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Alginate-lignin Bonded Rhizophora spp. Particleboard
as a Natural-based Tissue-equivalent Phantom
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Experimental particleboards were fabricated using Rhizophora spp. wood
trunks, incorporating three different percentages of lignin and sodium
alginate (0%, 3%, and 6%) as adhesives, as well as three different sample
sizes of Rhizophora spp.: 0 to 104 ym, 105 to 210 ym, and 211 to 500 ym.
The objective was to investigate the physical, morphology, chemical
composition, and effective atomic number Zer of Rhizophora spp.
particleboards incorporated with lignin and sodium alginate. The physical
properties were studied using gravimetric method, thickness swelling, and
water absorption tests. The fabricated particleboards had a suitable
physical and radiological characteristic for tissue-equivalent phantom
applications. The reduction in particle size and increase in adhesive
content contributed to lower thickness swelling and water absorption. The
density values fell within the specified range. According to scanning
electron microscopy observations, increased adhesive content decreased
the formation of voids in the structure of particleboards. The calculated
effective atomic number further supported the suitability of material. Higher
sodium alginate usage was found to be associated with an increase in
sodium content. The sample As with a particle size of 0 to 104 ym and 6%
adhesive exhibited promising suitability for the fabrication of tissue-
equivalent phantom.
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INTRODUCTION

A phantom is a test specimen used in medical imaging to replicate biological tissue
by mimicking the structural characteristics and relevant physical properties of the original
clinical object. There are numerous types of phantoms that are designed to fulfill specific
functions ranging from calibration and quality control to educational purposes (Wegner et
al. 2023). According to a previous study (Khallouqi et al. 2024), dosimetry cannot be
performed on human subjects because of ethical and practical constraints. Consequently,
the development of materials that can replicate the physical characteristics of human tissues
and organs in computed tomography scans is necessary. A primary obstacle in the process
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of creating phantoms is identifying appropriate materials that correspond to the essential
physical characteristics of human tissues, including mass attenuation coefficient,
Computed Tomography (CT) number, effective atomic number, electronic density, and
physical density. For example, water is frequently used as a reference material for soft
tissue but has problems with contamination, evaporation, leakage, and temperature
dependence (Karthikeyan and Samual 2022; Khallouqi et al. 2024). When using
anthropomorphic phantoms in diagnostic radiology and radiotherapy, all structures must
be able to accurately replicate the intended patient geometries, offer sufficient tissue
equivalents, and be sensitive to radiation effects (Jusufbegovi¢ et al. 2022).

Although anthropomorphic phantoms constructed from tissue-equivalent materials
are costly, ongoing research into alternative materials has shown progress in developing
more cost-effective phantoms, reducing fabrication time, and facilitating disease-related
research. For example, a mixture of paraffin wax and sodium chloride, a common salt, has
been suggested as a substitute material for soft tissue (Bello ef al. 2022). Phantoms are
often fabricated from biological materials, such as vegetables, or gelatinous substances
embedded with conductive particles, however, these materials often exhibit poor
mechanical properties and reduced stability. Incorporating materials such as silicones,
elastomers, and filled polymers can significantly enhance both mechanical performance
and long-term durability (Bublex et al. 2025). Water is used universally in radiotherapy
and has been recognized by the International Atomic Energy Agency (IAEA) as a standard
phantom (Zuber et al. 2021¢c). However, several commercially available phantoms, such
as those made of polystyrene, acrylic, and wood, have replaced water for dosimetry studies
because of their physical properties and solid-like form. The ATOM ® phantom (CIRS,
Norfolk, VA) and the RANDO phantom (Alderson Research Labs, Stanford, CA) are two
readily available but expensive anthropomorphic phantoms that are frequently used for
radiation studies.

Polymethyl methacrylate (PMMA) has been extensively employed as a tissue-
equivalent phantom material due to its attenuation properties, which closely resemble those
of water and soft tissue within computed tomography (CT) energy ranges. However,
despite its favorable radiological properties, the application of PMMA is often constrained
by its relatively high fabrication cost, particularly in regions with limited access to medical
imaging resources (Khallouqi et al. 2025). In addition, although PMMA exhibits
biocompatibility and recyclability, it remains a non-biodegradable polymer, and its
recycling processes may generate environmentally hazardous by-products (Zuber et al.
2021a). Previous studies on phantom fabrication have investigated various materials to
simulate the properties of human tissue, including beeswax as a soft tissue substitute.
Nevertheless, the application of beeswax is limited by its relatively low melting point and
poor mechanical stability. In particular, its tendency to become brittle at low temperatures
may adversely affect structural integrity, thereby limiting its long-term durability and
suitability for phantom application (Nisa et al. 2025).

Overall, these limitations highlight the necessity for developing alternative
materials, such as a combination of sodium alginate, lignin, and Rhizophora spp., which
are expected to offer adequate radiological performance while also providing advantages
in terms of cost efficiency, mechanical stability, and environmental sustainability.

Rhizophora spp. refers to several species of Rhizophora, a genus of tropical
mangrove trees characterized by their adaptability to environmental fluctuations and
typical growth within tidal zones. Subsequent investigations have explored the use of
Rhizophora spp. as a tissue-equivalent material. Due to its tendency to warp and crack over
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time, Rhizophora spp. was processed into particleboards, resulting in improved volumetric
uniformity (Zuber et al. 2021b). Rhizophora spp. are commonly used as fuelwood or
charcoal and serve as raw materials in the synthetic, chipboard, and pulpwood industries.
Additionally, Rhizophora spp. has been shown to function effectively as a phantom
material that simulates human soft tissue. The attenuation properties of Rhizophora spp.
wood exhibits closer similarity to the attenuation outcomes for water compared to many
other materials classified as tissue-equivalent (Zuber ef al. 2020a). Rhizophora spp. offers
numerous advantages, including low cost, non-toxicity, high thermal stability,
biodegradability, and radiation and dosimetric properties comparable to those of water
(Samson et al. 2025). According to previous study (Abuarra ef al. 2014), when raw wood
is ground into tiny particles and compressed into particleboards, the attenuation properties
are improved, additional materials can be added to improve the mechanical and physical
features of the particleboards, and it will be easier to create tissue-equivalent phantoms in
the required size, density, and shape.

Lignin constitutes approximately 15 to 30% of the total lignocellulosic biomass of
plants and trees. Lignin is recognized as the second most abundant natural biopolymer on
Earth (Shah et al. 2023; Ali et al. 2024). It is the predominant non-carbohydrate component
responsible for imparting rigidity and hydrophobicity to plant cell walls (Wu ef al. 2023;
Ali et al. 2024). Lignin exhibits strong affinity toward cellulose and hemicellulose,
possessing a complex aromatic heteropolymer structure (Ali ef al. 2024). In wood, lignin
functions as a sort of “glue” and shields trees from UV rays. Because lignin contains a
comparatively high amount of carbon, approximately 60 to 65%, it is considered to be an
effective raw material for carbon fiber because it yields a significant amount of carbon
(Peijs et al. 2022). Lignin is a natural, renewable, and amphiphilic polymer derived from
the hydroxycinnamyl alcohols p-coumaryl, coniferyl, and sinapyl. It has been widely
reported that lignin possesses desirable properties for both environmental and industrial
applications, such as a high degree of functionality, improved adhesion, adsorption, and
solution characteristics, as well as good biocompatibility, low toxicity, and antibacterial
activity (Linan et al. 2024).

Sodium alginate is an anionic, linear polysaccharide composed of repeating units
of D-mannuronic acid and L-guluronic acid residues linked by 1-4 glycosidic bonds
(Badita et al. 2020; Akbar et al. 2023; Qiu et al. 2024). Sodium alginate is derived from
seawater brown algae, where it is primarily located in the outer cell wall layer. Sodium
alginate exhibits numerous advantageous properties, including pH sensitivity, non-toxicity,
biodegradability, perishability, safety, non-immunogenicity, linearity, hydrophilicity,
poly-anionic character, cost-effective adhesive capability, and excellent biocompatibility
(Akbar et al. 2023). Sodium alginate is extensively employed as a thickening agent,
stabilizer, and adhesive in a variety of industries, including food packaging and cosmetics,
because of its superior film-forming capability, excellent thickening properties, and
biodegradable nature (Luan ef al. 2025). Alginate needs to be highly pure and safe for the
body to be utilized in the pharmaceutical and biomedical industries (Frent e al. 2022).

Alternatively, previous studies have demonstrated the potential of bio-based
adhesives, including soy protein, tannin, starch, lignin, animal glue, and natural rubber, for
the fabrication of Rhizophora spp. particleboards. The increasing interest in these materials
is primarily driven by environmental and health concerns associated with formaldehyde-
based adhesives. However, unmodified soy protein has been reported to exhibit limited
adhesive performance due to its sensitivity to variations in temperature, pH, viscosity, ionic
strength, and stress conditions. In addition, its poor mechanical and dimensional stability
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further restricts its applicability as an effective bonding agent (Samson et al. 2020b).
Similarly, starch-based adhesives remain largely limited to laboratory-scale applications
and have not been extensively commercialized in industrial production. This limitation is
primarily attributed to their poor water resistance, low bonding strength, and variability in
physicochemical properties arising from differences in the growth conditions of starch
sources (Maulana et al. 2022). In contrast, alginate and lignin have attracted considerable
attention owing to their diverse biological functionalities, including anticancer,
antibacterial, and antioxidant properties. Furthermore, these biopolymers have been
reported to enhance mechanical performance, improve water-retention capacity, and
provide effective ultraviolet (UV) resistance (Hoan ef al. 2023).

The present study utilized lignin and sodium alginate as adhesive materials in the
fabrication of Rhizophora spp. particleboard with varying adhesive percentages to produce
a tissue-equivalent material. The physical properties of particleboard were studied through
density determination by gravimetric method, thickness swelling, and weight absorption
test. The morphology study, elemental composition, and effective atomic number were
performed for all the alginate-lignin bonded Rhizophora spp. particleboards.

EXPERIMENTAL

Fabrication of Particleboard from Alginate-lignin Bonded Rhizophora spp.

Rhizophora spp. was collected from a mangrove factory in Klang, Selangor, and
Kuala Sepetang, Perak. Lignin and sodium alginate in powder form were purchased from
Macklin (Shanghai Macklin Biochemical, Shanghai, China). The wood trunks were first
dried and then cut into a smaller size using a JWBS-14Q band saw (JET, USA).
Subsequently, that wood was milled into a smaller particle size using a grinder machine
(Retsch, Germany). The wood with smaller particle size was first dried before being sieved
using a sieve machine. Finally, Rhizophora spp. powder with different particle sizes, 0 to
104 pm, 105 to 210 um, and 211 to 500 um was collected and then dried prior to the
fabrication of the particleboards. In this study, Rhizophora spp. particle sizes of 0 to 104
um, 105 to 210 um, and 211 to 500 um were selected. Smaller particle sizes are associated
with reduced void spaces and enhanced particle bonding within the matrix. The decrease
in void content contributes to improve structural compaction and produce in a smoother
surface morphology compared to larger particle sizes (Marashdeh et al. 2011; Tousi et al.
2015).

Experimental particleboards were fabricated using Rhizophora spp. wood
incorporating three different percentages of lignin and sodium alginate, 0%, 3% (2.5%
sodium alginate and 0.5% lignin), and 6% (5% sodium alginate and 1% lignin) as an
adhesive mixture. Previous study has reported the development of phantom materials based
on Rhizophora spp. particleboards bonded with soy flour and lignin as adhesives at 0%,
6%, and 12% (Zuber et al. 2024). However, the 12% adhesive formulation was not
preferred for further consideration due to poorer uniformity and homogeneity. Based on
these findings, this study selected 0%, 3%, and 6% adhesive formulations to evaluate their
effects on physical and radiological properties. The 0% adhesive served as a control
sample, while 3% and 6% adhesive represented low and previously identified optimal
adhesive formulations for phantom material applications. Table 1 records the particle sizes
and adhesive content for each sample.
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Table 1. Particle Sizes and Adhesive Content for Each Sample

Sample Particle Size (um) Adhesive Content (%)

Ao 0-104 0% Sodium alginate and Lignin

As 0-104 2.5% Sodium alginate and 0.5% Lignin
As 0-104 5% Sodium alginate and 1% Lignin
Bo 105-210 0% Sodium alginate and Lignin

Bs 105-210 2.5% Sodium alginate and 0.5% Lignin
Be 105-210 5% Sodium alginate and 1% Lignin
Co 211-500 0% Sodium alginate and Lignin

Cs 211-500 2.5% Sodium alginate and 0.5% Lignin
Cs 211-500 5% Sodium alginate and 1% Lignin

Prior to particleboard fabrication, the raw materials comprising Rhizophora spp.,
lignin, and sodium alginate powders were subjected to thermogravimetric analysis (TGA)
to evaluate their thermal stability and determine the appropriate hot-pressing temperature
for particleboard production. The moisture content of the raw materials was determined
using a digital moisture analyzer (Shimadzu, Japan). The raw materials were required to
exhibit a moisture content less than 10%. The moisture content of the raw materials is
presented in Table 2 and were subsequently used in the calculations described in Eq.1,

Table 2. Moisture Content of the Raw Materials

Sample Particle Moisture Content of | Moisture Content of | Moisture Content
Size (um) | Rhizophora spp. (%) | Sodium Alginate (%) of Lignin (%)
A 0to 104 6.95 6.73 9.06
B 105 to 210 6.97 6.55 9.67
C 211 to 500 6.98 6.73 9.15

The Rhizophora spp. powder, sodium alginate, and lignin were thoroughly mixed
to create a homogenous mixture. The mixture was placed into a customized mould and
compressed for 3 min to form particleboards without air gap. The particleboards were
prepared using hot-pressing at approximately 200 °C, with pressure of 20 MPa for about
20 min. The dimension of particleboards was (23 x 23 x 0.5) cm®. Then, the particleboards
underwent a cold compression for approximately 10 min. The particleboards were
fabricated with a target density of 1.0 gcm™3. The proportions of Rhizophora spp. powder,
adhesive materials, and water used in the fabrication of the particleboards were calculated
in accordance with previous studies (Tousi ef al. 2014) and defined by Eq. 1,

M

p =P =1gem”

Mg = W% x pV x (14 MC%R)

My= W% X pV X (14+ MC%,)

M, = W% X pV x (1+ MC%,)

My, = 7% x pV — [(Mg X MC%g) + (My X MC%,) + (M, X MC%,)]
(1)

where p, p;, M, and V are density (gcm™), target density (gcm™), mass (g), and volume
(cm®) of the particleboard, respectively. Parameters Mg, Wr%, and MC%gr are the
approximate mass (g), weight percentage (%), and moisture content (%L) of Rhizophora

3
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spp. Powder, respectively. The parameters M4, W4%, and MC%a4 are the approximate mass
(g), weight percentage (%), and moisture content (%L) of sodium alginate. Parameters M,
W%, and MC%. are the approximate mass (g), weight percentage (%), and moisture
content (%L) of lignin. Parameter Mw, is the approximate mass (g) of saline water.

Thermal Stability Using Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out with a device from Linseis
(Germany) to determine the thermal decomposition behavior of the Rhizophora spp.,
sodium alginate, and lignin. The study was carried out at the Earth Material-
Characterization laboratory in the Center of Global Archeological Research, Universiti
Sains Malaysia. A 0.5 g portion of each raw material in powdered form was prepared for
the analysis. The measurements were recorded in the range temperatures between 30 °C
and 800 °C with a heating rate at 10 °C/min under a nitrogen atmosphere.

Density Determination by Gravimetric Method

The density of each particleboard sample was determined using the gravimetric
method, based on precise measurements of its external dimensions. The samples of the
particleboards were prepared in the size of (3.0 x 3.0 x 0.5) cm?® using a saw machine. For
the gravimetric method, a digital caliper was used to measure the thickness, length, and
width of each particleboard sample. An electronic balance was used to measure the mass
of each particleboard sample. The density of the particleboard samples was calculated by
Eq. 2:

. _ Mass (g)

Density (gem™3) = Votume (e (2)

The density calculation did not account for internal air voids within the
particleboard, which may have influenced the measured density values. The density of each
particleboard was measured and recorded.

Water Absorption and Thickness Swelling Test

The dimensional stability of particleboard samples was determined using water
absorption (WA) and thickness swelling (TS) tests according to Japanese Industrial
Standard, JIS A-5908 (JIS A 5908 2003) for particleboard. The dimension of particleboard
samples was prepared in the size of (2.0 x 2.0 x 0.5) cm>. For the WA test, the weight of
each sample was measured using an electronic balance and recorded as pre immersion in
water (Wo). Each sample was immersed in distilled water for 24 h. After 24 h, each sample
was removed from the water, and the excess water wiped off. The weight of each sample
was measured and recorded as post immersion in water (W#24).

For TS test, the thickness of each sample was measured using a digital caliper and
recorded as pre immersion in water (f). Each sample was immersed in distilled water for
24 h. After 24 h, each sample was removed from the water, and the excess water wiped off.
The thickness of each sample was measured and recorded as post immersion in water (#24).
The results of WA and TS tests are presented in Fig. 1. The tests were calculated by Eqgs.
3 and 4,

Water absorption (%) = % x 100% 3)
0

where W, and W, , are the average weight (g) of the sample before and after 24 h immersion
in water. Thickness swelling was calculated using Eq. 4,
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Thickness swelling (%) = t“t;to x 100% 4)
0

where t;, and t,, are the average thickness (cm) of the sample before and after 24 h
immersion in water.

Fig. 1. Preparation of sample for thickness swelling and water absorption test

Morphology Study Using Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) analysis was performed using Field
Emission Scanning Electron Microscopy (FESEM) (Supra 55VP, Zeiss) to determine the
morphology and elemental information with virtually unlimited depth of field at
magnifications ranging from 10x to 300,000%. The study was carried out at the I — CRIM
Centralised Lab, Centre for Natural and Physical Laboratory Management UKM (ALAF -
UKM), Research Complex Universiti Kebangsaan Malaysia. The samples of
particleboards were prepared in the size of (0.5 x 0.5 x 0.5) cm®. The images were captured
with magnification of 1000%, 2000%, and 4000x. FESEM was utilized to analyze insulating
samples without the application of conductive coating materials, including carbon, gold, or
platinum.

Elemental Composition using Energy Dispersive X-ray

Energy Dispersive X-ray (EDX) analysis was performed to determine the elemental
information of the samples. The study was carried out at the I — CRIM Centralised Lab,
Centre for Natural and Physical Laboratory Management UKM (ALAF - UKM), Research
Complex Universiti Kebangsaan Malaysia. The samples of particleboards were prepared
in the size of (0.5 x 0.5 x 0.5) cm®. The EDX analysis was used to determine the weight
percentage of elements in the sample.

Effective Atomic Number, Zest Using Energy Dispersive X-ray

The EDX analysis was performed to determine the weight percentage of elements
in the sample. The Zesrof the particleboard samples was calculated using Eq. 5,

Zogr = [T (e,2m)] G 5)
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where e; and Z; are electron fraction and atomic number of it®element in the sample,
respectively; and m is a fixed value of 3.4, which represents the hypothetical coefficient
for water and biological matters. The electron fraction of the i*"element can be calculated
using Eq. 6,

wiGh

B 2wi(j—§)

(6)

€;

where w;, and A; are fractional weight and atomic mass of i*"element in the sample,
respectively.

RESULTS AND DISCUSSION

Thermogravimetric Analysis of Raw Materials

The thermogravimetric analysis (TGA) is a thermal analysis technique used to
evaluate the thermal behavior of materials over controlled temperature range. During
heating, the material may undergo physical or chemical changes accompanied by heat
absorption or release, resulting in variations such as mass loss, decomposition, or changes
in material properties (Ahluwalia 2023). Differential scanning calorimetry (DSC) measures
heat flow in a material as it is heated or cooled, revealing thermal transitions such as
melting and phase changes. It is commonly combined with TGA to provide a more
complete thermal characterization (Slobozeanu et al. 2021). Figure 2 demonstrates the
TGA and DSC curve for the raw materials, Rhizophora spp., sodium alginate, and lignin.

Figure 2 presents the TGA and DSC curves demonstrated the thermal degradation
behavior of the raw materials over a temperature range of approximately 30 to 800 °C.
Initial weight loss observed at lower temperature was attributed to moisture evaporation,
followed by the decomposition of hemicellulose and cellulose at elevated temperatures.
Hemicellulose degradation occurred at lower temperature due to dehydration, oxidation,
carbon dioxide evolution, and the formation of carbonyl and carboxyl groups, whereas
cellulose decomposition occurred subsequently with rapid volatilization, producing
volatile and flammable compounds (Zuber et al. 2020a).

For Rhizophora spp., the TGA results showed a total mass loss of approximately
84.0%, with an initial weight loss of 25.5% below 250 °C attributed to moisture
evaporation. Major thermal degradation occurred between 250 and 400 °C, which was
attributed to the decomposition of organic constituents. The DSC curve revealed a major
thermal reaction between 333.3 °C and 345.4 °C, with a peak temperature at 336.9 °C and
an enthalpy value of -150.90 J/g, indicating an exothermic degradation process. For sodium
alginate, the TGA results showed a total mass loss of approximately 92.38%, with an initial
weight loss of 23.19% below 250 °C attributed to moisture evaporation. Major thermal
degradation occurred between 250 °C and 350 °C due to the decomposition of organic
constituents. The DSC curve revealed a major thermal reaction between 299.4 °C and 329.6
°C, with a peak temperature at 302.7 °C and an enthalpy value of -903.48 J/g, indicating
an exothermic degradation process.
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Fig. 2. TGA and DSC curves of Rhizophora spp., sodium alginate, and lignin in the fabrication of
particleboard

For lignin, the TGA results showed a total mass loss of 72.4%, with an initial loss
below 150 °C attributed to moisture evaporation. Major thermal degradation occurred
between 250 and 500 °C due to the decomposition of organic constituents. The DSC
curve revealed a major thermal reaction between 299.2 and 414.7 °C, with a peak
temperature at 373.5 °C and an enthalpy value of -320.03 J/g, indicating an exothermic
degradation process. Based on Fig. 2. the results demonstrate that the raw materials,
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including Rhizophora spp., sodium alginate, and lignin remained thermally stable below
300 °C before significant thermal decomposition occurred. Therefore, the compression
temperature employed during the particleboard fabrication process should remain below
the thermal degradation temperature to enhance the interfacial bonding efficiency
between the fibre chains of Rhizophora spp., sodium alginate, and lignin while
preventing the thermal decomposition of the wood particles and added adhesives (Zuber
et al. 2020a). Based on the thermal analysis results, a compression temperature of 200 °C
is considered suitable for the fabrication of the particleboard in this study.

Analysis of Density Using Gravimetric Method

The gravimetric method is used to determine the density of particleboard samples,
as density is a critical factor that is closely associated with its mechanical strength,
durability, and dimensional stability. Table 3 shows the density values for alginate-lignin
bonded Rhizophora spp. particleboards.

Table 3. Density of Alginate-lignin Bonded Rhizophora spp. Particleboard Based
on Gravimetric Method

Sample Density by Gravimetric | Deviation vs Soft | Deviation vs
Method (gcm™3) Tissue (%) Water (%)

Ao 1.03 0.98 3

As 0.99 2.94 1

As 1.03 0.98 3
Bo 1.16 13.7 16
Bs 1.15 12.7 15

Bs 1.06 3.92 6

Co 0.95 6.86 5

Cs 1.01 0.98 1

Cs 1.01 0.98 1

Soft tissue (Noblet et al. 2018) 1.02 - -
Water (Almalki et al. 2024) 1.00 - -

Table 3 shows that the densities of the samples range from 0.95 to 1.16 gcm™3.

Sample Bo with a particle size of 105 to 210 pm and 0% adhesive had the highest density,
1.16 gcm™3, whereas sample Co with a particle size of 211 to 500 um and 0% adhesive had
the lowest density, 0.95 gcm™3. Overall, the results showed good agreement for the
fabrication of tissue-equivalent phantoms because the measured densities were close to the
density of water, 1.0 gcm™3. However, the density values of sample Bo and B3 differed
considerably from the density of water. Both of these samples had a particle size of 105 to
210 pum and 0% and 3% adhesives, respectively.

The descriptive trend analysis of percentage deviation demonstrated that the
particleboards with densities of approximately 1.03 gcm™3 and 1.01 gcm™3 exhibited
superior radiological equivalence to soft tissue, as indicated by the lowest deviation value
of 0.98% observed in sample Ao, As, C3, and Ce. In contrast, the highest density sample,
1.16 gcm™3 showed a substantially greater deviation from soft tissue, reaching 13.7%,
indicating poorer tissue equivalence. Regarding water equivalence, particleboards with
densities around 0.99 gcm™3 and 1.01 gcm™2 demonstrated improved similarity, reflected
by the minimum deviation value of 1% recorded in samples A3, C3, and Cs. Kruskal-Wallis
test indicated that were statistically significant differences of particleboard density among
particle size of Rhizophora spp. powder groups (0 to 104 pm, 105 to 210 pm, 211 to 500

Zakaria et al. (2026). “Tissue-equiv. phantom material,” BioResources 21(3), 8444-8466. 8453



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

um) x2=19.651,df =2, N =27, p=0.00 < 0.05. Therefore, post hoc pairwise comparisons
were performed using Dunn’s analysis with Bonferroni adjustment (p = 0.00). The results
showed that the medium particle size, 105 to 210 um had statistically significant difference
between large, 211 to 500 um (p = 0.00) and small, 0 to 104 um (p = 0.013). However,
there was no significant difference between large, 211 to 500 pm and small particle size, 0
to 104 um (p = 0.39). Since the Kruskal-Wallis test indicated no significant differences of
particleboard density among the adhesive formulation groups (0%, 3%, 6%) x2= 0.603, df
=2,N=27,p=0.74 > 0.05, post hoc pairwise comparisons were not conducted.

According to previous study (Samson et al. 2023a,b), solid water has a density of
1.04 gcm™3, soft tissue is roughly 1.03 gcm™3, and water has a density of 1.0 gcm™3.
Density has an important impact on the attenuation of ionizing radiation in materials. To
attain tissue equivalency, phantom materials should preferably have a mass density of 1.0
gcm™3, as the density of water closely resembles that of human soft tissue (Zuber et al.
2020a,b). This alignment is particularly important, as the composition of water closely
resembles that of human soft tissue, establishing it as a reference standard in radiological
research (Biylikyildiz et al. 2024; Zuber et al. 2024). Therefore, the samples should
possess densities closely matching those of water and soft tissue to ensure their suitability
as phantom materials for medical physics applications. Overall, these findings suggest that
particleboard densities in the range of approximately 1.01 to 1.03 gcm™3 provide the most
favorable radiological matching soft tissue, while densities near 0.99 to 1.01 gcm™3 better
approximate water. Consequently, these ranges are considered suitable for phantom
fabrication due to their relevant radiological equivalence for diagnostic imaging
application.

Analysis of Thickness Swelling and Water Absorption

Sodium alginate has natural adhesive qualities and is a hydrophilic substance
(Akbar et al. 2023). Therefore, thickness swelling and water absorption tests are crucial to
evaluate its performance for fabrication of tissue-equivalent phantom. The thickness
swelling and water absorption values are recorded in Table 4.

Table 4. Thickness Swelling and Water Absorption of Alginate-Lignin Bonded
Rhizophora spp. Particleboard

Sample Thickness Swelling (%) % Water Absorption (%) * Standard
Standard Deviation Deviation
Ao 18.75 0.48 38.50 0.16
As 18.76 1.47 42.03 0.00
As 18.67 0.92 38.02 0.43
Bo 39.46 1.77 41.79 0.42
Bs 35.23 0.53 50.76 0.00
Bs 34.23 0.95 70.45 0.00
Co 48.37 1.52 76.13 1.26
Cs 46.84 1.41 61.20 0.47
Cs 41.58 0.81 71.03 0.00

Based on Table 4, sample Co with a particle size of 211 to 500 um and 0% adhesive
had the highest value of thickness swelling and water absorption, whereas sample A with
a particle size of 0 to 104 um and 6% adhesive had the lowest value of thickness swelling.
Although sample Ac exhibited the lowest value of thickness swelling, it however did not
fulfill the minimum requirement according to Japanese Industrial Standard, JIS A 5908
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(JIS A 5908 2003), which establishes a 12% limit for the thickness swelling. Consequently,
none of the samples satisfied this requirement, owing to the presence of Rhizophora spp.,
which contributed to increase water penetration due to their hydrophilic nature. In addition,
the water absorption behavior of natural fibers is influenced by the presence of free
hydroxyl groups in cellulose and hemicellulose, which are readily accessible to water
molecules (Abdul Khalil ef al. 2011). For future applications, smaller particle sizes are
recommended to fulfill this requirement, as previous study (Engehausen et al. 2025) has
shown that increasing particle size leads to higher TS and WA due to greater void
formation, weaker interparticle bonding and enhanced water penetration. Thus, thickness
swelling can adversely influence the mechanical integrity and dimensional stability of
wood composite boards (Magalh er al. 2021). The results demonstrate that a smaller
particle size is associated with a decrease in thickness swelling and water absorption
percentages. It is possible that the smaller void in the particles allowed the natural adhesive
molecule to settle within the void, whereas a larger particle size increased their capillary
effect and hygroscopic qualities (Zuber ef al. 2020b).

The Kruskal-Wallis test indicated that were statistically significant differences of
thickness swelling among particle size of Rhizophora spp. powder groups (0 to 104 pm,
105 to 210 um, 211 to 500 um) x2=22.861, df = 2, N = 27, p = 0.00 < 0.05. Therefore,
post hoc pairwise comparisons were performed using Dunn’s analysis with Bonferroni
adjustment (p = 0.00). The results showed that the small particle size, 0 to 104 pm had
statistically significant difference between medium (p = 0.045) and large (p = 0.00).
However, there was no significant difference between medium, 105 to 210 pm and large
particle size, 211 to 500 um (p = 0.057). Since the Kruskal-Wallis test indicated no
significant differences of thickness swelling among the adhesive formulation groups (0%,
3%, 6%) x2=1.104, df =2, N =27, p = 0.576 > 0.05, post hoc pairwise comparisons were
not conducted.

The Kruskal-Wallis test indicated that were statistically significant differences of
water absorption among particle size of Rhizophora spp. powder groups (0 to 104 um, 105
to 210 um, 211 to 500 um) x2=19.123, df =2, N = 27, p = 0.00 < 0.05. Therefore, post
hoc pairwise comparisons were performed using Dunn’s analysis with Bonferroni
adjustment (p = 0.00). The results showed that the small particle size, 0-104 pm had
statistically significant difference between medium, 105 to 210 um (p = 0.032) and large,
211 to 500 um (p = 0.00). However, no significant difference between medium, 105 to 210
um and large particle size, 211 to 500 um (p = 0.217). Since the Kruskal-Wallis test
indicated no significant differences of water absorption among the adhesive formulation
groups (0%, 3%, 6%) x?= 0.382, df = 2, N = 27, p = 0.826 > 0.05, post hoc pairwise
comparisons were not conducted.

Morphological Analysis of Particleboards

The morphology images of alginate-lignin as natural-based adhesive bonded
Rhizophora spp. particleboards were analyzed using FESEM at different magnification
sizes based on Fig. 3. The morphology images of 0%, 3%, and 6% of sodium alginate and
lignin adhesive bonded Rhizophora spp. were obtained at 1000%, 2000x, and 4000x
magnification.
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Fig. 3. Morphology of alginate-lignin bonded Rhizophora spp.; Particleboards at different
magnification sizes of 1000x, 2000x%, and 4000x%; the red box highlights the region in which void
spaces are present

A =0to 104 pm, B =105 to 210 ym, C =211 to 500 ym particle size ranges. 0 =0% soy flour &
lignin, 3 =2.5% sodium alginate & 0.5% lignin, 6 =5% sodium alginate & 1% lignin.

Based on Fig. 3, all samples of particleboard presented voids or empty spaces
within the structure. However, 0% adhesive-bonded Rhizophora spp. particleboard with
different particle sizes, Ao, Bo, and Co demonstrated a substantially greater presence of
voids. As presented in Table 4, both TS and WA values decreased with decreasing particle
size in the binderless particleboards. Sample Co exhibited a greater presence of voids
compared to samples Ao and Bo. The larger and more irregular void structure in Co is
expected to have facilitated enhanced water penetration into the particleboard matrix,
resulting in higher TS and WA values. This behavior can be attributed to the formation of
micro-channels, which facilitate moisture transport and enable water diffusion through
surface and internal pores. In addition, factors such as porosity, void content, lumen size,
and fibre-matrix interfacial adhesion also substantially influence water absorption behavior
of the composite. It has been widely reported that natural fibre-reinforced polymer
composites exhibit high water absorption due to their inherent porosity and the presence of
voids within the structure (Abdul Khalil et al. 2011).

In general, the amount of empty space in particleboard decreases as the adhesive
content increases. The TS values showed a decreasing trend as the adhesive content
increased. However, for WA, only particle size A, 0 to 104 um, exhibited a reduction with
increasing adhesive content, which can be attributed to its more uniform particle packing
and improved interparticle contact. The presence of void spaces between the lumen and
holes among the Rhizophora spp. particles contributed to the non-homogeneous
distribution of the particles and a reduction in compactness of the binderless particleboards.
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The appearance of voids showed that there were holes in specific particleboard parts, which
led to a high absorption of water (Samson et al. 2020). According to a previous study
(Yusof et al. 2017; Zuber et al. 2021a), when compared to the binderless sample, the empty
spaces between the molecules were smaller, providing the sample with a smoother
appearance. This is attributed to the hot-pressing process, which promotes the condensation
of wood particles and binder, resulting in improved bonding between them. A reduction in
compactness and binding is indicated by the large number of empty spaces found, which
could have an impact on the mechanical and physical characteristics of the particleboard
(Yusofet al. 2017; Zuber et al. 2020a). Overall, the findings suggest that particle size A, 0
to 104 um is more suitable for tissue-equivalent phantom fabrication because higher
adhesive content contributed to the reduction of void spaces within this particle size group.

Elemental Composition of Particleboards

The elemental composition of alginate-lignin bonded Rhizophora spp.
particleboards was analyzed using EDX attached to a FESEM. Table 5 shows the weight
percentage of the elemental composition for the particleboards. Figure 4 demonstrates the
EDX spectrum for the samples.

Table 5. Weight Percentage of Elemental Composition for Alginate-lignin bonded
Rhizophora spp. Particleboards

Sample Weight Fraction of Elements (%)

C (0] Na Ca
Ao 52.8 46.6 - 0.6
Az 51.3 46.5 0.8 1.3
As 51.0 44.9 2.8 1.3
Bo 51.7 46.3 0.9 1.1
Bs 52.4 46.3 1.3 -
Bs 53.0 454 0.8 0.8
Co 52.2 47.8 - -
Cs 53.2 45,5 1.3 -
Ce 51.2 46.9 1.6 0.3

Based on the results, carbon constituted the highest weight percentage of elemental
composition for all the samples, with oxygen being the second most abundant element.
This is because the two main natural elements found in wood particles are carbon and
oxygen. Carbon and oxygen constitute the majority of the main components of wood,
which are lignin, cellulose, and hemicellulose (Siddique et al. 2024). In the elemental
composition, calcium exhibited the lowest weight percentage and was not detected in
samples B3, Co, and C3. The presence of sodium alginate as a binder is linked to the detected
sodium in the samples. In general, the weight percentage of sodium in the elemental
composition increased with increasing adhesive content. Previous research reported the
elemental composition of soft tissue is primarily composed of oxygen (63.0238%),
followed by carbon (23.219%) being the second most abundant element and calcium
(0.023%) being present in smaller amounts (Ogunsina et al. 2023). Therefore, the presence
of oxygen, carbon, and calcium within the samples supports the suitability of the materials
for the development of tissue-equivalent phantoms.
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Fig. 4. Energy dispersive X-ray spectrum for alginate-lignin bonded Rhizophora spp.
particleboards

A =0to 104 pm, B =105 to 210 uym, C =211 to 500 pm particle size ranges. 0 =0% soy flour &
lignin, 3 =2.5% sodium alginate & 0.5% lignin, 6 =5% sodium alginate & 1% lignin

Analysis of Effective Atomic Number, Zes

In radiation research, photon interaction characteristics, such as the effective atomic
number, Zefr, are crucial for characterizing how photons interact with a target material.
These factors are especially crucial when assessing materials that are designed to be used
as phantoms (Zuber et al. 2021c). Therefore, the effective atomic number of alginate-lignin
as natural-based adhesive bonded Rhizophora spp. particleboards were calculated using the
weight percentage of elemental composition that were obtained from EDX analysis. Table
6 shows the atomic fraction and effective atomic number, Zesr of the elemental composition
for each sample.

Based on the results, the effective atomic number, Zefr, of the samples range from
6.98 to 7.39. Sample A¢ with a particle size of 0 to 104 pm and 6% adhesive had the highest
Zefrvalue, 7.39, whereas sample Co with a particle size of 211 to 500 pm and 0% adhesive
had the lowest Zesr value, 6.98. The descriptive trend analysis of Zefr demonstrated that
increasing the adhesive composition and reducing particle size enhanced the radiological
equivalence of the fabricated particleboards toward soft tissue and water. Sample Co,
fabricated without adhesive, exhibited the lowest Zefr value of 6.98 and the highest
percentage deviations from soft tissue, 6.18% and water, 5.93%, indicating lower tissue
equivalence. In contrast, the incorporation of lignin and sodium alginate increased the Zesr
values while progressively reducing the deviation percentages. Sample A¢ exhibited the
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highest Zefr value of 7.39, with the lowest deviations from soft tissue, 0.67% and water,
0.40%, indicating the closest radiological equivalence to the reference materials. Since the
Kruskal-Wallis test indicated no significant differences of Zesr among the particle size of
Rhizophora spp. powder groups (0 to 104 pm, 105 to 210 pm, 211 to 500 pm) x2= 3.693,
df=2,N=27,p=0.158 > 0.05, post hoc pairwise comparisons were not conducted. The
Kruskal-Wallis test indicated that were statistically significant differences of Zetr among
adhesive formulation groups (0%, 3%, 6%) x2= 6.572, df =2, N =27, p = 0.037 < 0.05.
Therefore, post hoc pairwise comparisons were performed using Dunn’s analysis with
Bonferroni adjustment (p = 0.037). The results showed that the 0% adhesive formulation
exhibited no significant difference between 3% (p = 0.98) and 6% (p = 0.356). However,
there was a statistically significant difference between 3% and 6% adhesive formulation (p
=0.033).

Table 6. Atomic Fraction and Effective Atomic Number, Zetf of the Elements in
Alginate-lignin Bonded Rhizophora spp. Particleboards

Sample | Atomic Fraction of Elements (%) Zett Deviation vs Deviation vs
Soft Tissue (%) Water (%)
C o Na Ca

Ao 60.0 39.7 - 0.205 7.11 4.44 417
As 59.0 40.1 0.480 0.448 7.32 1.61 1.35
As 58.9 38.9 1.69 0.451 7.39 0.67 0.40
Bo 59.3 39.8 0.538 0.378 7.27 2.28 2.02
Bs 59.7 39.5 0.772 - 7.02 5.65 5.39
Bs 60.4 38.8 0.476 0.274 7.18 3.49 3.23
Co 59.3 40.7 - - 6.98 6.18 5.93
Cs 60.5 38.8 0.771 - 7.01 5.78 5.53
Cs 58.6 40.3 0.956 0.103 7.13 4.17 3.91

Soft tissue (Noblet et al. 2018) 7.44 - -

Water (Samson et al. 2021) 7.42 - -

In a variety of medical applications (Abady et al. 2023), the effective atomic
number, Zefr, is a useful parameter to determine the radiation response of composite
materials. It is an essential measure for evaluating photon absorption and scattering
capabilities of composite materials along with tissue equivalence. According to previous
studies (Samson et al. 2021; Vrbaski et al. 2023), the effective atomic number, Zefr, of
water has been reported as 7.42 and 7.44, respectively. Water is known to be a good
medium to simulate the human body because of its characteristics. In radiation and
dosimetry studies, water also shows great measurement for radiation absorption and
scattering (Zuber et al. 2021c). Sample A¢ exhibited the highest sodium content, 1,69%
due to its higher adhesive composition and consequently produced the highest effective
atomic number, Zetr of 7.39. This behavior can be attributed to atomic number of sodium,
Z=11, which possesses a higher atomic number than the primary constituents of
lignocellulosic biomass, namely carbon, Z=6 and oxygen, Z=8. As the atomic number is
one of the most significant parameters influencing the radiation interaction characteristics
of a material, the effective atomic number, Zefr, can be used to characterize the radiological
properties of phantom materials (Rezaeian et al. 2023). Therefore, sample As was
considered the most suitable candidate for phantom fabrication due to its greater similarity
to the effective atomic number, Zerr of human soft tissue and water.
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CONCLUSIONS

1.

Rhizophora spp. particleboard bonded with sodium alginate and lignin demonstrated
promising potential for tissue-equivalent phantom applications. Sample A¢, with 0 to
104 um and 6% adhesive content, exhibited density and effective atomic number Zesr
comparable to those of water and soft tissue, with relatively low thickness swelling and
water absorption values.

The density values of particleboards using the gravimetric method demonstrated good
agreement for the fabrication of tissue-equivalent phantoms because they were close to
the density of water.

The smallest particle size and the highest adhesive content exhibited the lowest
thickness swelling and water absorption values, although the results did not fully
comply with the standard requirements.

The scanning electron microscope (SEM) images indicated that the presence of void
spaces within the particleboard structure decreased when the adhesive content of the
particleboard increased.

The energy-dispersive X-ray (EDX) analysis demonstrated that the weight percentage
of sodium in elemental composition improved as the adhesive quantity increased
because sodium alginate was used as a binding agent in particleboard fabrication.

The effective atomic number, Zesr of particleboards, was calculated and demonstrated
good agreement for the fabrication of tissue-equivalent phantoms because they were
close to the effective atomic number, Zefr of water.
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