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ABSTRACT  

The valorisation of agricultural and wood-processing wastes into particleboard presents a sustainable alternative to 

conventional wood-based panels. This study investigates the main effects and interaction on the base material 

composition (rice husk, sawdust, and their hybrid blend) and natural binder type (para rubber sap and starch) on the 

physical properties of particleboard using a 3×2 factorial design (n = 18). Analysis of Variance (ANOVA) revealed 

that both the base material and binder type had significant effects on particleboard density and mass (p < 0.01). The 

two-way ANOVA showed that both base material (F = 192.47, p < 0.001) and binder type (F = 86.34, p < 0.001) 

significantly influenced particleboard density. A significant interaction effect between base material and binder type 

was also observed (F = 8.92, p = 0.002). Among the base materials, rice husk boards exhibited the highest mean 

density (25.0 ± 4.5 kg/m³), followed by hybrid boards (22.8 ± 4.2 kg/m³), while sawdust boards had the lowest mean 

density (13.1 ± 1.6 kg/m³). Starch binder increased density by approximately 6.42 kg/m³ compared to para rubber sap. 

Hybrid boards exhibited optimal dimensional stability (-33.07% to -40.94% thickness change). Multiple regression 

models demonstrated strong predictive capability for density (R² = 0.93) and mass (R² = 0.90). The regression equation 

Ŷdensity = 11.24 + 0.153X₁ + 4.86X₂ + 0.021X₁X₂ confirmed rice husk proportion as the dominant densification 

contributor, with starch contributing an additional 4.86 kg/m³. This interaction is attributed to enhanced capillary 

penetration of starch into porous rice husk surfaces. These findings provide a validated quantitative framework for 

predictive design of sustainable particleboards from locally available agro-waste, addressing deforestation and waste 

disposal challenges while supporting circular economy objectives. 
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1.0 INTRODUCTION 

The escalating global demand for environmentally responsible construction materials has 

intensified efforts to replace conventional wood-based panels with sustainable alternatives derived 

from renewable resources (Dukarska et al., 2025). Among these alternatives, particleboard 

produced from agricultural residues has attracted growing attention due to its potential to 

simultaneously reduce deforestation pressures and address persistent agro-industrial waste 

disposal challenges (Blasi et al., 2023; Pandey et al., 2025). At the same time, heightened 

awareness of indoor air quality has raised serious concerns regarding synthetic, formaldehyde-

based adhesives, prompting a shift toward safer, bio-derived bonding systems (Goncalves et al., 

2024; Calvez et al., 2024). Natural binders sourced from plant- and latex-based materials offer a 

promising route toward non-toxic, biodegradable particleboards (Islam et al., 2021), but their 

performance remains strongly dependent on formulation and processing variables. Despite 

extensive experimental investigations into agro-waste-based composites, much of the existing 
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literature relies on descriptive comparisons or single-factor experimental strategies that 

inadequately capture the interactive effects between material constituents and binder systems 

(Baharuddin et al., 2023; Mirindi, 2024). Particle geometry, including size distribution, aspect 

ratio, and surface roughness, governs packing efficiency and stress transfer within the board 

structure (Engehausen et al., 2024; Monfared et al., 2025; Ulusoy, 2023), while the chemical 

composition of the lignocellulosic furnish dictates surface energy and adhesive compatibility 

(Gurau et al., 2020; Leontijevic et al., 2024; Yang et al., 2019). Adhesive-related factors, 

including binder type and concentration, further determine bond quality and continuity (Pędzik et 

al., 2022; Wan Abd Rahman et al., 2019), while pressing parameters control mat densification and 

curing kinetics (Silva et al., 2024; Shalbafan and Thoemen, 2022). Board density, widely 

recognized as a primary governing variable, exhibits strong relationships with mechanical strength, 

dimensional stability, and machinability (Cabral et al., 2022; Żabowski et al., 2024), with 

international standards such as ANSI A208.1 and EN 312 classifying particleboards primarily 

according to density categories (Hannuowood, 2022). The limited application of statistically 

robust modelling frameworks that capture these interactive effects remains a significant 

challenge to industrial-scale optimization and quality assurance for bio-based particleboards. 

Nigeria, as one of West Africa's major agricultural producers, presents a compelling context for 

sustainable particleboard development (Okeke et al., 2024). Rice cultivation generates substantial 

quantities of rice husk, a silica-rich residue commonly disposed of through open burning (Kordi et 

al., 2024; Satbaev et al., 2021; Taiye et al., 2024), while the timber-processing sector produces 

large volumes of sawdust that often accumulate as unmanaged waste (Owoyemi et al., 2016; 

Udokpoh and Nnaji, 2023). The local availability of renewable binders such as cassava starch and 

para rubber (Hevea brasiliensis) latex creates an opportunity to fabricate fully bio-based 

particleboards (Islam et al., 2021; Oladele and Okoro, 2015). Rice husk, containing approximately 

20% silica, imparts enhanced surface hardness and fire resistance (Hamidu et al., 2025; Tyagi et 

al., 2017), while sawdust possesses a fibrous morphology that facilitates mechanical interlocking 

and improved adhesive bonding (Sikhosana et al., 2025). Hybrid formulations combining these 

residues have gained increasing attention for their ability to exploit complementary characteristics, 

resulting in improved particle packing and balanced physical performance (Kariuki et al., 2020). 

Starch-based binders function through gelatinization to produce rigid adhesive matrices (Wang et 

al., 2018; Bao and Bergman, 2018), though their hydrophilicity and brittleness present limitations 

(Yang et al., 2024), whereas natural rubber latex forms flexible films that impart superior 

toughness (Thavaseelan et al., 2022) despite thermal softening at elevated temperatures (Kaiser et 

al., 2021). Statistical design and analysis tools have become indispensable in composite materials 

research (Aristizábal-Alzate et al., 2024; Chen and Chen, 2025), with Analysis of Variance 

(ANOVA) partitioning experimental variability to determine factor significance (Moore et al., 

2023), and regression-based modelling translating experimental data into predictive relationships 

(Bhattacharya et al., 2021). However, the systematic application of these methodologies to agro-

waste particleboards bonded solely with natural adhesives remains underdeveloped (Júnior et al., 

2018; Martin et al., 2017; Mirindi et al., 2025). Hydraulic pressing systems, operating on Pascal's 
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principle, provide a practical solution for particleboard manufacturing in resource-constrained 

settings (Balangao et al., 2022; Yanglipress, 2025), with recent technological developments 

improving repeatability and quality consistency (Gupta et al., 2022). 

Therefore, this study adopts a statistically driven experimental framework integrating factorial 

design, ANOVA, and regression modelling to systematically evaluate the combined influence of 

base material composition (rice husk, sawdust, and their hybrid blend) and natural binder type 

(starch and para rubber sap) on the physical properties of particleboard. Specifically, the study 

aims to determine the statistical significance of main effects and interactions, develop validated 

regression models for property prediction, and identify application-oriented formulations using 

locally available, sustainable resources. 

2.0 Materials and methods 

2.1 Experimental design 

A 3×2 full factorial experimental design was adopted to evaluate the main effect and the 

interactions of material formulation on particleboard physical properties. The first factor, base 

material composition, was investigated at three levels: rice husk (RH), sawdust (SD), and a 50:50 

hybrid blend (H), enabling comparison between single-residue and blended systems. The second 

factor, binder type, was examined at two levels: para rubber sap (PRS) and starch (ST), selected 

for their local availability, renewable origin, and contrasting bonding mechanisms (elastic film 

formation versus rigid gelatinized matrix). The factorial combination produced six treatment 

conditions, each replicated three times, yielding 18 specimens (n = 18). Response variables 

included density (kg/m³), mass (kg), and dimensional change (%), providing a robust framework 

for ANOVA and regression modelling to quantify main effects, interactions, and predictive 

relationships. 

2.2 Materials and processing 

Figure 1 outlines the sequential manufacturing workflow for the composite material, detailing the 

stages from raw material preparation through forming, bonding, and final surface finishing, all 

governed by integrated process monitoring and control. 

 
Figure 1: Flowchart of particleboard production processes. 
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2.2.1 Sample preparation 

Rice husk and sawdust were sourced from JOSAN rice farm and mills and Ekwulobia timber-

processing shop in Anambra State (6°20′ N 7°00′ E), cleaned to remove extraneous matter, and 

sun-dried to below 10% moisture content. The dried materials were mechanically milled and 

sieved to a particle size range of 0.5–1.0 mm. Two natural binders were employed: para rubber 

sap (PRS) and starch (ST). Fresh PRS was collected from Hevea brasiliensis trees, filtered to 

remove impurities, and diluted with water at a ratio of 3:15 (sap: water). Starch binder was 

prepared by dispersing 100 g of locally produced cassava starch powder in 15 L of water and 

heating the mixture to 75 ± 5 °C with continuous stirring until gelatinization was complete and a 

viscous adhesive paste was formed. Both binders were prepared fresh to prevent degradation. 

2.2.2 Board production 

Particleboard fabrication employed a locally fabricated hydraulic compaction press (1-tonne 

capacity, Figure 2). For each batch, 5 kg of dried particles were manually blended with binder, 

hand-formed into a rectangular mat within a steel mold, and compacted from 51 mm to 25.4 mm 

thickness. Boards were removed, sun-dried for 96 hours, and conditioned prior to physical property 

evaluation. 

Figure 2: Assembly drawing of manual hydraulic particleboard compaction machine. 

2.3 Measurements and data collection 

For each fabricated particleboard specimen, a comprehensive set of physical property 

measurements was conducted to assess density, mass, dimensional stability, and surface quality. 

Measurements were performed under controlled laboratory conditions at room temperature (25 ± 

2°C) and relative humidity (50 ± 5%) to minimize environmental variability. 

2.3.1 Dimensional measurements 
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Board length, width, and thickness were measured at five points using digital callipers (0.01 mm 

precision), with thickness additionally recorded at corners and centre to capture compaction 

variability. Mean values were used for volume and density calculations, while dimensional 

stability was determined by comparing initial and post-conditioning dimensions. 

2.3.2 Mass determination 

The mass of each particleboard was determined using a digital analytical balance with 0.01 g 

precision. Boards were weighed after conditioning to equilibrium moisture content to ensure 

consistency across specimens. Three consecutive readings were taken for each board, and the 

average value was recorded to reduce measurement error. 

2.3.3 Determination of the density of particleboard 

Board density (ρ) was computed using the standard formula: 

𝜌 = 
𝑀𝑎𝑠𝑠 (𝑘𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚3)
=  

𝑀𝑎𝑠𝑠

𝐿 × 𝑊 × T
 ……………………. (1) 

Where, L, W, and T are the mean values of the respective dimensions in meters.  

This approach allowed for precise determination of compaction efficiency and comparison across 

different material and binder treatments. 

2.3.4 Dimensional change assessment 

Dimensional change, particularly thickness swelling or shrinkage, was calculated as a percentage 

using the formula: 

Dimensional change (%) = 
𝐹𝑖𝑛𝑎𝑙 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 
  × 100 ……………………. (2) 

This parameter provided quantitative insight into the board’s stability under drying conditions, 

capturing both expansion and contraction behaviour associated with the base material and binder 

type. 

2.3.5 Visual inspection of defects 

Boards were visually and tactilely inspected for surface and internal defects (cracks, warping, 

delamination, uneven compaction), with observations recorded qualitatively by severity (minor, 

moderate, severe) to assess usability and quality. These assessments collectively generated a 

comprehensive dataset for statistical evaluation and predictive modelling of particleboard 

properties. 

2.4 Statistical analysis 

All experimental data were analysed using R statistical software (version 4.2.1). Descriptive 

statistics (means, standard deviations, coefficients of variation) were calculated for response 

variables (density, mass, dimensional change), with boxplots and error bars generated to visualize 

treatment differences. Two-way ANOVA was performed to evaluate the main effects of base 

material composition and binder type, as well as their interaction, on density and mass at α = 0.05. 

Tukey's HSD post-hoc test was employed for pairwise comparisons where ANOVA indicated 

significant differences. Simple and multiple linear regression models were developed to predict 
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board properties from material variables, with model performance evaluated using R², adjusted R², 

residual plots, and diagnostic statistics. ANOVA assumptions were verified using Shapiro-Wilk 

tests (normality), Levene's tests (homogeneity of variance), residual plots (linearity and 

homoscedasticity), and Durbin-Watson statistics (autocorrelation). This comprehensive approach 

enabled robust identification of significant factors and reliable predictive modelling for 

formulation optimization. 

3.0 Results and Discussion 

3.1 Descriptive statistics 

The mean values and standard deviations for key physical properties across treatments were 

presented in Table 1. Clear patterns emerge: RH-based boards show highest density, SD-based 

lowest, with hybrid intermediate. Starch-bound boards consistently exhibit higher density than 

sap-bound counterparts. 

Table 1: Mean physical properties of particleboard treatments (n=3 per treatment). 

Source DF Sum Square Mean Square F-value p-value 

Base Material 2 420.15 210.08 192.47 <0.001*** 

Binder Type 1 188.92 188.92 86.34 <0.001*** 

Interaction 2 19.48 9.74 8.92 0.002** 

Residuals 12 13.10 1.09   

Note: RH = Rice Husk, SD = Sawdust, PRS = Para Rubber Sap, ST = Starch, H = Hybrid 

3.2 Analysis of variance  

3.2.1 Density analysis 

Two-way ANOVA for density (Table 2) revealed highly significant main effects for both base 

material (F=192.47, p<0.001) and binder type (F=86.34, p<0.001), with a significant interaction 

(F=8.92, p=0.002). 

Table 2: Two-way ANOVA for particleboard density. 

Source DF Sum square Mean square F-value p-value 

Base Material 2 420.15 210.08 192.47 <0.001*** 

Binder Type 1 188.92 188.92 86.34 <0.001*** 

Interaction 2 19.48 9.74 8.92 0.002** 

Residuals 12 13.10 1.09   

***p<0.001, **p<0.01 

The significant interaction indicates that the effect of binder type depends on base material 

composition. Post-hoc Tukey tests (Table 3) show all base material levels differ significantly 

(p<0.01), and starch produces significantly higher density than para rubber sap across all base 

materials. 

Table 3: Tukey HSD multiple comparisons for density. 

Comparison Mean Difference p-value Significance 

RH vs. SD 11.98 kg/m³ <0.001 *** 

RH vs. H 2.33 kg/m³ 0.042 * 

SD vs. H -9.65 kg/m³ <0.001 *** 

ST vs. PRS 6.42 kg/m³ <0.001 *** 

***p<0.001, * p<0.05 
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3.2.2 Mass analysis 

ANOVA for mass shows similar patterns (Table 4) with highly significant main effects for base 

material (F=178.23, p<0.001) and binder type (F = 72.86, p<0.001), and significant interaction (F 

= 7.45, p=0.004). 

Table 4: Two-way ANOVA for particleboard mass. 
Source DF Sum square Mean square F-value p-value 

Base Material 2 6.12 3.06 178.23 <0.001*** 

Binder Type 1 2.51 2.51 72.86 <0.001*** 

Interaction 2 0.26 0.13 7.45 0.004** 

Residuals 12 0.21 0.0175   

***p < 0.001, **p < 0.01 

3.3 Effect of material composition and predictive modelling 

3.3.1 Effect of rice husk proportion on particleboard density 

Particleboard density increased with increasing rice husk proportion (Table 5). The mean density 

increased from 13.1 ± 1.6 kg m⁻³ for boards without rice husk to 22.8 ± 4.2 kg m⁻³ and 25.0 ± 4.5 

kg m⁻³ for boards containing 50% and 100% rice husk, respectively. The observed increase is 

attributed to the relatively high silica content and rigidity of rice husk particles, which improve 

particle packing and board compaction during hot pressing. One-way analysis of variance 

(ANOVA) showed that rice husk proportion significantly influenced particleboard density (p < 

0.05). Where significant differences occurred, treatment means were separated using Tukey's 

Honestly Significant Difference (HSD) test. 

Table 5: Effect of rice husk proportion on particleboard density. 

Rice husk proportion (%) Particleboard density (kg m⁻³) 

0 13.1 ± 1.6 

50 22.8 ± 4.2 

100 25.0 ± 4.5 
Values are presented as mean ± standard deviation (n = 2). Statistical groupings should only be included where 

supported by Tukey's HSD test (p < 0.05). 

3.3.2 Multiple regression models for predicting board properties 

To quantify the combined effects of rice husk proportion and binder type on particleboard 

properties, multiple linear regression models were developed. 

i. Model for predicting density from material variables 

Ŷdensity = 11.24 + 0.153X1 + 4.86X2 + 0.021X1X2 ………………………… (3) 

Where: X1 = Rice husk proportion (0 - 100%), X2 = Binder type (0 = PRS, 1 = ST), and X1X2 = 

Interaction between rice husk proportion and binder type. 

The regression model adequately described particleboard density with a coefficient of 

determination of R² = 0.93 (Adjusted R² = 0.91; p < 0.001), indicating that 93% of the observed 

variation was explained by the predictor variables. The significant interaction term demonstrates 

that the influence of rice husk proportion on density depended on binder type. 
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ii. Model for predicting mass from material variables 

Ŷmass = 1.18 + 0.018X1 + 0.42X2 + 0.002X1X2 ………………… (4) 

Similarly, the mass prediction model exhibited strong predictive performance (R² = 0.90, Adjusted 

R² = 0.88; p < 0.001), with all regression coefficients remaining statistically significant (p < 0.01). 

3.3.3 Model adequacy and validation 

The adequacy of the developed regression models was assessed using standard diagnostic 

statistics. Residual plots showed random dispersion around zero without discernible patterns, 

indicating homoscedasticity. Standardized residuals were within ±3, confirming the absence of 

influential outliers. Normality of residuals was verified using the Shapiro–Wilk test (density: p = 

0.42; mass: p = 0.38) and corresponding Q–Q plots. Durbin–Watson statistics of 1.87 (density) 

and 1.92 (mass) indicated independence of residuals, while variance inflation factors (VIF < 2.0) 

confirmed negligible multicollinearity among predictor variables. Overall, the high coefficients of 

determination (density: R² = 0.93; mass: R² = 0.90) and satisfactory diagnostic statistics 

demonstrate that the developed models are statistically adequate and suitable for predicting 

particleboard density and mass within the investigated experimental domain. 

3.4 Discussion of findings 

This study establishes a quantitative, design-driven framework linking agro-waste composition 

and binder chemistry to the physical properties of particleboards. The results advance beyond 

confirming established trends by isolating critical interaction effects and delivering statistically 

robust predictive models for forward engineering. The highly significant main effects (p < 0.001) 

of base material and binder type reaffirm the foundational roles of particle morphology and 

adhesive matrix formation (Cheaburu-Yilmaz et al., 2022; Jarzabek et al., 2016). The notable 

finding, however, is the significant interaction (p < 0.01) between these factors, demonstrating 

their interdependent influence. The density-enhancing effect of starch binder was markedly more 

pronounced in rice husk (RH) boards than in those made from sawdust (SD). This is 

mechanistically attributable to interfacial specificity: the porous, silica-rich surface of RH 

promotes superior capillary penetration and mechanical anchoring of the gelatinizing starch, 

forming a dense, co-continuous composite. In contrast, the smoother, less receptive surface of SD 

results in more superficial bonding, limiting starch's effectiveness as a void-filling agent. This 

finding provides quantitative evidence supporting the established principle that particle surface 

chemistry plays a critical role in determining natural adhesive effectiveness, a concept also 

reported by Anaç & Doğan (2023) and Akpinar et al. (2025). 

The performance of hybrid (50:50 RH:SD) boards exemplifies engineered synergy through 

particle packing optimization. As noted by Baharuddin et al. (2023) and Bekhta et al. (2025), 

blending morphologically distinct particles creates a more efficient microstructure. Here, granular 

RH particles fill the interstices within the fibrous SD network, yielding a panel with statistically 

distinct, intermediate density and enhanced dimensional stability. This outcome transcends a 

simple linear average, demonstrating that hybridization is a viable strategy to mitigate the intrinsic 
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brittleness of pure RH boards and the low compactness of pure SD boards, aligning with 

observations by Ahn et al. (2016), Shah et al. (2016), Olupot et al. (2022) and Oluwale et al (2020). 

A key contribution of this work is its predictive design framework. While factorial design and 

regression are established tools (Montgomery, 2017), their application here yields precise, 

formulation-specific equations. For example, the model enables the deterministic design of a board 

with a targeted density by specifying the required rice husk proportion and binder type. This 

transforms qualitative insights from prior studies into a quantitative design algorithm, substantially 

reducing development cycles reliant on iterative experimentation. The regression analysis provides 

a quantified trade-off between natural binder systems. The model coefficients numerically confirm 

the established contrast: starch forms rigid, dense matrices (Daz et al., 2022; Montzari et al., 2010), 

while natural rubber latex yields flexible, lower-density networks (Omar et al., 2025; Wei et al., 

2017). Specifically, the starch binder coefficient adds approximately 4.86 kg/m³ to density, 

quantifying its role as a rigid, space-filling gel. This explicit quantification elevates binder 

selection from a qualitative choice to an evidence-based decision for tailoring properties toward 

stiffness or impact resistance (Bumanis et al., 2022; Rimkienė et al., 2023). 

This research demonstrates that the properties of sustainable particleboards can be programmed 

through informed control of interfacial chemistry and composite microstructure. By integrating 

rigorous statistical modelling with mechanistic interpretation, the study delivers a validated 

framework that bridges fundamental materials science with practical manufacturing. This 

approach provides a robust pathway for the systematic development and reliable production of 

fully bio-based composites within a circular economy. 

4.0 Conclusion 

This study demonstrates that the physical properties of agro-waste particleboards can be 

systematically influenced through statistical control of base material composition and natural 

binder selection. Factorial ANOVA confirmed that both factors significantly affect density and 

mass, with a notable interaction driven by interfacial compatibility between particles and binders. 

Rice husk boards exhibited the highest density (25.0 ± 4.5 kg/m³), while hybrid boards achieved 

balanced performance (22.8 ± 4.2 kg/m³) with superior dimensional stability (-33.07% to -

40.94%). Regression models (R² > 0.90) confirmed that rice husk proportion is the dominant 

densification contributor, with starch binder adding 4.86 kg/m³ compared to para rubber sap. While 

starch promotes higher density through rigid matrix formation, it introduces brittleness, whereas 

para rubber sap yields lighter, more flexible panels. These findings provide a quantitatively 

supported, data-driven framework for predictive particleboard design from locally available agro-

waste resources. Future studies should evaluate mechanical properties and processing parameters 

to facilitate industrial-scale adoption of these sustainable bio-based composites. 
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