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ABSTRACT • Bio-based wood composites bonded with wheat protein represent a sustainable alternative to 
conventional formaldehyde-based panels; however, their high moisture sensitivity limits dimensional stability and 
functional reliability. This study comparatively evaluated the effect of incorporating equivalent low dosages (5 
wt.% dry basis) of wood ash and boron salts on the hygroscopic behavior of sawdust composites manufactured 
under identical formulation and processing conditions. By maintaining constant raw material, adhesive system, 
and consolidation parameters, the experimental design enabled direct assessment of additive performance within 
the same lignocellulosic matrix. Hygroscopic response was characterized through short-term water immersion 
tests, analyzing density, hygroexpansion, and water absorption index. Relative to the unmodified control, both ad-
ditives produced statistically significant improvements with large effect sizes. Wood ash increased bulk density and 
markedly reduced water uptake, indicating microstructural modification and partial pore blocking. Boron salts 
achieved the greatest reduction in hygroexpansion, suggesting chemical stabilization of cell-wall polymers. The 
results demonstrate that even low mineral additions can substantially modify short-term moisture response without 
compromising adhesive consolidation. These findings provide controlled comparative evidence supporting the use 
of low-cost inorganic additives to enhance the dimensional stability of sustainable wood composites intended for 
interior applications.

KEYWORDS: dimensional stability; moisture sensitivity; inorganic additives; hygroexpansion; water absorption

SAŽETAK • Biokompoziti od drva lijepljeni pšeničnim proteinom održiva su alternativa konvencionalnim ploča-
ma na bazi formaldehida. Međutim, njihova visoka osjetljivost na vlagu utječe na njihovu dimenzijsku stabilnost 
i funkcionalnost. U ovoj studiji usporedno je procijenjen utjecaj dodavanja ekvivalentnih niskih doza (5 %-tni 

*	 Corresponding authors
1	 Authors are researchers at Michoacán University of San Nicolás de Hidalgo, Avenida F. J. Múgica s/n, Morelia, Michoacán, México. https://orcid.org/0009-0002-

8401-5885, https://orcid.org/0000-0002-8617-8947, https://orcid.org/0000-0003-2921-0725, https://orcid.org/0000-0002-5756-0960, https://orcid.org/0000-
0002-1527-8801

2	 Author is researcher at University of Sierra de Juárez, Avenida Universidad s/n, Ixtlán de Juárez, Oaxaca, México. https://orcid.org/0000-0001-6506-4441

© 2026 by the author(s).
Licensee University of Zagreb Faculty of Forestry and Wood Technology.

This article is an open access article distributed
under the terms and conditions of the

Creative Commons Attribution (CC BY) license.



Jurado, Quin�ones, Rodríguez Olalde, Flores, Aquino, Castellanos: Effect of Wood Ash and Boron Salts on Hygroscopicity...

226    77 (2) 225-232 (2026)

maseni udio suhe tvari) drvenog pepela i soli bora na higroskopnost kompozita od piljevine proizvedenih s istom 
formulacijom ljepila i u jednakim uvjetima prešanja. Održavanjem konstantnog sastava sirovine, sustava ljepila 
i parametara konsolidacije eksperiment je omogućio izravnu procjenu učinkovitosti aditiva unutar iste lignoce-
lulozne matrice. Higroskopnost je proučavana kratkotrajnim testovima uranjanja u vodu, analiziranjem gustoće, 
promjenom dimenzija i indeksa upijanja vode. U odnosu prema nemodificiranome kontrolnom uzorku, aditivi su 
znatno poboljšali svojstva kompozita. Drveni je pepeo povećao gustoću i znatno smanjio upijanje vode, što upuću-
je na mikrostrukturnu modifikaciju i djelomično zapunjavanje pora. Dodavanjem soli bora postignuta je najbolja 
dimenzijska stabilnost, što upućuje na kemijsku stabilizaciju polimera staničnih stijenki. Rezultati pokazuju da čak 
i niski dodatci minerala mogu znatno promijeniti kratkotrajni odgovor na vlagu bez ugrožavanja konsolidacije 
ljepila. Ti rezultati daju kontrolirane usporedne dokaze koji podupiru upotrebu jeftinih anorganskih aditiva za 
poboljšanje dimenzijske stabilnosti održivih drvenih kompozita namijenjenih za unutarnju primjenu.

KLJUČNE RIJEČI: dimenzijska stabilnost; osjetljivost na vlagu; anorganski aditivi; promjene dimenzija; upi-
janje vode

1 	 INTRODUCTION
1. 	UVOD

Wood particle composite materials are a funda-
mental axis in the valorization of lignocellulosic waste 
for applications in furniture and interior components 
(Iždinský et al., 2020). However, composites made with 
natural adhesives, such as wheat protein, exhibit marked 
hygroscopicity, which translates into dimensional insta-
bility and a reduction in their service life (Ferdosian et 
al., 2017). Water-material interaction dominates the hy-
groscopic behavior and, consequently, the mechanical 
strength and durability of these systems, with moisture 
variations being responsible for hygroexpansion and 
losses of stiffness (Thybring et al., 2022).

Recent studies indicate that sorption and hyster-
esis determine the hygroscopic equilibrium, especially 
under fluctuating conditions (Fredriksson et al., 2023; 
Thybring et al., 2022). Consequently, current research 
in wood technology is oriented towards the incorpora-
tion of sustainable mineral or ionic additives to miti-
gate hygroscopicity in lignocellulosic composites 
(Gonçalves et al., 2021).

In the development of sustainable composites, 
protein adhesives derived from wheat gluten have been 
established as bio-based alternatives to synthetic resins 
that release formaldehyde in particleboards (Raydan et 
al., 2021). Various studies have shown that gluten dis-
persions, especially when modified or cross-linked, 
can achieve adequate bond strength and dimensional 
stability for interior applications, provided pressing 
conditions are optimized (Aluvihare Gedara et al., 
2021; Calvez et al., 2024).

In this sense, protein denaturation and chemical 
modification can alter the accessibility and reactivity 
of polar groups, and in some cases reduce net water 
sorption by promoting intra- and intermolecular 
crosslinks that reduce chain mobility and porosity; 
however, the net effect depends on the denaturation 
method and on crosslink density (Aluvihare Gedara et 
al., 2021; Calvez et al., 2024). Consequently, the use of 

wheat protein as a sustainable adhesive provides an 
ideal basis for analyzing the comparative influence of 
inorganic additives, such as wood ash and boron salts, 
on the hygroscopicity of bio-based lignocellulosic ma-
trices (Raydan et al., 2021).

Wood ash, composed mainly of mineral oxides, 
has been used as a pozzolanic additive and alkalizing 
agent in cemented wood composites, due to its influ-
ence on the reactivity and stability of the matrix (Teker 
Ercan et al., 2023). Research on wood-cement boards 
with partial substitution of cement by ash shows a pro-
gressive increase in absorption capacity by increasing 
its fraction, identifying an optimal range of 10-30 % to 
balance mechanical and physical properties (Vu et al., 
2019). The effects of ash on hygroscopicity derive 
from multiple interrelated mechanisms: modification 
of pH and local ionic strength, alteration of porosity 
and effective surface area by the incorporation of fine 
particles, and the presence of soluble fractions (alka-
line salts, carbonates) that regulate capillary absorption 
and vapor sorption (Sigvardsen, 2019; Teker Ercan et 
al., 2023; Vu et al., 2019).

Although the use of wood ash has been predomi-
nantly investigated as a pozzolanic additive in wood-
cement composites, its role in matrices bonded with 
bio-based adhesives remains insufficiently explored. In 
cement-based systems, ash fractions between 10-30 % 
have been observed to increase absorption capacity, an 
effect attributed to the modification of porosity and the 
presence of soluble salts. However, in a protein matrix 
such as the one proposed in the present study, it is pos-
tulated that the ash acts primarily as an inorganic filler, 
modifying the capillary network of the composite 
(Mwango and Kambole, 2019; Martínez-García et al., 
2022). This raises the question of whether, at low con-
centrations, it can physically hinder water diffusion 
pathways without compromising the integrity of the 
adhesive, a mechanism fundamentally different from 
that reported in inorganic matrices.

Boron compounds, mainly boric acid (H3BO3) 
and borax (Na2B4O7·10H2O), are traditionally used as 
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low-toxicity preservatives in lignocellulosic products, 
providing protection against wood-destroying organ-
isms. In addition to their biocidal action, various stud-
ies have shown that boron salts influence the hygro-
scopic and dimensional properties of wood composites, 
depending on their form, concentration, and method of 
incorporation (Khademibami and Bobadilha, 2022).

Impregnation tests with concentrations of 1-8 % 
boron have shown significant reductions in equilibrium 
moisture content and hygroexpansion, as in clones of 
Eucalyptus spp. treated with 4 % solutions (Baraúna et 
al., 2020). This effect is attributed to the ability of bo-
rates to form complexes with hydroxyl groups of poly-
saccharides, their own intrinsic hygroscopicity, and their 
influence on the pH and curing reactions in adhesives 
(Ayrilmis, 2020; Khademibami and Bobadilha, 2022).

Thus, empirical evidence supports the effective-
ness of boron compounds, such as boric acid and bo-
rax, in reducing hygroexpansion in wood. However, 
most of this research uses vacuum-pressure impregna-
tion methods on solid wood, achieving significant re-
ductions in equilibrium moisture content. This ap-
proach differs from that proposed in the present 
investigation, which evaluates the direct addition of 
borates into the sawdust matrix before pressing. Con-
sequently, it is expected that the dominant mechanisms 
not only include the formation of complexes with poly-
saccharides, but also the alteration of the adhesive rhe-
ology and the interfacial properties between particles, 
an aspect not yet clarified in the literature.

The literature review shows that both ashes and 
borates have been widely studied, although generally 
in matrices, concentrations, and incorporation methods 
that are not comparable (Ayrilmis, 2020; Teker Ercan 
et al., 2023; Vu et al., 2019). While cemented boards 
use ash fractions between 10-30 % and boron treat-
ments are usually applied by impregnation in ranges of 
1-8 %, there are few studies that evaluate both addi-
tives in the same lignocellulosic matrix under homoge-
neous experimental conditions. Direct comparisons 
using a low dosage (5 % w/w on dry mass) of wood ash 
and boron salts in systems bonded with bio-based ad-
hesives have barely been explored (Baraúna et al., 
2020; Khademibami and Bobadilha, 2022; Vu et al., 
2019). This experimental gap limits the understanding 
of their relative effectiveness in reducing hygroscopic-
ity in composites made with sawdust.

Despite the industrial relevance of controlling 
moisture absorption in lignocellulosic composites, the 
literature lacks comparative studies that evaluate, in 
the same matrix and with the same natural wheat pro-
tein adhesive, the effects of homogeneous and low ad-
ditions of wood ash or boron salts on the material’s 
hygroscopicity. This lack of evidence generates uncer-
tainty regarding the relative efficacy of these inorganic 

additives in mitigating the hygroscopic instability of 
these bio-composites.

The research hypothesis proposes that the incor-
poration of 5 % by mass of ash or boron salts will re-
duce the hygroscopicity of the wood sawdust compos-
ites compared to the control composite without 
additives. Consequently, the present research aims to 
quantitatively determine and compare the effect of 
adding 5 % ash or 5 % boron salts on the hygroscopic-
ity of wood sawdust composites, through an experi-
mental design that allows contrasting their effects un-
der identical composition and processing conditions.

The concentration of 5 % by weight was strategi-
cally selected as a low and constant dosage for both ad-
ditives. This choice allows a direct comparison of their 
efficacy, avoiding the adhesive dilution effects or altera-
tions in composite density that would be observed with 
larger additions. In this way, the experimental design 
focuses on elucidating whether, at this level of addition, 
the hygroscopic benefits outweigh any possible compro-
mise in the functional properties of the final composite.

2 	 MATERIALS AND METHODS
2. 	MATERIJALI I METODE

2.1 	 Materials and board manufacture
2.1. 	Materijali i proizvodnja ploča

Three types of wheat protein–bonded sawdust 
composites were prepared under controlled laboratory 
conditions. The control formulation consisted of saw-
dust from Mexican white pine (Pinus pseudostrobus 
Lindl. var. pseudostrobus) (Figure 1) with a defined 

Figure 1 Micrograph (10x magnification) of P. pseudostrobus 
particles from the fraction retained on a 850 μm sieve
Slika 1. Mikrografija (uz uvećanje od 10 puta) čestica drva 
P. pseudostrobus iz frakcije zadržane na situ od 850 μm
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particle size distribution: > 850 µm (50 %), 425–850 
µm (25 %), 250–425 µm (12.5 %) and < 250 µm (12.5 
%). Prior to blending, the sawdust was oven-dried at 
(103 ± 2) °C to constant mass (mass variation < 0.1 % 
between two measurements separated by 2 h) to obtain 
absolute dry material. All formulation proportions 
were calculated on an oven-dry sawdust basis.

The adhesive was prepared from commercial 
wheat flour (10 % protein content), following the pro-
tein quality characteristics described by Moreno-
Araiza et al. (2020). The formulation consisted of 30 
wt.% wheat flour and 200 wt.% distilled water, both 
expressed relative to the oven-dry mass of sawdust. 
The high-water content was required to ensure ade-
quate protein gelatinization and homogeneous disper-
sion within the sawdust matrix. The mixture was stirred 
continuously for 2 min and heated to 98–100 °C until 
gelatinization occurred and a homogeneous, high-vis-
cosity paste was obtained.

Two modified formulations were produced by in-
corporating inorganic additives at 5 wt.% relative to 
the oven-dry mass of sawdust (dry/dry basis). In the 
second composite (MC Ash), wood ash obtained from 
controlled combustion of P. pseudostrobus residues at 
600 °C for 4 h (ISO 18122:2022) was incorporated. In 
the third composite (MC Boron), a mixture of boric 
acid (H3BO3, 39.4 %) and sodium borate 
(Na2B4O7·10H2O, 60.6 %) was added. In all cases, the 
dry components were blended prior to adhesive addi-
tion to ensure homogeneous distribution.

The furnish was manually pre-formed and subse-
quently compacted in a steel mold (2 cm × 17 cm × 17 
cm) using a laboratory hydraulic press at 2.5 MPa for 5 
min to minimize void formation and improve thickness 
uniformity (Figure 2). The wet plates were subjected to 
a stepped thermal schedule to promote adhesive gela-
tion and moisture removal: 65 °C for 24 h, followed by 
85 °C for 24 h, and finally 103 °C for 24 h.

After drying, twelve specimens (2 cm × 2 cm × 5 
cm) were cut from each board. The specimens were 
subsequently oven-dried at (103 ± 2) °C to constant 
mass, defined as a mass variation of less than 0.1 % 
between two consecutive measurements separated by  
2 h. This condition was considered the oven-dry refer-
ence state (MC ≈ 0 % on a wet basis), and all subse-
quent moisture contents were calculated relative to this 
oven-dry mass.

The complete formulation and manufacturing pa-
rameters are summarized in Table 1.

2.2 	 Methods
2.2. 	Metode

The absorption tests started with the specimens 
in oven-dry condition. These were immersed in water 
at a temperature of 20 °C and, at time intervals (t) of 10 
minutes up to 120 minutes. Moisture content was de-
termined using ISO 13061-1:2014. Short-term water 
uptake was measured by immersing specimens in 
deionized water at (20 ± 1) °C; at each time point spec-
imens were removed, surface water was removed by 
gentle blotting with a damp lint-free cloth, and the 
sample was immediately weighed (balance accuracy ± 
0.01 g). The 120-minute interval was selected to simu-
late short-term exposure and identify initial absorption 
differences between treatments. Density (ρMC) was cal-
culated according to standard ISO 13061-2:2014. 
Weight and volume were determined by direct meas-
urement at each time interval, considering the total ex-
pansion of the specimen. The wood ash was prepared 
according to standard ISO 18122:2022.

Hygroexpansion was calculated with Eq. 1 (Fu et 
al., 2019):

	 	 (1) 

Where α – hygroexpansion (%), vs – volume cor-
responding to t = 120 min (m3), vi – initial volume cor-
responding to t = 0 min (m3).

The water absorption index was calculated using 
Eq. 2 (Yang and Liu, 2020):

	 	 (2)

Where WAI – water absorption index (%), ws – 
weight corresponding to t = 120 min (g), wi – weight 
corresponding to t = 50 min (g).

2.3 	 Experimental design
2.3. 	Postavke eksperimenta

A completely randomized experiment was de-
signed. The composite formulation was considered 
with the variation factor at three levels: Control (base 
formulation), Ash (formulation with 5 % ash) and Bo-
ron (formulation with 5 % boron salts). The total num-
ber of units was 36 (3 treatments × 12 independent 

Figure 2 Composite material specimens during the drying 
process in an oven at 103 °C
Slika 2. Uzorci kompozitnih materijala tijekom procesa 
sušenja u sušioniku na 103 °C
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Table 1 Composition and manufacturing parameters of wheat protein–bonded sawdust composites
Tablica 1. Sastav i parametri proizvodnje kompozita od piljevine lijepljenih pšeničnim proteinom

Parameter
Parametar

MC Control
Uzorak za kontrolu sadržaja 

vode

MC Ash (5 wt.%)
Sadržaj vode uzorka  
s dodatkom pepela  

(5 %-tni maseni udio)

MC Boron (5 wt.%)
Sadržaj vode uzorka  
s dodatkom soli bora  
(5 %-tni maseni udio

Wood species
vrsta drva

Pinus pseudostrobus Lindl. 
var. pseudostrobus

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Sawdust condition
svojstva piljevine

Oven-dry ((103 ± 2) °C, 
constant mass)

sušenje u sušioniku (103 ± 2 
°C, konstantna masa)

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Particle size distribution
distribucija veličine čestica

> 850 µm (50 %); 425 – 850 
µm (25 %); 250–425 µm 

(12.5 %); < 250 µm (12.5 %)

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Adhesive type
vrsta ljepila

Wheat flour (10 % protein)
pšenično brašno (10 % 

proteina)

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Adhesive formulation¹
formulacija ljepila1

30 wt.% flour + 200 wt.% 
water

30 masenih postotaka brašna 
+ 200 masenih postotaka 

vode

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Additive type
vrsta dodataka — Wood ash / drvni pepeo

Boric acid + sodium borate
borna kiselina + natrijev 

borat
Additive dosage²
količina aditiva2 — 5 wt.% 5 wt.%

Ash preparation
priprema pepela — 600 °C, 4 h (ISO 

18122:2022) —

Mat forming
formiranje tepiha Manual pre-forming

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Pressing conditions
parametri prešanja 2.5 MPa, 5 min

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Plate dimensions
dimenzije ploče 2 cm × 17 cm × 17 cm

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Drying schedule
raspored sušenja

65 °C × 24 h → 85 °C × 24 h 
→ 103 °C × 24 h

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku

Specimen dimensions
dimenzije uzoraka 2 cm × 2 cm × 5 cm

Same as control
jednako kao u kontrolnom 

uzorku

Same as control
jednako kao u kontrolnom 

uzorku
Number of specimens (n)

broj uzoraka (n) 12 12 12

¹Expressed relative to oven-dry sawdust mass / u odnosu prema masi piljevine osušene u sušioniku
²Expressed on oven-dry sawdust basis (dry/dry) / u odnosu prema masi piljevine osušene u sušioniku (suho/suho)

replicates). The response variables were density 
ρMC (kg/m³), hygroexpansion α (%) and water absorp-
tion index WAI (%).

Descriptive statistics mean (µ), standard devia-
tion (σ) and coefficient of variation (CV = σ/µ) were 
calculated. The assumptions of normality (Shapiro-
Wilk): evaluated individually by group (p > 0.05 indi-
cates normal distribution); and homoscedasticity (Lev-
ene): verification of equality of variances between 
groups (p > 0.05 indicates homogeneity) were verified. 
One-way analyses of variance (ANOVA) were per-

formed, when the ANOVA was significant (p < 0.05), 
as well as multiple comparisons with Tukey’s Honestly 
Significant Difference (HSD) tests. In the case of hy-
groexpansion (α), the data did not meet the parametric 
assumptions. Therefore, the analysis of hygroexpan-
sion (α %) was conducted using Welchʼs ANOVA fol-
lowed by the Games-Howell post-hoc test. Effect sizes 
(η² and ω²) and power (1 − β) were calculated from the 
observed effect size (η² → f), the total sample size and 
for α = 0.05. Adequate power was considered when 
1–β ≥ 0.80.
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3 	 RESULTS AND DISCUSSION
3. 	REZULTATI I RASPRAVA

The physical properties of the wheat protein–
bonded sawdust composites are summarized in Table 2. 
Results are expressed as mean ± standard deviation (n = 
12). Statistically significant differences among formula-
tions are indicated by superscript letters (α = 0.05).

Regarding density, the ash-modified composite 
exhibited the highest mean value (435 kg/m³), differing 
significantly from both the control and the boron-mod-
ified composite, which did not differ from each other. 
The relatively low dispersion values indicate consist-
ent manufacturing across treatments. The significant 
F-value (27.93, p < 0.001) confirms that composite for-
mulation influenced bulk density. The effect size (η² = 
0.629) indicates that approximately 63 % of total den-
sity variance is attributable to additive incorporation, 
evidencing a strong structural impact of ash addition.

For hygroexpansion, the control composite 
showed the highest volumetric swelling (21.7 %), 
whereas both modified composites presented signifi-
cantly lower values (14.9 % for ash and 13.0 % for 
boron), without statistical difference between them. 
The overall model was significant (Welch-adjusted F = 
18.19, p < 0.001). The effect size (η² = 0.524) reveals 
that more than half of the variability in swelling behav-
ior is governed by formulation, demonstrating that 
both additives substantially improve dimensional sta-
bility relative to the unmodified matrix.

In the case of water absorption index, all formu-
lations differed significantly, following the order Con-
trol > Ash > Boron. The control composite exhibited 
the highest short-term water uptake (177 %), while the 
boron-modified composite showed the lowest value 
(148 %). The large F-statistic (96.80, p < 0.001) and 
very high effect size (η² = 0.854) indicate that formula-
tion explains more than 85 % of the variance in water 
absorption. This represents the strongest treatment ef-
fect among the evaluated properties and confirms the 

dominant role of additive incorporation in regulating 
short-term capillary water uptake.

Overall, the consolidated presentation integrates 
descriptive and inferential statistics in a single table, 
providing a concise yet statistically rigorous evaluation 
of treatment effects. The magnitude of the observed ef-
fect sizes demonstrates that even a low additive dosage 
(5 wt.% dry basis) produces substantial and practically 
meaningful modifications in the hygroscopic perfor-
mance of wheat protein–bonded sawdust composites 
under short-term immersion conditions.

Hygroscopicity is a decisive factor in the durabil-
ity and dimensional stability of lignocellulosic compos-
ite materials, as moisture variations cause volumetric 
deformations and reduce mechanical performance. Ac-
cording to the experimental results, the MC control, 
without additives, showed the highest hygroexpansion 
and water absorption index, in addition to high variabil-
ity, which reflects its sensitivity to moisture. The statisti-
cal significance of the analysis of variance confirms that 
the differences between the groups are due to the modi-
fications introduced (Rahim et al., 2024). Likewise, the 
incorporation of 5 % ash or boron salts was compatible 
with the wheat protein adhesive, allowing adequate con-
solidation of the material. Consequently, the effects on 
hygroscopic properties are attributed to the additives, 
consolidating their role in improving the stability and 
functionality of sawdust composites.

The effect of wood ash on hygroscopicity is com-
plex and depends on the balance between pore filling 
and the introduction of hygroscopic soluble salts. The 
results of this study (Table 2) show that, with a low con-
centration of 5 %, the ash had a positive effect. The ash-
modified composite showed a significant and important 
reduction in hygroexpansion compared to the control, as 
well as in the water absorption index. The significant 
difference in the density of the composite containing 
ash, compared to the control and the composite contain-
ing boron, supported by the Tukey HSD test, suggests a 
modification in the microstructure of the composite. 
This modification may be due to an improvement in 

Table 2 Physical properties of wheat protein–bonded sawdust composites (mean ± SD, n = 12)
Tablica 2. Fizička svojstva kompozita od piljevine lijepljenih pšeničnim proteinom (srednja vrijednost ± SD, n = 12) 

Property
Svojstvo

MC control
Kontrolni uzorci

MC ash  
(5 wt.%)

Uzorci s dodatkom 
drvnog pepela

MC boron  
(5 wt.%)

Uzorci s dodatkom 
soli bora

F p-value η²

Density, kg/m³ / gustoća, kg/m³ 414 ± 12.9ᵇ 435 ± 13.5ᵃ 408 ± 17.5ᵇ 27.93 < 0.001 0.629
Hygroexpansion, %
promjene dimenzija, % 21.7 ± 6.4ᵃ 14.9 ± 2.7ᵇ 13.0 ± 2.2ᵇ 18.19* < 0.001 0.524

Water absorption index, %
indeks upijanja vode, % 177 ± 1.5ᵃ 160 ± 1.4ᵇ 148 ± 0.8ᶜ 96.80 < 0.001 0.854

Notes: Different superscript letters within the same row indicate statistically significant differences at α = 0.05; Density and WAI were analyzed 
by one-way ANOVA followed by Tukey’s HSD test; Hygroexpansion was analyzed using Welch’s ANOVA and Games–Howell post-hoc test 
due to heteroscedasticity; η² = proportion of total variance explained by formulation (effect size).
Napomena: Različita slova u natpisu brojeva unutar istog retka označavaju statistički značajne razlike pri α = 0,05; gustoća i indeks upijanja 
vode analizirani su jednosmjernom ANOVA-om, nakon čega je slijedio Tukeyjev HSD test; promjene dimenzija su zbog heteroskedastičnosti 
analizirane Welchovom ANOVA-om i Games-Howell post-hoc testom; η² = udio ukupne varijance objašnjen formulacijom (veličina učinka).



Jurado, Quin�ones, Rodríguez Olalde, Flores, Aquino, Castellanos: Effect of Wood Ash and Boron Salts on Hygroscopicity...

  77 (2) 225-232 (2026)  231 

compaction or a change in particle distribution, which in 
turn contributes to the reduction in water absorption.

The composite containing boron showed the 
greatest decrease in hygroexpansion, and this differ-
ence is statistically significant compared to the control. 
This supports the idea that borates can work well with 
the lignocellulosic matrix to limit hygroexpansion (Ay-
rilmis, 2020; Teker Ercan et al., 2023; Vu et al., 2019). 
However, its performance in water absorption was in-
termediate, notably higher than that of ash and notably 
lower than that of the control. This result indicates a 
dual behavior: while borates are effective in restricting 
hygroexpansion caused by moisture adsorbed in the 
cell wall, their hygroscopic nature could be favoring 
the retention of a greater amount of liquid water in the 
material, which is reflected in a water absorption index 
higher than that observed in the case of ash.

The moisture content of the three analyzed com-
posites showed an evolution as a function of the immer-
sion time, evidencing a general trend of rapid increase in 
the initial stages of exposure (0-50 minutes), followed 
by a stabilization phase between 50 and 120 minutes 
(Figure 3). The profile of these trends resembles that 
documented by Fu et al. (2019) for Pinus radiata D. 
Don wood, with immersion periods of 300 hours, and 
that reported by Widiastuti et al. (2023) for wood-plastic 
composites, with periods of 240 hours. The materials 
analyzed and the immersion times in water documented 
by the authors cited differ from those examined in the 
present investigation. The current study employed a 
120-minute immersion to investigate short-term capil-
lary uptake and near-surface saturation, thus limiting 
comparisons with multi-day immersion studies; none-
theless, the early uptake kinetics is similar in structure 
and permit inferences about initial sorption mechanisms 
(capillarity versus cell-wall sorption). Nonetheless, the 
trends in hygroscopic behavior are analogous and cor-
roborate the interpretation of Figure 3.

4 	 CONCLUSIONS
4. 	ZAKLJUČAK

This study comparatively evaluated the effect of 
low and equivalent dosages (5 wt.% dry basis) of wood 
ash and boron salts on the hygroscopic performance of 
wheat protein–bonded sawdust composites manufac-
tured under identical formulation and processing con-
ditions. By controlling all other variables, the experi-
mental design allowed a direct assessment of the 
relative efficacy of both inorganic additives within the 
same lignocellulosic matrix.

The unmodified control composite exhibited pro-
nounced hygroexpansion and water absorption, con-
firming the inherent moisture sensitivity of protein-
bonded systems. In contrast, both modified composites 
showed statistically significant improvements, sup-
ported by large effect sizes. Wood ash incorporation 
increased bulk density and markedly reduced water 
absorption, indicating a predominantly microstructural 
mechanism associated with partial pore filling and 
modification of capillary pathways. Boron salts pro-
duced the greatest reduction in hygroexpansion, sug-
gesting that chemical interactions with hydroxyl 
groups in the cell-wall polymers contributed to restrict-
ing moisture-induced dimensional changes.

The results demonstrate that even at a relatively 
low concentration (5 wt.%), mineral additives can sub-
stantially modify short-term moisture response without 
impairing adhesive consolidation. The distinct yet 
complementary mechanisms identified for ash and bo-
ron highlight that additive selection can be tailored de-
pending on whether the primary objective is to reduce 
water uptake or to minimize dimensional instability.

Although the findings are limited to one species, 
one adhesive system, a single additive concentration, 
and short-term immersion conditions, they provide 
controlled comparative evidence supporting the feasi-
bility of low-cost inorganic additives as functional 
modifiers in sustainable, bio-based wood composites 
intended for interior applications.
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