 0

6 Corn stalk + CA 25 wt% 0 25 0 0
Note: CA: citric acid; NaCl: sodium chloride; CaCO3: calcium carbonate; ADP: ammonium dihydrogen phosphate.
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Group B Particleboard Fabrication

Prior to fabricating the Group B particleboards, the particles were pretreated by immersing them in a
NaCl 30 wt% solution at 60°C for 24 h to allow thorough penetration of the particles [28]. Aqueous
pretreatment is typically performed for flame retardancy purposes [34] because it enables the addition of
fire retardants during preparation. Following pretreatment, particles were dried in a dehydrating oven at
100°C for 24 h until MC was <5%. The particles were then mixed with either CA 25 wt%, CA 25 wt% +
CaCO3 5 wt% or CA 25 wt% + CaCO3 10 wt% using a drum mixer and spray gun (as for Group A).
They were also pre-dried to a target MC of <5% prior to hot pressing.

Particleboards in both groups were subject to hot pressing at 200°C for 10 min. Panel dimensions were
28.2 cm × 20.8 cm × 1.2 cm. The target density of the fabricated particleboards was 0.7 g/cm3, in line with
medium-density particleboard commonly used in indoor applications, furniture and packaging [35], thin
particleboards [36], and previous studies investigating using agricultural by-products [37,38]. In the
present study, three replicates per panel composition were fabricated. A summary of the pressing
conditions is presented in Table 2.

a

b

Figure 1: Drum mixer
Note: (a) tube/drum; (b) spray gun.

(a) (b)

Metal sheet

Metal sheet Stop bar

Figure 2: The wooden and metal mould
Note: (a) Wooden mould; (b) Metal sheets at the upper and lower surfaces with stop bar attached.

Table 2: Pressing conditions applied in this study

Pressing temperature 200°C

Pressing time 10 min

Particleboard dimensions 28.2 × 20.8 × 1.2 cm3

Target density 0.7 g/cm3
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2.3 Physical Testing
The physical properties of the particleboards were tested according to the JIS A 5908:2022. The JIS A

5908:2022 defines five particleboard classes (see Table 3). The physical properties measured were density,
MC, thickness swelling and water absorption.

Density and Moisture Content

Particleboard density (g/cm3) was calculated at 12% MC using the following formula:

Density ¼ m

V
(1)

where m is mass (g), and V is volume (cm3).

Moisture content (MC, %) was calculated as:

MC ¼ m1 � m0

m0
� 100 (2)

where m1 is mass before drying, and m0 is mass after drying.

Thickness Swelling and Water Absorption

Thickness swelling (TS, %) and water absorption (WA, %) were measured after 2 and 24 h immersion in
water according to the following equations:

TS ¼ t2 � t1
t1

� 100 (3)

where t1 is thickness before immersion, and t2 is thickness after immersion, and:

WA ¼ m2 � m1

m1
� 100 (4)

where m1 is mass before immersion, and m2 is mass after immersion.

2.4 Mechanical Testing
The mechanical properties of particleboards tested included flexural strength, internal bond strength (IB)

and screw-holding power (SHP).

Flexural Strength

Bending strength and stiffness were tested using a universal testing machine (Instron 5569P6422, 50 kN,
USA). A three-point test method with a crosshead speed of 8 mm/min was applied. The dimensions of the test

Table 3: Minimum requirements for different base particleboard types

Particleboard
type

Density
(g/cm3)

MC
(%)

Min. flexural strength
(dry sample) (MPa)

MOE
(GPa)

Max. thickness
swelling (%)

SHP
(N)

IB
(MPa)

8 0.40–
0.90

5–
13

8.0 2000 12 (or 25 when
thickness is ≤ 12.7)

300 0.15

13 13.0 2500 400 0.2

17.5 17.5 2000 500 0.3

18 18.0 3000 500 0.3

24 24.0 1300 500 0.3
Note: MC: moisture content; MOE: modulus of elasticity; SHP: screw-holding power; IB: internal bonding strength. Sourced from JIS A
5908:2022 [15].
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sample were 200 mm × 50 mm × 12 mm. Bending strength (MOR, MPa) and stiffness (MOE, MPa) were
calculated as follows:

MOR ¼ 3PL

2bt2
(5)

MOE ¼ r=e ¼ DPL

4DYbt3
(6)

where P is maximum load (N), L is sample length (mm), b is sample width (mm), and t is sample thickness
(mm). MOE is defined as stress divided by strain, where σ denotes stress (N/m2), and ε denotes strain. ΔP is
the difference between the highest and lowest loading limits (N), and ΔY is deflection with respect to ΔP
(mm).

Internal Bond Strength

The sample (50 mm × 50 mm) used to test internal bond strength (IB, MPa) was attached to metal blocks
with a thermosetting adhesive. Vertical tension load was applied with a loading speed of 2 mm/min [15]. IB
was calculated using the following equation:

IB ¼ P0

2bL
; (7)

where P is maximum load (N), b is sample width (mm), and L is sample length (mm).

Screw-Holding Power

To test SHP, two screws (3.5 mm in diameter and 30 mm in length) were placed vertically on the test
sample (50 mm × 10 mm). Pulling out speed was 2 mm/min. SHP was calculated as the mean maximum
load required to pull out the screws.

2.5 Thermogravimetric Analysis
TGA was carried out to determine the thermal stability of the fabricated particleboard. 6 mg of each

composition were grounded to 100 mesh and placed in a ceramic pan. A thermogravimetric analyser
(PerkinElmer, TGA 4000, Waltham, MA, USA) was used to investigate the loss in mass of particleboard
with increased temperature. The temperature range was 25°C–750°C at a heating rate of 10°C/min.
Nitrogen was applied as the purge gas during pyrolysis. The data obtained from thermogravimetric
analysis explained the percentage of mass loss against temperature.

2.6 Fourier-Transform Infrared Analysis
FTIR analysis was conducted to determine the existence of any changes in functional groups in the

particleboard samples. Prior to testing, the particleboard samples were immersed in water at 60°C for 4 h,
and then oven dried at 60°C for 12 h. The samples were then ground to fine particles, which were further
ground to 60 mesh size. A FTIR spectrometer (PerkinElmer, Spectrum Two, Waltham, MA, USA) was
used to observe the infrared spectra. The analysis was conducted with a wavenumber range of 400–
4000 cm−1 and an average of 16 scans.

2.7 Colour Measurement
Colour measurement was conducted to quantify the appearance of particleboard samples with different

additives. The change in surface colour was measured using a spectrophotometer (Spectro-Guide 45/0 Gloss,
BYK, Germany) with an observer angle of 10° and an observer diameter of 11 mm. Changes in both
brightness (L*) and colour (E*) were measured. Colour coordinates on the green–red (a*) and blue–
yellow (b*) axes were measured to calculate the change in colour (ΔE*). The calculations for ΔL* and
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ΔE* were based on JIS Z 8729:2004 as follows:

DL� ¼ L� � L�0 (8)

Da� ¼ a� � a�0 (9)

Db� ¼ b� � b�0 (10)

DEL�;a�;b� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DL�2 þ Da�2 þ Db�2

p
(11)

where L0*, a0* and b0* are the values of the particleboard with CA 0 wt%. Nine measures were taken of each
particleboard surface (18 measures per board), with means and standard deviations calculated.

2.8 Fire Retardancy Test
Sample Preparation

The particleboard samples used for the fire retardancy test were 20 cm × 12.3 cm × 1.2 cm in size. A
calcium silicate thermal insulation board was used to frame the samples, helping to prevent heat loss at the
edges, thereby minimising the edge effect. The board was cut into 25 mm-wide pieces, which were glued
around the perimeter of the test specimen. A black sodium silicate–based sealer was applied as the
adhesive. A 24 h curing time was allowed to ensure the samples were firmly attached to the frame (see Fig. 3).

Fire Exposure Equipment

A variable heat flux apparatus (see Fig. 4) consisting of a radiative panel with 12 short-wave infrared
lamps [39] was used to generate radiant heat flux. The radiative panel was positioned on a 1.5-m linear
stage, allowing it to move both forwards and backwards to simulate dynamic fire exposure. The
movement also enabled the sample to be exposed to various heat levels. The apparatus was connected to
a device that controlled the experimental conditions and recorded the required output data. A
programmable controller PCL601USB (Anaheim Automation Inc., Anaheim, CA, USA) was deployed to
control the movement speed within a range of 0.001–0.3 m/s. An automatic shutter was placed between
the panel and the sample to avoid premature radiation. The radiant heat flux produced by the infrared
lamps was controlled using a power control box.

The tests were conducted to simulate fire exposure conditions corresponding to a Bushfire Attack Level
(BAL) of 19 in the Australian standard AS 1530.8.1: 2018 [40]. BAL-19 represents an exposure to radiant
heat of 19 kW/m2. To simulate these conditions, the radiative panel was programmed to move for 30 s
(simulating a fire front approaching the sample), remain for 120 s (simulating exposure to a 19 kW/m2

(a)

(b)

Figure 3: Sample test preparation
Note: (a) Sample test; (b) calcium silicate board.
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fire), then retreat for 120 s. Awater-cooled heat flux sensor (Hukseflux SBG01-100) was used to determine
the exposure of samples to radiative heat flux. Prior to testing, the heat flux sensor was placed near the
sample, then radiant heat flux measurements were recorded for the duration of the experiment. The
samples were placed vertically 30 cm from the radiative panel at its forwardmost position and held by
double clamps on both sides (see Fig. 5).

The experiments were documented using a digital single-lens reflex camera and an infrared camera
(FLIR T1040), which were placed approximately 2 m from the sample. The digital single-lens reflex
camera was connected to the control system and operated using Lumix camera software. The infrared
camera filmed the rear surfaces of the samples.

2.9 Data Analysis
Data were analysed using Minitab software to perform one-way analysis of variance at a confidence

level of 95% (p ≤ 0.05). Fisher’s exact test was conducted to ascertain significance levels. CA, CaCO3

and ADP were treated as continuous values, while corn stalk particles were treated as discrete values.

(a)

(b) (c)

(d)

Figure 4: Variable heat flux apparatus
Note: (a) Linear stage; (b) radiative panel; (c) power control box; (d) programmable controller.

(ii)

(i)

(iii)

(ii)

(i)

30 cm

(A) (B)

Figure 5: Sample placement
Note: (A) Side view: (i) sample, (ii) clamps; (B) Back view: (i) sample, (ii) clamps, (iii) radiative panel.
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3 Results and Discussion

3.1 Physical Properties
Density and Moisture Content

Density and MC are crucial parameters because they determine the appropriate application of the
particleboard. Table 4 shows the density and MC of the particleboard samples in this research.

The density of all particleboard samples was within the range 0.4–0.9 g/cm3, meeting the JIS A
5908:2022 requirement for base and decorative particleboards (see Fig. A1). The Group A particleboards
showed no significant differences in density, allowing a comparison of particleboard properties. The
lowest density was observed in the control sample (0.67 g/cm3), while the highest density (0.75 g/cm3)
was observed in the sample with CA 25 wt%.

The Group B samples showed significant differences in density. The densities of pretreated particleboard
with and without CA 25 wt% differed from that of the control particleboard, but this difference was
nonsignificant. However, the pretreated particleboards with the addition of CA 25 wt% and either CaCO3

5 or 10 wt% had significantly higher densities (0.81 ± 0.06 g/cm3 and 0.80 ± 0.01 g/cm3, respectively)
compared with the control samples. This indicates that the addition of CaCO3 significantly increases
particleboard density.

Particleboard density is influenced by several factors, including the type and proportion of adhesives and
additives, the composition of raw materials and the manufacturing process. The results highlight the effect of
different types of adhesives on particleboard properties. Ozyhar [41] also found that adding CaCO3 increased
the surface density of particleboard made from industrial wood chips and sawdust. The increase in the density
of particleboard may be attributable to the specific gravity of CaCO3, which is higher that of corn stalk
particles.

Table 4: Density and moisture content of particleboard per composition

No. Particleboard composition Density
(g/cm3) ± SD

Moisture
content (%) ± SD

Group A

1 Control 0.67 ± 0.01a 6.44 ± 0.17a

2 Corn stalk + ADP 10 wt% 0.67 ± 0.07a 6.40 ± 0.11ab

3 Corn stalk + ADP 20 wt% 0.73 ± 0.07a 6.11 ± 0.28abc

4 Corn stalk + ADP 30 wt% 0.72 ± 0.04a 6.02 ± 0.11c

5 Corn stalk + ADP 40 wt% 0.73 ± 0.01a 6.09 ± 0.07bc

6 Corn stalk + CA 25 wt% 0.75 ± 0.05a 5.55 ± 0.30d

Group B

1 Control 0.67 ± 0.01cd 6.44 ± 0.17a

2 Pretreated corn stalk (NaCl 30 wt%) 0.62 ± 0.05d 3.26 ± 0.13c

3 Pretreated corn stalk + CA 25 wt% 0.70 ± 0.01bc 4.83 ± 1.40b

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 0.81 ± 0.06a 2.91 ± 0.10c

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 0.80 ± 0.01a 4.76 ± 0.10b

6 Corn stalk + CA 25 wt% 0.75 ± 0.05ab 5.55 ± 0.30ab

Note: Three samples were used to produce each average. ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3:
calcium carbonate. Means that do not share a letter are significantly different (p ≤ 0.05).
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After placing particleboard samples in an oven drier at 103 ± 2°C until they reached a constant mass, MC
was evaluated (see Table 4 and Fig. A2). In the Group A samples, MC ranged from 5.55% to 6.44%. The
highest MC value was observed in the control sample, while the lowest was observed in the sample with
CA 25 wt%. Overall, the addition of ADP decreased MC. The addition of ADP 30 wt% caused MC to
dip to 6.02%, while the addition of ADP 40 wt% caused a slight rise in MC to 6.08%. The MC range in
the Group A samples met the JIS A 5908:2022 requirements (5%–13%).

The MC of particleboard is affected by board density and particle porosity. Higher density particleboards
tend to absorb less moisture, affecting their overall quality and compliance with standards. A lower density
enables better accessibility to water vapour [42].

The MC of the Group B samples was variable. The lowest MC was observed in the pretreated samples
with no CA or CaCO3 added (3.26%) and with CA 25 wt% and CaCO3 5 wt% added (2.91%). The MC of
pretreated particleboards with CA 25 wt% and with CA 25 wt% and CaCO3 10 wt% differed, but the
difference was nonsignificant. All pretreated samples (Group B) had an MC below the minimum JIS A
5908:2022 range (5%–13%). A low MC affects the dimensional stability and reliability of particleboard.
Guan et al. [43] found that MC significantly affects the mechanical strength of self-bonding particleboard.
In this research, NaCl was used as the dehydrating agent. NaCl can permeate cell walls and react with
cell components, enhancing the dimension stability of cell walls [44]. Among both groups, the pretreated
samples had the lowest MC values because of the addition of NaCl, which prevents water absorption.

Thickness Swelling and Water Absorption

Table 5 shows the change in thickness (thickness swelling) and water absorption after samples were
immersed in water for 2 and 24 h.

Table 5: Thickness swelling and water absorption of particleboard per composition

No. Composition Thickness swelling (%) ± SD Water absorption ± SD

2 h 24 h 2 h 24 h

Group A

1 Control 79.46 ± 4.73a 108.35 ± 1.53a 142. 44 ± 3.65a 176.72 ± 9.74a

2 Corn stalk + ADP 10 wt% 60.89 ± 11.80b 70.52 ± 14.88b 103.20 ± 16.31b 121.3 ± 19.3b

3 Corn stalk + ADP 20 wt% 42.18 ± 13.50c 53.50 ± 25.1bc 86.00 ± 31.8bc 96.0 ± 28.0bc

4 Corn stalk + ADP 30 wt% 36.45 ± 1.62c 47.40 ± 2.32c 73.77 ± 7.23cd 91.03 ± 7.11c

5 Corn stalk + ADP 40 wt% 30.91 ± 9.83c 62.95 ± 3.35bc 54.60 ± 11.11de 99.09 ± 7.94bc

6 Corn stalk + CA 25 wt% 5.68 ± 2.54d 10.00 ± 2.94d 34.44 ± 9.17e 46.46 ± 9.12d

Group B

1 Control 79.46 ± 4.73a 108.35 ± 1.53a 142. 44 ± 3.65a 176.72 ± 9.74a

2 Pretreated corn stalk
(NaCl 30 wt%)

6.52 ± 3.86b 13.56 ± 8.44b 21.60 ± 4.06c 37.57 ± 4.80b

3 Pretreated corn stalk + CA
25 wt%

0.70 ± 0.27c 0.85 ± 0.28b 9.14 ± 1.22d 20.08 ± 3.18cd

4 Pretreated corn stalk + CA
25 wt% + CaCO3 5 wt%

0.61 ± 0.09e 1.36 ± 0.52c 4.54 ± 1.23d 10.45 ± 3.2d

(Continued)
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For Group A, after 24 h immersion in water, the control sample showed the highest thickness swelling
(108.4%), while the sample with CA 25 wt% added showed the lowest (10%). The addition of ADP up to
30 wt% also caused thickness swelling to progressively decrease from the control level, but it significantly
increased with the addition of ADP 40 wt%, from 47.40% to 62.95%. Only the particleboard with CA
25 wt% met the JIS A 5908:2022 standard for base particleboard thickness swelling (25% maximum
thickness swelling for particleboard of up to 12.7 mm in thickness). A similar trend was observed after
2 h immersion in water. The sample with CA 25 wt% had the lowest thickness swelling, while the
control sample showed the highest thickness swelling (5.68% and 79.46%, respectively).

The decrease in thickness swelling following the addition of CA was also observed in Group B (see
Fig. A3). After 24 h immersion in water, thickness swelling of pretreated particleboard decreased by
93.95% with the addition of CA 25 wt%, from 13.56% to only 0.85%. The addition of CaCO3 5 and
10 wt% resulted in a slight increase in thickness swelling, from 0.85% to 1.36% and 1.13%, respectively.
However, this increase was nonsignificant. Overall, the thickness swelling of the Group B samples
satisfied the JIS A 5908:2022 requirements for base and decorative particleboards. The high dimensional
stability of particleboard with the addition of CA arises from the ester linkages that occur following a
reaction between CA and corn stalk particles [20]. Carboxylic groups in the CA react with hydroxylic
groups in the corn stalk particles, resulting in improved particleboard properties [45]. Among both
groups, pretreated particleboard exhibited the lowest thickness swelling, indicating better dimensional
stability.

The significant effect of CA on thickness swelling was repeated in the water absorption test. For the
Group A samples, water absorption showed an identical trend to that of thickness swelling. After 24 h
immersion, the control sample showed the highest water absorption (176.72%), while the sample with
CA 25 wt% showed the lowest water absorption (46.46%). Progressive decreases in water absorption
from the control sample level occurred with the addition of ADP 10 wt% (121.3%), ADP 20 wt%
(96.00%) and ADP 30 wt% (91.03%). When ADP 40 wt% was added, water absorption slightly
increased to 99.09%. However, overall, the higher the ADP percentage, the lower the water absorption.
This trend was also observed by Komariah et al. [30], who found that the addition of ADP to
particleboard decreased water absorption.

For Group B, following 24 h immersion in water, water absorption ranged from 10.45% (for the
pretreated particleboard with the addition of CA 25 wt% and CaCO3 5 wt%) to 176.72% (for the control
particleboard). The range of water absorption values was lower in Group B than in Group A.

Overall, Group B particleboards showed the highest water resistance (thickness swelling and water
absorption). Group A samples showed a decreasing trend in thickness swelling and water absorption with
the addition of CA and various levels of ADP (see Fig. A4). The addition of NaCl in the pretreated
samples improved water resistance. NaCl is a hygroscopic substance with a crystalline structure and is

Table 5 (continued)

No. Composition Thickness swelling (%) ± SD Water absorption ± SD

2 h 24 h 2 h 24 h

5 Pretreated corn stalk + CA
25 wt% + CaCO3 10 wt%

0.49 ± 0.22e 1.13 ± 1.00c 11.46 ± 1.65d 22.73 ± 2.47c

6 Corn stalk + CA 25 wt% 5.68 ± 2.54b 10.00 ± 2.94b 34.44 ± 9.17b 46.46 ± 9.12b

Note: Three samples were used to produce each average. ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3:
calcium carbonate. Means that do not share a letter are significantly different (p ≤ 0.05).
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thought to be deposited in cells as both small and large crystals. These crystals dissolve in high-humidity
environments and recrystallise as humidity decreases. The absorbed and free water in corn particles act as
solvents. The entire process of crystallisation and dissolution is reversible [46].

3.2 Mechanical Properties
Flexural Strength

Table 6 shows the flexural strength of the particleboard samples with the addition of CA and fire
retardants (CaCO3 and ADP). In the Group A particleboards, the addition of either ADP 20–40 wt% or
CA 25 wt% increased MOR and MOE from the control sample values (7.34 MPa and 2.46 GPa,
respectively). Following the addition of CA 25 wt%, MOR and MOE increased to 14.74 MPa and
6.06 GPa, respectively. This conforms to the JIS A 5908:2022 standard for Type 13 base particleboard
(MOR: 13 MPa; MOE: 2.5 GPa). Kusumah et al. [23,47] also observed an increase in flexural strength
with the addition of CA 20 wt% to particleboard fabricated from sweet sorghum bagasse. MOR increased
from <5.00 MPa in the control sample (CA 0 wt%) to 21.80 MPa, while MOE increased from <1.00 GPa
in the control sample to 5.27 GPa. However, the addition of CA 30 wt% slightly decreased the flexural
strength of the samples.

In Group A, the lowest flexural strength occurred in samples with ADP 10 wt% (MOR: 6.65 MPa;
MOE: 2.24 GPa). However, MOR and MOE significantly increased with the addition of ADP 20 wt% to
9.34 MPa and 3.57 GPa, respectively. There was a slight decrease in both MOR and MOE with the
addition of ADP 30 wt%, but they increased again with the addition of ADP 40 wt% (MOR: 12.38 MPa;
MOE: 4.06 GPa). The flexural strength of the particleboards with ADP 20–40 wt% met the minimum JIS
A 5908:2022 requirements for Type 8 base particleboard (MOR: 8 MPa, MOE: 2.5 GPa). The MOR and
MOE values observed in this study were higher than those reported by Komariah et al. [30] for
particleboard fabricated with oil palm trunk with the addition of ADP 10–40 wt%. The authors found that

Table 6: Flexural strength of particleboard per composition

No. Composition MOR (MPa) ± SD MOE (GPa) ± SD

Group A

1 Control 7.34 ± 2.55c 2.46 ± 0.82cd

2 Corn stalk + ADP 10 wt% 6.65 ± 1.18c 2.24 ± 0.23d

3 Corn stalk + ADP 20 wt% 9.34 ± 0.18bc 3.57 ± 0.40bc

4 Corn stalk + ADP 30 wt% 8.01 ± 0.60bc 3.49 ± 0.39bc

5 Corn stalk + ADP 40 wt% 12.38 ± 1.77ab 4.06 ± 0.89b

6 Corn stalk + CA 25 wt% 14.74 ± 2.01a 6.06 ± 0.77a

Group B

1 Control 7.34 ± 2.55b 2.46 ± 0.82b

2 Pretreated corn stalk (NaCl 30 wt%) 0.72 ± 0.07d 0.12 ± 0.01d

3 Pretreated corn stalk + CA 25 wt% 3.95 ± 0.43c 2.31 ± 0.26b

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 2.06 ± 0.20cd 1.21 ± 0.55c

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 3.60 ± 0.65c 2.12 ± 0.29bc

6 Corn stalk + CA 25 wt% 14.74 ± 2.01a 6.06 ± 0.77a

Note: Three samples were used to produce each average. MOR: modulus of rupture; MOE: modulus of elasticity; ADP: ammonium dihydrogen
phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3: calcium carbonate. Means that do not share a letter are significantly different (p ≤ 0.05).
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the addition of ADP 10 wt% resulted in an MOR of 5.2 MPa and an MOE of 1.17 GPa. Their highest MOR
and MOE values were 8.9 MPa and 2.5 GPa, respectively.

All pretreated Group B particleboards had an MOR of <8 MPa (0.72–3.95 MPa) and an MOE of
<2.5 GPa (0.12–2.31 GPa). Thus, the flexural strength and stiffness of Group B particleboards were well
below the JIS A 5908:2022 standard. The lowest MOR and MOE values were observed in the pretreated
particleboard with no CA or CaCO3 added (0.72 MPa and 0.12 GPa, respectively), while the highest
were observed in the pretreated particleboard with CA 25 wt% added (3.95 MPa and 2.31 GPa,
respectively). Therefore, the addition of CA significantly increased the MOR and MOE of pretreated
particleboard. However, a subsequent reduction occurred with the addition of CaCO3 5 wt% (MOR:
2.06 MPa; MOE: 1.21 GPa), followed by an increase with the addition of CaCO3 10 wt% (MOR:
3.60 MPa; MOE: 2.12 GPa). Yusof et al. [28] also observed a low MOR for oil palm trunk particleboard
pretreated with NaCl (1.0 MPa) and with CaCO3 10 wt% added (1.6 MPa). The addition of NaCl causes
particleboard to become brittle and dry, which is thought to be responsible for poor flexural strength. The
addition of CA as an adhesive creates ester linkages between corn stalk particle hydroxyl groups [23,48],
leading to high adhesiveness and improved mechanical properties, including flexural strength.

In their study of a wood–plastic composite, Cai et al. [49] also observed an increase in flexural strength
following the addition of CaCO3 10 wt%, which helped to fill the tiny gaps in the particleboard. The addition
of CaCO3 promoted polymer crystallisation via heterogeneous nucleation, which led to the refinement of
spherocrystals. The higher the crystallisation, the better the flexural strength [49]. Thus, while
pretreatment with NaCl improves the water resistance of particleboard, it reduces its flexural strength.

Internal Bond Strength

IB refers to the strength of cohesion between particles in the particleboard and determines the durability
and overall strength of the board [50]. Table 7 summarises the results for IB, showing significant differences
between the two groups.

Table 7: Internal bonding strength of particleboard per composition

No. Composition Internal bond strength (MPa) ± SD

Group A

1 Control 0.013 ± 0.004c

2 Corn stalk + ADP 10 wt% 0.032 ± 0.009c

3 Corn stalk + ADP 20 wt% 0.037 ± 0.009c

4 Corn stalk + ADP 30 wt% 0.046 ± 0.012c

5 Corn stalk + ADP 40 wt% 0.091 ± 0.030b

6 Corn stalk + CA 25 wt% 0.183 ± 0.054a

Group B

1 Control 0.013 ± 0.004cd

2 Pretreated corn stalk (NaCl 30 wt%) 0.002 ± 0.002d

3 Pretreated corn stalk + CA 25 wt% 0.072 ± 0.012b

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 0.030 ± 0.016c

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 0.034 ± 0.004c

6 Corn stalk + CA 25 wt% 0.183 ± 0.054a

Note: Three samples were used to produce each average. MOR: modulus of rupture; MOE: modulus of elasticity; ADP: ammonium dihydrogen
phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3: calcium carbonate. Means that do not share a letter are significantly different (p ≤ 0.05).
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In the Group A samples, average IB values ranged from 0.013 MPa to 0.183 MPa. IB significantly
increased with the introduction of CA 25 wt%. A similar trend was reported by Widyorini et al. [45] in
their study of particleboard fabricated from bamboo and CA. The addition of up to 30 wt% ADP resulted
in no significant increases in IB. However, the addition of 40 wt% ADP resulted in a considerable
increase in IB to 0.09 MPa, the highest IB value for Group A. However, this was still below the
minimum standard requirement of 0.15 MPa. The IB values observed in the present study were lower
than those observed by Komariah et al. [30], where the addition of ADP 10 wt% to oil palm frond
particleboard resulted in an IB of 0.53 MPa. While the addition of ADP 20 wt% reduced IB, the addition
of ADP 30 and 40 wt% increased IB. Thus, overall, IB showed a gradual improvement with increased ADP.

The significantly different IB values between the two groups of particleboards indicate that their
chemical composition influences the bonding between particles. In Group B, the range of IB values for
the pretreated samples (0.002–0.034 MPa) was significantly lower than that for Group A. The pretreated
particleboard without CA or CaCO3 had the lowest IB (0.002 MPa), significantly lower than that of any
of the other Group B samples. The introduction of CA 25 wt% increased IB to 0.072 MPa, the highest
value observed for Group B. The subsequent addition of CaCO3 5 wt% caused a significant drop in IB to
0.030 MPa, while the addition of CaCO3 10 wt% slightly improved IB (0.034 MPa). According to JIS A
5908:2022, the minimum acceptable IB for base particleboard is 0.15 MPa, which is higher than the IB
of all Group B samples. A low IB (0.14 MPa) following NaCl pretreatment was also reported by Yusof
et al. [28] for particleboard fabricated using oil palm frond, although the overall IB values were higher
than those of the present study. However, the authors also reported an improvement in IB following the
addition of CA.

The low IB values for the pretreated particleboards indicate the poor bonding between particles as a
result of the hygroscopic nature of NaCl, which causes the boards to become dry and brittle. This also
demonstrates that maintaining MC at a specific level (<5% in this study) is necessary to enhance particle
cohesion. Further, the addition of CaCO3 may affect the bonding between CA and corn stalk particles.

According to Komariah et al. [30], IB and MOR are correlated, which is supported in the present study,
where IB and MOR values followed similar trends (see Tables 6 and 7). For example, the particleboards with
a low IB also had a lowMOR. Low IB indicates that particles are not sufficiently bonded to withstand applied
loads. Weak bonding decreases flexural strength.

Screw-Holding Power

The SHP refers to the maximum load required to pull out a screw from a panel. Table 8 shows the SHP of
the particleboards in this research. JIS A 5908:2022 requires a minimum SHP of 300 N. In Group A, the only
particleboard that met this standard was that with the addition of CA 25 wt% (436.67 N). SHP ranged from
133.3 N to 436.67 N in the Group A particleboards. The addition of CA increased SHP, similar to the other
mechanical properties. The addition of ADP, while progressively increasing SHP, did not boost it sufficiently
to meet the minimum standard for base particleboard.

Table 8: Screw-holding power of particleboard per composition

No. Composition SHP (N) ± SD

Group A

1 Control 133.33 ± 32.7d

2 Corn stalk + ADP 10 wt% 135.00 ± 30.2d

3 Corn stalk + ADP 20 wt% 203.00 ± 55.4c

(Continued)
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The Group B particleboards also showed low SHP values (26.67–135 N). Pretreated particleboard with
no adhesive or additives had the lowest SHP (26.67 N). This is attributable to the weak internal bonding
between particles following pretreatment with NaCl 30 wt%. Information on the effect of CaCO3 on the
mechanical properties of particleboards is limited. Among both groups of particleboards, Group A
exhibited superior results for SHP, supporting findings that the addition of CA to particleboard improves
its mechanical properties.

The findings on the physical and mechanical properties of particleboards confirm that the use of CA as
an adhesive could be considered a replacement for conventional petrochemical adhesives. However,
additional research would be required to assess the potential degradation of the lignocellulosic material at
the CA and substrate interface over time as a result of excessive acidity (i.e., lower than pH 4) [51,52].
Self-neutralizing systems have shown potential to alleviate such effect. As pointed out by Xi et al. [53],
the acidic nature of CA can be counteracted by using hexamine as and acid-based buffer to maintain pH
within international standard requirements. Furthermore, the use of buffer has shown to improve IB by
15%–17% as a result of more cross-linking reactions occurring during the pressing process.

3.3 Fourier-Transform Infrared Analysis
In this study, the use of CA as an adhesive and NaCl as a pretreatment led to significant improvements in

the physical and mechanical properties of the particleboards. FTIR analysis confirmed the formation of ester
linkages in the particleboard samples. Fig. 6 depicts the wavenumbers for each group.

The FTIR analysis shows that prior to immersion, Group A particleboards had wavenumbers of 1700,
1635, 1400, 1200, 1100 and 530 cm−1. Particleboards were then immersed in water at a temperature of 60°C
for 4 h. Fig. 6 shows that transmittance percentage increased with an increase in ADP percentage. This
indicates that the number of ester linkages increased with the progressive addition of ADP. The greater
the number of ester linkages, the higher the adhesivity of the particleboard, improving its mechanical
properties. According to Umemura et al. [20], ADP has a peak absorption at wavenumbers of 1400,
1100, 910 and 530 cm−1, where the peak at 1400 cm−1 is attributed to the presence of ammonium ions,
and other peaks are attributed to the presence of phosphate. In the present study, the FTIR analysis of
particleboard with ADP added also showed wavenumbers of 1700 and 1200 cm−1. The higher the
percentage of ADP, the higher the transmittance percentage. The FTIR analysis for Group B before and

Table 8 (continued)

No. Composition SHP (N) ± SD

4 Corn stalk + ADP 30 wt% 193.33 ± 10.33c

5 Corn stalk + ADP 40 wt% 288.33 ± 65.5b

6 Corn stalk + CA 25 wt% 436.67 ± 53.2a

Group B

1 Control 133.33 ± 32.7b

2 Pretreated corn stalk (NaCl 30 wt%) 26.67 ± 13.66c

3 Pretreated corn stalk + CA 25 wt% 135.00 ± 17.61b

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 65.00 ± 15.17c

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 62.00 ± 14.83c

6 Corn stalk + CA 25 wt% 436.67 ± 53.2a

Note: Three samples were used to produce each average. SHP: screw-holding power; ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl:
sodium chloride CaCO3: calcium carbonate. Means that do not share a letter are significantly different (p ≤ 0.05).
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after immersion (see Fig. 6a,b) showed the presence of peaks at 3200 and 3500 cm−1, as indicated by the
vibration of hydroxyl groups present in lignocellulosic materials. The peak at 2900 cm−1 may be
attributed to the stretching of carbon–hydrogen functional groups.

3.4 Thermogravimetric Analysis
TGA analysis showed that particleboard samples underwent two decomposition stages. The first

decomposition stage resulted from a loss of moisture and volatile matter where the second was caused by
a loss of mass, leading to the formation of carbonaceous char [54]. The degradation of natural particles
typically occurs over two main phases: an amorphous phase and a crystalline phase. Amorphous
degradation involves a loss of hemicelluloses and lignin, which have less ordered structures, while
crystalline degradation mostly involves cellulose, which is more resistant [54].

Figure 6: Fourier-transform infrared analysis of particleboards
Note: (a) Group A particleboards before immersion; (b) Group A particleboards after immersion; (c) Group B particleboards before
immersion; (d) Group B particleboards after immersion. ADP: ammonium dihydrogen phosphate; CA: citric acid; NaCl: sodium
chloride; CaCO3: calcium carbonate.
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In this study, the weight loss of particleboards with ADP 20%–40% during stage 1 was between 4.77%–

5.80%. In the second Stage, particleboards with ADP 20%–40% showed weight loss between 54.60%–

55.60% (see Fig. 7 and Table 9). In Stage 2, the addition of ADP decreased the sample weight loss when
comparing to particleboard made using CA 25 wt% (65.27%).

In the particleboard made with pretreated particles and the addition of CaCO3, improvements in weight
loss were observed in both stages. In Stage 1, the weight loss of particleboard with pretreated NaCl and

Figure 7: Thermogravimetric analysis of particleboard
Note: CA: citric acid; NaCl: sodium chloride; CaCO3: calcium carbonate; ADP: ammonium dihydrogen phosphate.

Table 9: Weight loss of particleboards (%) based on TGA analysis for each decomposition stage per composition

Stage Remark CA 25
wt%

ADP
20%

ADP
30%

ADP
40%

Pretreated
(NaCl
30%)

Pretreated +
CA 25 wt% +
CaCO3 5%

Pretreated +
CA 25 wt% +
CaCO3 10%

I Temp-Onset (°C) 48.22 45.74 31.97 35.43 48.59 36.9 57.45

Temp-Peak (°C) 56.10 47.25 56.02 52.75 49.96 52.73 59.71

Temp-End (°C) 69.00 55.15 62.95 67.81 63.15 58.54 84.27

Weight loss (%) 5.23 4.77 5.38 5.80 0.93 2.12 2.97

II Temp-Onset (°C) 331.01 273.19 286.79 271.35 320.44 318.54 324.15

Temp-Peak (°C) 351.43 298.99 299.95 294.09 322.95 328.23 332.32

Temp-End (°C) 366.38 360.19 300.09 332.02 323.96 325.01 344.63

Weight loss (%) 65.27 55.63 56.23 54.80 13.20 21.03 26.43
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particleboard with CaCO3 5 and 10 wt% were 0.93%, 2.12%, and 2.97%, respectively. In Stage 2, the weight
loss of particleboard with pretreated NaCl and particleboard with CaCO3 5 and 10 wt% were 13.20%,
21.03% and 26.43%. The weight loss of particleboard made with pretreated particles and the addition of
CaCO3 was significantly lower compared to particleboard made with CA 25 wt% (65.27%). pretreatment
with NaCl eliminates hemicellulose and lignin, resulting in the prevention of heat propagation, which
leads to reduced degradation [28].

The presence of CaCO3 improved the thermal resistance of the particleboard because CaCO3 and CA
convert to CO2 at increased temperatures. These results indicate that pretreatment with NaCl and the
addition of CaCO3 improves the fire retardancy of particleboard.

3.5 Colour Measurement
Fig. 8 and Table 10 show the results for colour measurement. In Group A, the addition of CA 25 wt%

and ADP 0–40 wt% led to the darkening of the particleboard surfaces, as indicated by change in colour (ΔE*)
and brightness (ΔL*). The control sample had a ΔE* value of 57.85 ± 4.12 and an L* value of 53.79 ± 3.90,
the highest values of all particleboard samples, meaning that it was the brightest. The change in colour and
brightness of particleboards with CA 25 wt% and ADP 10–40 wt% significantly differed from that of the
control sample (see Fig. 8a and Table 10). Fig. 8a shows that the higher the ADP percentage, the darker
the particleboard. The addition of ADP 30 and 40 wt% resulted in the darkest particleboards (L* = 36.75
± 3.77 and 36.43 ± 1.76, respectively). This was attributed to the increased oxidation of the particleboard
with increased ADP.

The opposite trend occurred with particleboard brightness, which reduced with the addition of CA
25 wt% and ADP 10–40 wt%. The higher the ADP percentage, the lower the brightness. This finding
aligns with those of Umemura et al. [55] and Widyorini et al. [45]. The darkening of particleboard from
CA is caused by a chemical reaction, particularly thermal degradation during the hot-pressing process.

In Group B, the particleboard pretreated with NaCl with no other additives was significantly brighter
than all other samples in the group. The addition of CA significantly darkened the boards, indicating the
thermal degradation of hemicellulose and lignin [56]. The addition of CaCO3 resulted in a brighter
particleboard compared with the pretreated particleboards with NaCl only and with CA 25 wt%. This
increased brightness of particleboard was attributed to the prevention of hemicellulose and lignin
degradation with the addition of CaCO3.

3.6 Dynamic Fire Retardancy
Table 11 and Fig. 9 show the total mass loss and pyrolysis time during the dynamic fire test using a BAL

of 19 kW/m2. Pyrolysis time was the duration of visible smoke, indicating the start of thermal degradation.

In the Group A particleboards, mass loss during the fire retardancy test ranged from 11.87 g (± 1.99) to
15.90 g (± 0.27). Mass loss was significantly higher in the particleboard samples with ADP 10–40 wt%
compared with the control sample or particleboard with CA 25 wt%, with the highest mass loss (15.9 g)
being in the particleboard with ADP 30 wt%. Mass loss from the addition of ADP could be caused by
early charring, which occurs during hot pressing. Charring was confirmed by colour measurement—the
particleboards with ADP were darker because of higher thermal degradation.

In Group B, the pretreated particleboards lost more mass compared with the control particleboard and
the particleboard with CA 25 wt% added, although this difference was nonsignificant. The highest mass loss
(15.03 g) occurred in the pretreated particleboard with CA 25 wt%, which may have been caused by charring
during the hot-pressing process. This was also confirmed by the colour measurement results, which showed
that the pretreated particleboard with CA 25 wt% had the darkest surface.
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Figure 8: Changes in colour and brightness of particleboard
Note: Change in colour (ΔE*) in (a) Group A and (c) Group B particleboards. Change in brightness (L*) in (b) Group A and (d)
Group B particleboards. CA: citric acid; ADP: ammonium dihydrogen phosphate; NaCl: sodium chloride; CaCO3: calcium
carbonate.

Table 10: Changes in colour and brightness

No. Composition ΔE* ± SD L ± SD

Group A

1 Control 57.85 ± 4.12a 53.79 ± 3.90a

2 ADP 10 wt% 46.78 ± 4.05b 43.57 ± 3.57b

3 ADP 20 wt% 45.16 ± 6.11b 42.30 ± 5.28bc

4 ADP 30 wt% 38.63 ± 4.48c 36.75 ± 3.77d

5 ADP 40 wt% 38.64 ± 2.20c 36.43 ± 1.76d

6 CA 25 wt% 45.52 ± 3.76b 41.45 ± 3.05c

(Continued)
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In Group A, the addition of ADP to particleboards reduced pyrolysis time. Particleboards with ADP
10 wt% and 20 wt% had a significantly shorter pyrolysis time than that of the particleboard with CA
25 wt%. The pyrolysis time of particleboards with ADP 30 and 40 wt% was significantly longer than that
of the particleboards with ADP 10 and 20 wt%. The particleboard with CA 25 wt% had the longest
pyrolysis time (89.4 s). These findings contradict those of Battegazzore et al. [24], who reported that time
to ignition of particleboard fabricated from hemp and rice husk increased with the addition of 0.5 g ADP.
Because pyrolysis initiates ignition, the longer the pyrolysis time, the longer the time to ignition.
According to Vermesi et al. [57], prior to combustion, solid materials undergo a chemical decomposition
while transitioning to a gaseous state. This process is known as pyrolysis. The longer pyrolysis time for
the particleboard with CA 25 wt% added indicates its superior fire retardancy properties compared with
particleboards with ADP 10–40 wt% added.

Table 10 (continued)

No. Composition ΔE* ± SD L ± SD

Group B

1 Control 57.85 ± 4.12b 53.79 ± 3.90b

2 Pretreated corn stalk (NaCl 30 wt%) 60.56 ± 1.13a 56.92 ± 1.22a

3 Pretreated corn stalk + CA 25 wt% 41.53 ± 2.26e 38.26 ± 1.80f

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 49.37 ± 1.86c 46.44 ± 1.91c

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 45.54 ± 2.28d 43.14 ± 2.01d

6 CA 25 wt% 45.52 ± 3.76d 41.45 ± 3.05e

Note: Three samples were used to produce each average. ΔE*: change in colour; L: brightness; ADP: ammonium dihydrogen phosphate; CA: citric
acid: NaCl: sodium chloride; CaCO3: calcium carbonate Means that do not share a letter are significantly different (p ≤ 0.05).

Table 11: Mass loss and pyrolysis time per composition during dynamic fire test

No. Composition Mass loss (g) ± SD Pyrolysis time (s) ± SD

Group A

1 Control 11.87 ± 1.99c 82.8 ± 6ab

2 Corn stalk + ADP 10 wt% 13.80 ± 0.62abc 60.0 ± 19.2b

3 Corn stalk + ADP 20 wt% 14.70 ± 1.04abc 59.4 ± 20.4b

4 Corn stalk + ADP 30 wt% 15.90 ± 0.27a 71.4 ± 15.6ab

5 Corn stalk + ADP 40 wt% 15.27 ± 1.68ab 81.0 ± 3ab

6 Corn stalk + CA 25 wt% 13.33 ± 1.84bc 89.4 ± 4.8a

Group B

1 Control 11.87 ± 1.99a 82.8 ± 6b

2 Pretreated corn stalk (NaCl 30 wt%) 13.93 ± 0.67a 85.2 ± 10.8b

3 Pretreated corn stalk + CA 25 wt% 15.03 ± 0.70a 89.4 ± 4.8b

4 Pretreated corn stalk + CA 25 wt% + CaCO3 5 wt% 12.37 ± 3.97a 102.0 ± 3.6a

5 Pretreated corn stalk + CA 25 wt% + CaCO3 10 wt% 13.40 ± 3.7a 105.0 ± 6a

6 Corn stalk + CA 25 wt% 13.33 ± 1.84a 89.4 ± 4.8b

Note: BAL 19 kW/m2. Three samples were used to produce each average. ADP: ammonium dihydrogen phosphate; CA: citric acid. Means that do not
share a letter are significantly different (p ≤ 0.05).
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In Group B, the particleboard pretreated with NaCl had a longer pyrolysis time compared with the
control. The introduction of CA 25 wt% to pretreated particleboard further increased pyrolysis time. The
subsequent addition of CaCO3 5 and 10 wt% resulted in significantly longer pyrolysis times compared
with all other particleboards in the group (102 and 105 s, respectively). However, these differences were
nonsignificant. These results confirm that pretreating corn stalk particleboard with NaCl and adding CA
and CaCO3 improves its fire retardancy. Yusof et al. [28] also reported a positive result for CaCO3 as a
fire retardant in particleboard fabricated from oil palm trunks. The authors reported that the limited
oxygen index for particleboard with CaCO3 was significantly higher (37.17%) than that of the
particleboard without CaCO3 (27.55%). The higher limited oxygen index value signifies an increased
resistance to combustion. The addition of CaCO3 inhibits thermal degradation by delaying time to
ignition and reducing the heat of combustion, thereby increasing fire retardancy [58].

4 Conclusion

This study showed that the addition of CA 25 wt% to particleboard fabricated from corn stalks results in
a product that meets the acceptable mechanical properties for Type 13 base particleboard according to JIS A
5908:2022. Particleboard pretreated with NaCl resulted in poor mechanical properties; however, the addition
of CA 25 wt% and CaCO3 improved dimensional stability, fulfilling the requirements of JIS A 5908:2022.
Pretreated particleboard with the addition of CA 25 wt% also resulted in a lower ΔE* value (darker
appearance) compared with other Group B particleboards. The addition of ADP resulted in a darker
colour compared with the control particleboard and particleboards with CA 25 wt%. The dynamic fire
test at BAL-19 showed that the addition of addition of CaCO3 (5 and 10 wt%) to the pretreated
particleboard slowed pyrolysis time, thus increasing fire retardancy. The addition of ADP resulted in
significantly elevated mass loss. Similarly, pretreated particleboards with added CA also had an increased
mass loss. Particleboard with added ADP 30 wt% demonstrated a faster pyrolysis time, indicating faster
ignition, which is less favourable for fire retardancy properties. The findings demonstrate that corn stalk,
a renewable fibre material, and citric acid, as a biobased binder, can be used effectively as a suitable
alternative to fabricate particleboard as a base material for laminated (veneered) applications. Future
research should focus on addressing the potential risk of lignocellulosic material degradation at the
substrate interface due to the acidic nature of CA. Increasing BAL rating in dynamic fire testing and
including an investigation of the limited oxygen index (LOI)in addition to static fire testing would also be
recommended.
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Figure A2: Moisture content of particleboards by composition
Note: ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3: calcium carbonate. Dotted lines
indicate minimum and maximum density requirements according to JIS A 5908:2022.
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Figure A1: Density of particleboards by composition
Note: ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3: calcium carbonate. Dotted lines
indicate minimum and maximum density requirements according to JIS A 5908:2022.
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Figure A4: Water absorption of particleboards after 2- and 24-h immersion in water
Note: ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3: calcium carbonate.
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Figure A3: Thickness swelling of particleboards after 2- and 24-h immersion in water
Note: ADP: ammonium dihydrogen phosphate; CA: citric acid: NaCl: sodium chloride; CaCO3: calcium carbonate.
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