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A B S T R A C T

This study demonstrates the significance of coupling biomass valorization with accelerated carbonation curing 
(ACC) as an integrated strategy for low-carbon construction materials. A bio-based ternary binder incorporating 
wood sawdust with shale ash, steel slag, and a reduced proportion of ordinary Portland cement (OPC) was 
developed to simultaneously enhance mechanical performance and enable CO2 sequestration. The optimized 
formulation (25% shale ash, 15% OPC, 10% slag, and 50% sawdust) achieved a compressive strength of 7.2 MPa 
and an elastic modulus of 6 GPa, exceeding the performance of comparable wood-cement composites while using 
substantially less clinker. Microstructural analyses (SEM, XRD, FTIR, and XPS) confirmed portlandite depletion 
and the formation of calcite and low-Ca/Si C-(A)-S-H phases under ACC, resulting in matrix densification. Life 
cycle assessment (EN 15804 +A2) indicated a 65% reduction in greenhouse gas emissions relative to OPC-based 
systems, highlighting the combined structural and environmental benefits of the proposed approach.

1. Introduction

In recent decades, the built environment has become increasingly 
recognized as a critical determinant of environmental sustainability and 
climate resilience. As global urbanization accelerates and infrastructure 
demands rise, the ecological footprint of construction practices has 
drawn widespread scientific and policy attention (Wu et al., 2025a). The 
relentless pursuit of sustainable development within the construction 
industry has become a paramount global concern, as the inherent 
environmental impact of conventional building materials, particularly 
concrete, necessitates a fundamental shift towards eco-conscious alter
natives (Ibrahim et al., 2023).

Fundamentally reliant on the use of resource-intensive materials, the 
construction sector contributes significantly to global greenhouse gas 
emissions, particularly through the widespread use of concrete. Ordi
nary Portland cement (OPC), the key ingredient in concrete production, 
is among the primary anthropogenic sources of CO2 emissions (Miller 

and Moore, 2020), positioning the industry as one of the most polluting 
sectors worldwide. The dramatic rebound in CO2 emissions (Peters et al., 
2012; Wang et al., 2021; Lu et al., 2025), coupled with the rapid growth 
in concrete demand globally, further underscores the urgency of miti
gating its detrimental effects. With cement production accounting for a 
substantial portion of global CO2 emissions (Bildirici and Ersin, 2024; Pu 
et al., 2021), and projections indicating continued growth, especially in 
developing countries (Ige et al., 2024; Yang et al., 2013), the develop
ment of low-carbon alternatives is of utmost importance.

Recent studies have clearly documented the detrimental environ
mental and health impacts associated with cement production, 
including air pollution, inefficient resource utilization (Tu et al.), and 
the risks posed by cement dust exposure (Adeyanju and Okeke, 2019). 
This trajectory not only threatens environmental sustainability but also 
imposes a significant economic burden on societies by escalating public 
health costs. Therefore, reducing the carbon footprint and adopting 
alternative technologies and materials represent vital pathways toward 
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achieving sustainable development goals. In response, researchers are 
increasingly exploring novel materials and processing techniques 
(Bontempi et al; Jafari et al., 2025; Mohammadifar et al., 2024) that can 
significantly lower the environmental burden associated with 
construction.

In this context, rethinking the building materials supply chain and 
developing innovative models based on locally available and renewable 
resources have emerged as key strategies. Utilizing bio-based materials 
not only addresses ecological challenges but also offers competitive 
economic advantages at both local and national levels (Le et al., 
2023/10). This approach fosters stronger linkages between academic 
research and industrial needs, creating opportunities for value creation 
and enhancing community resilience against future uncertainties.

A growing body of research has focused on renewable resources and 
bio-waste as low-impact alternatives (Hansted et al., 2022; Zhang et al., 
2025). Among these, wood which is an accessible bio-based material has 
shown potential to reduce dependence on conventional materials like 
cement (Ozcelikci et al., 2024), while facilitating the efficient manage
ment of industrial and agricultural waste streams 
(Czarnecka-Komorowska et al., 2024). This is especially relevant within 
the framework of recycling-oriented design and the circular economy, 
where bio-based materials can be engineered for reintegration into the 
production cycle at the end of their service life. Applications of sawdust, 
wood ash, and wood biochar in concrete and composites have not only 
demonstrated promising environmental benefits but also led to signifi
cant improvements in selected physical and mechanical properties 
(Zhang et al., 2024). Specifically, wood-derived biochar, due to its 
porous structure and chemical stability, can function not only as a filler 
but also as an active agent for enhancing water absorption control, 
thermal resistance, and even noise reduction in advanced concrete 
systems. However, untreated wood contains organic extractives that can 
significantly retard cement hydration, leading to setting delays and 
strength loss (Liu et al., 2022; Dias et al., 2022). To address this, methods 
such as pre-treating the biomass or partially replacing OPC with 
pozzolanic additives have been employed to improve compatibility and 
mitigate strength reduction (Dias et al., 2022; Liang et al., 2025).

In parallel, emerging research is exploring the performance of 
innovative binders such as bio-based binders (Hanafi et al., 2024; Rah
mani et al., 2025) and their potential in improving soil mechanical 
properties and stabilizing subsurface structures (Mollaei et al., 2023). 
Also, in the field of green construction materials, numerous studies have 
validated the feasibility of geopolymer materials (Rahimpour and 
Esmaeili, 2025; Ghiasi et al., 2025; Rahimpour et al., 2024; Fahmi et al., 
2023a) and natural binders as partial or complete replacements for 
cement (Fahmi et al., 2023b; Bualuang et al., 2024, 2025). Beyond their 
environmental benefits, these binders also offer advantages in terms of 
human safety, as they are free from hazardous alkalis or heavy metals. In 
addition to binder innovation, extensive attention has been given to the 
strategic incorporation of waste-derived materials, particularly 
wood-based residues such as sawdust and wood ash, to reduce cement 
consumption and promote circularity. For instance, the partial 
replacement of OPC with industrial by-products like coal fly ash, silica 
fume, or ground granulated blast-furnace slag (GGBS) is a 
well-established strategy to reduce clinker use and enhance long-term 
concrete performance (Torres-Ortega et al., 2025). Likewise, different 
ashes from combustion plants exhibits pozzolanic characteristics due to 
its reactive silica and alumina content, and its incorporation in cemen
titious mixtures has been shown to improve compressive strength and 
durability (Prabhath et al.; Khankhaje et al., 2023). Research has shown 
that wood sawdust can be effectively incorporated into concrete 
matrices to lower clinker content while maintaining adequate mechan
ical performance (Ibrahim et al., 2023). Krejsová et al. (2024) investi
gated waste wood fly ash in lime-based plasters, emphasizing that 
proper material combinations are critical for strength optimization. He 
et al. (2022) demonstrated the feasibility of producing magnesium 
oxychloride cement boards using recycled wood, highlighting the value 

of resource recovery. Furthermore, Zhang et al. (2024) and Gigar et al. 
(2023) further emphasized the potential of wood waste inclusion in 
recycled concrete and geopolymer composites, respectively, under
scoring the versatility and environmental benefits of such bio-based 
amendments.

In parallel with the growing use of bio-based and pozzolanic addi
tives, accelerated carbonation curing (ACC) has emerged as an effective 
low-temperature route for improving both mechanical performance and 
environmental compatibility of cementitious systems (Li and Wu, 2022). 
In ACC, CO2 reacts with calcium-rich hydration products such as por
tlandite and C-S-H to form stable carbonate phases (mainly calcite), 
thereby densifying the microstructure and enabling permanent CO2 
sequestration (Guleria and Goyal, 2025). The efficiency of this process 
depends on factors such as CO2 concentration, relative humidity, tem
perature, and the hydration maturity prior to exposure, which together 
govern reaction kinetics and depth of carbonation (Padmalal et al.). 
Recent investigations, including microwave-assisted carbonation of 
carbide slag-based materials (Lin et al., 2025) and comprehensive re
views on low-carbon concretes have shown that controlled carbonation 
not only enhances strength and durability but also significantly reduces 
the embodied carbon footprint of cementitious composites (Liu et al., 
2025a).

Despite extensive studies on bio-based fillers, pozzolanic additives, 
and carbonation curing, these approaches are still predominantly 
investigated in isolation. Many conventional cement alternatives reduce 
clinker content or embodied carbon but often compromise mechanical 
performance, durability, or curing efficiency, particularly when ligno
cellulosic materials are incorporated. Likewise, carbonation-based 
strategies are frequently examined without accounting for the interfa
cial and chemical constraints introduced by biomass-derived fillers. This 
fragmentation has limited a holistic understanding of the synergistic 
interactions between biomass valorization and industrial by-products 
under controlled carbonation conditions. Consequently, a critical gap 
remains in the absence of an integrated framework that simultaneously 
couples (i) bio-based material valorization, (ii) pozzolanic mineral 
replacement, and (iii) accelerated carbonation curing. Previous studies 
rarely evaluate mechanical, microstructural, and sustainability aspects 
concurrently, leaving uncertainty regarding their combined potential 
for low-carbon applications. Accordingly, this study develops a ternary 
binder system incorporating OPC, shale ash, steel slag, and pretreated 
wood sawdust, and systematically links its mechanical performance, 
microstructural evolution, and environmental and social impacts within 
a unified low-carbon design framework.

2. Materials and methods

This study presents, for the first time, a systematic strategy to 
develop bio-composites using chemically modified lignocellulosic waste 
combined with multi-component mineral binders such as OPC, lime, 
steel slag, and shale ash. By applying targeted chemical treatments and 
optimized curing protocols, the resulting eco-friendly construction ma
terials exhibit enhanced mechanical performance, long-term durability, 
and controlled carbonation. This work establishes a framework for 
valorizing agricultural residues in sustainable, low-carbon, high-per
formance building materials.

2.1. Materials

Four distinct additive (admixture) solutions were prepared by dis
solving specific powders in deionized water at a solid-to-water ratio of 
3%. These included: (a) pure water (H2O), (b) aluminum sulfate 
(Al2(SO4)3) solution with a concentration of 0.03 kg.L− 1, (c) calcium 
chloride (CaCl2) solution at 0.03 kg.L− 1, and (d) calcium hydroxide (Ca 
(OH)2) solution at 0.03 kg.L− 1. These compounds served as low-dosage 
chemical admixtures intended solely for modifying the sawdust surface 
and enhancing wood-binder compatibility, rather than acting as 
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hydration or setting accelerators within the binder matrix. Wood 
sawdust, sourced from untreated wood waste, was precisely dosed at 
0.1 kg L− 1 of each solution. The sawdust was fully immersed in the 
respective solutions for 24 h at room temperature (25 ◦C), allowing 
sufficient chemical interaction to modify the biomass surface properties. 
After soaking, the material was drained and air-dried under controlled 
conditions until it reached approximately 20% moisture content (wet 
basis). This treatment aimed to enhance the reactivity and adhesion 
potential of the lignocellulosic particles with mineral binders by altering 
surface functional groups and improving wettability. Following im
mersion, the sawdust was separated and prepared for subsequent com
posite formulation. For sawdust pretreatment, CaCl2 and Al2(SO4)3 
solutions were applied at very low dosages (<1% by binder mass). Their 
role was limited to improving biomass compatibility, without contrib
uting significantly to binder hydration or carbonation reactions.

The binder system comprised a multi-component mineral matrix 
consisting of OPC (CEM II 42.5), hydrated lime, steel slag, and calcined 
shale ash. This formulation was designed to optimize synergistic hy
dration and carbonation reactions, facilitating the formation of durable 
calcium silicate hydrate and carbonate phases, thereby promoting me
chanical strength and long-term durability.

Since OPC, lime, and shale ash were sourced directly from the fac
tory, their particle fineness was standardized and verified by supplier 
specifications. Therefore, detailed particle size distributions for these 
binders were not required. In contrast, the particle size of wood sawdust 
and steel slag was experimentally determined and reported in Fig. 1, as 
these non-standard fractions strongly influence binder interaction and 
composite performance. As illustrated in Fig. 1, the sawdust exhibited a 
particle size range primarily between 150 and 1000 μm, with a median 
size (D50) of approximately 450 μm. This relatively coarse and hetero
geneous distribution enhances internal porosity and facilitates me
chanical interlocking and moisture absorption control within the 
composite matrix.

2.2. Preparation of samples

High-purity wood sawdust, locally sourced and free from visible 
contaminants, was selected as the primary lignocellulosic component. 
To enhance its surface reactivity and compatibility within the binder 
matrix, the sawdust was subjected to a controlled pre-treatment 
sequence involving immersion in activating solutions, as illustrated in 
Fig. 2. Specifically, four distinct pre-treatment solutions were employed, 
each combining water with either no additive, aluminum sulfate, cal
cium chloride, or calcium hydroxide (labeled a-d), to induce physico
chemical modification at the particle surface. The sawdust was soaked 
for 24 h at ambient temperature, followed by draining and air-drying 
until reaching a stable moisture content of approximately 20%. This 

condition ensured proper workability and optimized interfacial bonding 
during mixing and curing.

Prior to pre-treatment, the bulk density of the wood sawdust was 
determined using the standard relation ⍴ = M/V, where ⍴ denotes the 
bulk density (kg⋅m− 3), M is the mass of the sawdust, and V is its corre
sponding volume. Measurements indicated that the bulk density of the 
dry sawdust was approximately 178.5 kg m− 3, whereas the wet sawdust 
exhibited a value of about 340.3 kg m− 3. These data provided a refer
ence for moisture absorption capacity and material consistency across 
all subsequent formulations.

The conditioned sawdust was then mechanically blended with the 
binder system using a precision-controlled mortar mixer to produce a 
homogeneous mixture. This ensured uniform dispersion of the organic 
filler and maximized the effectiveness of matrix–filler interactions dur
ing setting and curing. In all formulations, 50 wt% of the total composite 
consisted of pretreated wood sawdust, which served as the primary bio- 
based component. The remaining 50 wt% comprised the ternary binder 
system, with the proportions expressed relative to the total binder mass. 
Table 1 summarizes the mix design of the binder system together with 
the type of sawdust pre-treatment and the curing conditions applied in 
each series.

Fig. 2 provides a schematic representation of the overall fabrication 
workflow, reinforcing the sequential stages of the process: solution 
preparation, sawdust treatment, and raw material integration. In 
alignment with the experimental design, treated sawdust was mixed 
with complementary binders and mineral additives in a mixing bowl 
during the integration phase, yielding a cohesive composite paste.

The composite formulation process began with dry blending of the 
modified sawdust and binder powders for 2 min to ensure initial uni
formity. Additive solutions were then incrementally introduced until 
achieving a water-to-binder ratio (W/B) of 0.5, followed by continuous 
mixing for five additional minutes to attain a consistent paste. The fresh 
mix was cast into cubic (10 cm3), and cylindrical (10 × 10 cm) molds, 
manually compacted to minimize entrapped air, and sealed to prevent 
premature moisture loss.

Initial curing was conducted under controlled ambient conditions 
(25 ◦C, >95% relative humidity) for 24 h prior to demolding. Thereafter, 
two distinct curing protocols were employed: a conventional humid 
curing regime (20 ◦C, >95% RH for 28 days) to facilitate hydration- 
driven microstructural evolution, and an accelerated carbonation 
route conducted in a regulated CO2 chamber (10-15% CO2, 65 ± 5% RH, 
25 ± 2 ◦C), aimed at promoting rapid formation of carbonate phases. 
During accelerated carbonation curing, the chamber was hermetically 
sealed, and the overall mass variation of specimens was monitored using 
a precision balance (±0.01 g) to ensure airtightness and to indirectly 
estimate CO2 uptake through mass gain tracking. This dual-curing 
strategy allowed a systematic comparison of hydration-versus carbon
ation-dominated reaction pathways, providing insight into performance 
differentiation under varying curing environments.

2.3. Characterization

2.3.1. Mechanical tests
Compressive strength was measured according to ASTM C39 (ASTM 

C39, 2023) and ASTM C109 (ASTM C109/C109M − 20, 2020), while the 
elastic modulus was determined using ASTM C469 (ASTM C469-02, 
2017). These tests were conducted to quantify the load-bearing capac
ity and stiffness of the bio-composites, enabling assessment of their 
structural reliability as cementitious alternatives. Mechanical data also 
serve as a benchmark to correlate microstructural transformations with 
macroscopic performance.

2.3.2. Microstructural analysis
Scanning electron microscopy (SEM, JEOL JSM-7800F) was 

employed to examine interfacial bonding, pore morphology, and frac
ture characteristics. Surfaces were gold-coated and observed under 5 kV 

Fig. 1. Particle size distribution curves of wood sawdust and steel slag used in 
bio-composite production, highlighting the relative coarseness of sawdust 
particles (150-950 μm) compared to slag (<250 μm).
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accelerating voltage and 10 mA beam current across multiple magnifi
cations. This analysis aimed to elucidate the role of biomass–binder 
interactions, microcrack propagation, and densification mechanisms in 

governing mechanical performance.

Fig. 2. Schematic overview of the bio-composite fabrication process, including sawdust pre-treatment, binder preparation, mixing, and molding procedures.

Table 1 
Mix design (ration) of bio-composites with different binder formulations.

Row Binders (wt.%) Wet Sawdust Pre-treatment W/Ba Curing (day)

OPC Lime Shale ash Slag Ambient Carbonation

1 100 - - - 100 H2O 0.5 28 -
2 100 - - - 100 Al2(SO4)3 0.5 28 -
3 100 - - - 100 CaCl2 0.5 28 -
4 100 - - - 100 Ca(OH)2 0.5 28 -
5 - 100 - - 100 H2O 0.5 28 -
6 - 100 - - 100 Al2(SO4)3 0.5 28 -
7 - 100 - - 100 CaCl2 0.5 28 -
8 - 100 - - 100 Ca(OH)2 0.5 28 -
10 90 - 10 - 100 H2O 0.5 28 -
11 80 - 20 - 100 H2O 0.5 28 -
12 70 - 30 - 100 H2O 0.5 28 -
13 60 - 40 - 100 H2O 0.5 28 -
14 50 - 50 - 100 H2O 0.5 28 -
15 40 - 60 - 100 H2O 0.5 28 -
16 30 - 70 - 100 H2O 0.5 28 -
17 20 - 80 - 100 H2O 0.5 28 -
18 10 - 90 - 100 H2O 0.5 28 -
19 0 - 100 - 100 H2O 0.5 28 -
20 45 - 50 5 100 H2O 0.5 28 -
21 40 - 50 10 100 H2O 0.5 28 -
22 35 - 50 15 100 H2O 0.5 28 -
23 30 - 50 20 100 H2O 0.5 28 -
24 25 - 50 25 100 H2O 0.5 28 -
25 20 - 50 30 100 H2O 0.5 28 -
26 15 - 50 35 100 H2O 0.5 28 -
27 10 - 50 40 100 H2O 0.5 28 -
28 5 - 50 45 100 H2O 0.5 28 -
29 30 - 50 20 100 H2O 0.35 28 -
30 30 - 50 20 100 H2O 0.4 28 -
31 30 - 50 20 100 H2O 0.45 28 -
32 30 - 50 20 100 H2O 0.55 28 -
33 30 - 50 20 100 H2O 0.5 28 -
34 30 - 50 20 100 H2O 0.5 27 1
35 30 - 50 20 100 H2O 0.5 26 2

a Water-to-binder ratio.
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2.3.3. Phase composition
X-ray diffraction (XRD, PANalytical X'Pert PRO, Cu Kα) was per

formed over a 10-70◦ 2θ range to identify crystalline phases, while X-ray 
fluorescence (XRF, PANalytical Axios) quantified major oxides. These 
tests were designed to reveal hydration, pozzolanic, and carbonation 
products, as well as chemical shifts induced by shale ash and slag 
incorporation. Establishing links between oxide composition, phase 
assemblage, and strength development was essential for validating 
binder optimization.

Additionally, Fourier Transform Infrared (FTIR, Bruker Tensor 27) 
spectroscopy was used to analyze the bonding environments and func
tional groups within the binder matrix (400-4000 cm− 1). The spectra 
complemented XRD and XRF results by identifying portlandite con
sumption, carbonate formation, and Si-O-T band shifts, confirming the 
development of low-Ca/Si C-(A)-S-H gels and extensive carbonation.

2.3.4. Surface chemical states
X-ray photoelectron spectroscopy (XPS, JEOL JPS-9030, Al Kα, 

~10− 9 mbar) provided insights into oxidation states, bonding environ
ments, and carbonation-induced surface modifications. Survey and 
high-resolution spectra were analyzed using CasaXPS. The objective was 
to capture nanoscale chemical environments at the wood–matrix inter
face and verify mechanisms of Ca/Si/Al rebalancing, which underpin 
enhanced durability and low-carbon performance.

2.3.5. Sustainability and social assessments
Life cycle assessment (LCA) was conducted following ISO 14040/44 

() and EN 15804+A2 (EN 15804+A2, 2019) with a cradle-to-gate sys
tem boundary. Data sources included Ecoinvent v3.8, industrial records 
for shale ash/slag, and laboratory measurements. Impacts across 12 
categories were quantified using ReCiPe 2016 and EN 15804+A2, and 
monetized through eco-cost analysis. The LCA aimed to evaluate the 
environmental footprint of the bio-composites versus OPC-based sys
tems, highlighting the benefits of clinker reduction and CO2 uptake via 
accelerated carbonation curing (ACC). The functional unit (FU) was 
defined as 1 m3 of bio-composite for non-load-bearing applications 
under standard curing. The reference service life (RSL) was assumed to 
be 25 years, following EN 15804 +A2 guidelines. Both systems were 
compared under functional equivalence, ensuring similar mechanical 
performance (≥7 MPa at 28 days) and service function. This approach 
guarantees a transparent, performance-based comparison of key impact 
indicators such as global warming potential (GWP), ADP, and PED. 
Furthermore, end-of-life (Modules C1-C4) was modeled as landfill with 
partial energy recovery, while circularity refers to waste valorization in 
production (A1-A3); no Module D credits were included to avoid double 
counting in accordance with EN 15804+A2.

Inventory data for shale ash and steel slag were obtained from 
verified industrial process information and cross-checked with repre
sentative datasets from Ecoinvent v3.8 to ensure consistency and 
completeness. Differences in energy intensity between the sources were 
below 5%, confirming their compatibility for LCA use. Transportation 
was modeled as regional road freight with an average 50 km distance 
using EURO 6 trucks. Electricity consumption for raw material drying 
and accelerated carbonation curing (ACC) was based on metered labo
ratory values (0.6-0.8 kWh per kg of binder) and included directly in the 
life cycle inventory. CO2 uptake during ACC was modeled as a negative 
emission flow in accordance with EN 15804+A2 (Modules A1-A3). The 
absorbed CO2 was quantified from specimen mass gain, corrected by 
subtracting the negligible mass change of control samples cured without 
CO2 exposure. CO2 uptake during ACC was modeled as a negative 
emission flow under Module A3, following EN 15804+A2 and EN 
16757. The uptake reflects the verified sequestration occurring during 
the controlled ACC process, quantified from specimen mass gain and 
corrected against non-carbonated controls. No additional CO2 uptake 
was assigned to the use or end-of-life stages, thereby preventing double 
counting between modules and ensuring transparency in the carbon 

balance.
The social life cycle assessment (S-LCA), based on the UNEP/SETAC 

framework, addressed worker health and safety, job creation, wage 
equity, and community reinvestment, using labor statistics from cement 
and biomass recycling sectors. The aim was to demonstrate the socio- 
economic value of biomass and industrial waste integration, thereby 
positioning the material not only as technically viable but also as so
cially responsible.

3. Results and discussion

The tests conducted in this study are organized into four comple
mentary categories-physical, chemical, microstructural, and sustain
ability analyses, providing a comprehensive evaluation of the bio- 
composites from both performance and environmental perspectives. 
Physically, compressive strength, density, and elastic modulus were 
measured simultaneously to understand load-bearing behavior and 
structural integrity. Chemically, advanced techniques such as XRD, XRF, 
XPS, and elemental analysis were used to investigate phase composition, 
elemental distributions, and surface chemistry, elucidating key material 
transformations. SEM analysis further characterized microstructural 
features such as matrix densification, porosity, crack propagation, and 
interfacial bonding with wood sawdust. Finally, sustainability consid
erations, including clinker reduction, carbonation curing, and the use of 
industrial by-products were assessed to evaluate the environmental 
benefits of the optimized formulations. This integrated approach enables 
robust correlations between mechanical performance, chemical and 
microstructural characteristics, and environmental impact, offering 
insight into how binder selection and curing conditions govern the 
behavior and sustainability of wood sawdust-based bio-composites.

3.1. Effect of pre-treatment on binders

This study aimed to evaluate the influence of binder type and 
chemical pre-treatment on the mechanical and physical performance of 
wood sawdust-based biocomposites. Two mix designs comprising 100% 
OPC and 100% Lime with identical weight ratios were examined under 
four different pre-treatment conditions: pure water, aluminum sulfate, 
calcium chloride, and calcium hydroxide. The focus of this research was 
to determine the precise effects of these variables on compressive 
strength, density, and modulus of elasticity, enabling a comparative 
analysis to elucidate functional mechanisms and potential improve
ments in the mechanical behavior of wood-mineral biocomposites. This 
approach facilitates the identification of optimal formulations for the 
production of lightweight and durable building materials, particularly 
with the objective of incorporating bio-based resources and reducing 
environmental impacts.

Analysis of the results reveals that the mechanical and physical 
performance of biocomposites made with 100% OPC and 100% Lime is 
strongly affected by the type of chemical pre-treatment applied to the 
sawdust. As shown in Fig. 3, in the control condition (pre-treatment with 
pure water), the OPC-based biocomposite exhibited a compressive 
strength of 2.80 MPa, density of 1.384 g cm− 3, and modulus of elasticity 
of 3.70 GPa, which were significantly higher than the corresponding 
Lime-based specimens (0.80 MPa, 0.934 g cm− 3, and 1.10 GPa, 
respectively). This confirms that OPC-based binders, due to more 
extensive hydration and the formation of cementitious products, pro
duce a denser and more cohesive structure than Lime-based systems 
(Adem et al., 2025; Naseri et al., 2025; Asheghi Mehmandari et al., 
2024a). Also, stress state also influences compressive strength and fail
ure patterns (Zhou et al., 2025). While previous studies have established 
that processing conditions can influence mechanical properties in 
wood-based bio-composites (Chen et al., 2024), the present work 
uniquely demonstrates how targeted chemical pre-treatment combined 
with hybrid mineral binders governs the development of elastic modulus 
in high wood-content cementitious systems.
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The use of chemical pre-treatments had a significant influence on 
mechanical properties. For example, pre-treatment with aluminum 
sulfate resulted in a reduction in compressive strength for both systems: 
compressive strength decreased to 1.60 MPa for OPC (approximately 
43% reduction compared to the control) and to 0.50 MPa for Lime 
(approximately 38% reduction). A decline in both density and modulus 
of elasticity was also observed, likely due to the formation of Al3+

complexes with lignin and cellulose in the sawdust, which inhibits hy
dration reactions and interfacial bonding between the wood particles 
and the mineral matrix.

Careful examination of Fig. 3 reveals that specimens pre-treated with 
calcium chloride showed a relative improvement in mechanical per
formance, particularly for Lime-based composites. Compressive strength 
for OPC increased to 1.80 MPa, approximately 12.5% higher than the 
aluminum sulfate case, and for Lime to 0.70 MPa (a 40% increase). This 
may be attributed to the role of calcium chloride as an accelerator for 
hydration reactions, which, even in the presence of lignocellulosic 
fillers, enhances the rate and extent of cementitious product formation 
(Steger et al., 2021). The increase in density to 1.261 g cm− 3 for OPC and 
1.010 g cm− 3 for Lime further supports the presence of a denser 
microstructure in these conditions. Additionally, the enhancement in 
modulus of elasticity to 2.58 GPa for OPC and 1.15 GPa for Lime reflects 
an overall increase in composite stiffness. Comparable improvements in 
stiffness have been reported in wood-plastic and bio-polymer composite 
systems, where increased wood filler content, particularly sawdust was 
shown to enhance stiffness and load resistance through better 
matrix-particle interlocking.

In the case of calcium hydroxide pre-treatment, a more pronounced 
decline in mechanical properties was observed: compressive strength 
dropped to 1.5 MPa for OPC (approximately 46% reduction compared to 
control) and 0.4 MPa for Lime (50% reduction). This could be due to the 
formation of excessive lime precipitates and elevated local pH, which 
diminishes compatibility between the wood filler and the mineral matrix 
(Kang et al., 2025). The lowest densities were also recorded in these 
specimens (1.19 g cm− 3 for OPC and 0.884 g cm− 3 for Lime), indicating 
a more open and porous structure.

Across all cases, OPC-based systems consistently outperformed Lime- 
based systems by a factor of approximately 2 to 3 on average. This can be 

attributed to the fundamental differences in the hydration behavior of 
these binders; while OPC generates a dense network of cementitious 
products, Lime primarily engages in slower and more limited reactions 
with sawdust, resulting in weaker and more porous structures. These 
findings are consistent with prior research on natural polymer com
posites, where lignocellulosic reinforcements such as sawdust and 
coniferous bark were shown to enhance elastic modulus and flexural 
performance (Jinanukul et al., 2024). At the same time, the current 
results underscore that the inherent inhibitory effects of lignocellulosic 
compounds on cement and lime hydration can be effectively mitigated 
through appropriate chemical pre-treatment, particularly with calcium 
chloride thereby enabling the development of structurally robust, 
wood-based biocomposites. The improved interfacial bonding observed 
in CaCl2-and Al2(SO2)3-treated sawdust composites can be attributed to 
partial removal of extractives and surface neutralization, which 
increased surface energy and enhanced wettability. This facilitated 
stronger adhesion with the cementitious matrix while simultaneously 
moderating internal water retention, thereby improving both work
ability and long-term dimensional stability.

Overall, a review of Fig. 3 suggests that the combined selection of 
binder type and pre-treatment significantly influences the compressive 
strength, density, and modulus of elasticity of these biocomposites. 
While pure water provided the best performance in both systems, cal
cium chloride emerged as an effective pre-treatment, particularly in 
combination with OPC. Given that the specimens pretreated with pure 
water consistently exhibited the highest mechanical strength and 
densification across both binder systems, this condition was selected as 
the primary pretreatment approach for all subsequent mix designs and 
analyses throughout the study.

3.2. Influence of shale ash and slag replacements

In this section, the mechanical and physical performance of bio- 
composites containing wood sawdust was optimized by evaluating the 
gradual replacement of OPC with two sustainable mineral substitutes, 
shale ash and slag. The use of such industrial by-products has attracted 
increasing interest due to their pozzolanic activity and ability to reduce 
cement clinker content, a factor crucial for mitigating CO2 emissions. 
Previous studies have shown that slag, particularly ladle furnace slag 
and arc gasification slag can yield compressive strengths comparable to 
or even higher than those of pure cement systems when properly 
proportioned and treated (Araos Henríquez et al., 2021; Liu et al., 
2025b). In the present study, this replacement strategy was not treated 
in isolation but as part of an integrated experimental matrix, allowing 
the interaction between binder type, biomass fraction, and curing 
regime to be captured explicitly. This provides a sound foundation for 
evaluating the synergistic potential of slag and shale ash as comple
mentary components in low-OPC biocomposite formulations.

Based on the preliminary results, the formulation incorporating OPC 
with water-pretreated sawdust was identified as the most efficient 
configuration and was selected as the baseline for specimen preparation 
used in subsequent experimental stages. Subsequently, interaction ef
fects were examined by varying shale ash content while holding the 
biomass fraction constant, and then by introducing slag as an additional 
variable. First, different percentages of Shale ash were examined as 
partial replacements for OPC to identify the optimal replacement level. 
Then, using the optimal Shale ash content, part of the remaining OPC 
was replaced with slag to further improve compressive strength and 
mechanical performance. The primary objective of this study was to 
achieve the highest compressive strength and stiffness while maintain
ing structural density and significantly reducing OPC consumption 
which is the most carbon-intensive component through the incorpora
tion of industrially available, reactive, and sustainable mineral materials 
to develop high-performance, sustainable construction bio-composites.

The results of progressively replacing OPC with Shale ash in com
posites containing wood sawdust revealed a nonlinear trend highly 

Fig. 3. Mechanical and physical properties (compressive strength, elastic 
modulus, and density) of 100% OPC and 100% Lime bio-composites prepared 
with different sawdust pre-treatment types (Water, CaCl2, Al2(SO4)3, Ca(OH)2).
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dependent on replacement percentage. This nonlinear response in
dicates that the mechanical behavior is governed by interaction between 
the alkaline environment provided by OPC and the pozzolanic reactivity 
of shale ash. As evident from Fig. 4, in the initial mixture without Shale 
ash (100% OPC), compressive strength, elastic modulus, and density 
were 2.80 MPa, 3.69 GPa, and 1.382 g cm− 3, respectively, which served 
as the reference. Adding 10% Shale ash (reducing OPC to 90%) 
increased compressive strength to 3.3 MPa and elastic modulus to 
4.01 GPa. The improvement continued with 20% and 30% Shale ash 
replacements, reaching 4 MPa and 4.9 MPa (a 43% and 75% increase 
compared to the initial mix), while elastic modulus improved to 
4.91 GPa at 15% replacement.

The highest performance was achieved at 50% Shale ash replace
ment (i.e., 50% Shale ash, 50% OPC). As shown in Fig. 4, compressive 
strength peaked at this point: 6.10 MPa (over a 118% increase relative to 
the baseline), elastic modulus increased to 5.51 GPa, and density rose 
slightly to 1.391 g cm− 3, indicating a compact structure. This 
enhancement is likely due to the pozzolanic reactivity of Shale ash in the 
alkaline environment provided by OPC, demonstrating the combined 
effect of both binders rather than the action of a single component. 
These results align with previous studies on the use of pozzolanic ma
terials in cementitious systems (Alaloul et al., 2024; Moodi et al., 2025) 
and underscore the environmental relevance of partially replacing OPC 
with industrial by-products like Shale ash. Further increases in Shale ash 
content beyond 50% resulted in a gradual decline in performance: 
compressive strength dropped to 4.80 MPa at 60% replacement and 
declined further to 2.50 MPa and 2.00 MPa at 90% and 10% re
placements, respectively.

After identifying 50% Shale ash as the optimal replacement level, the 
effect of progressively replacing part of the remaining OPC with slag was 
examined to achieve further mechanical enhancement and environ
mental benefits. The reference mix for this stage comprised 50% Shale 
ash, and 50% OPC. Slag was then introduced to replace part of the 
remaining OPC. Here, the study design explicitly probed the three-way 
interaction among shale ash, slag, and OPC content. Replacements up 

to 20% slag (i.e., 50% Shale ash, 30% OPC, 20% slag) led to a continuous 
improvement in properties; as observed in Fig. 4, compressive strength 
increased from 6.10 MPa to 6.50, 6.70, 6.90, and ultimately 7.2 MPa at 
20% slag (an approximately 18% increase over the reference). Elastic 
modulus also improved from 5.50 GPa to 6.01 GPa. This trend illustrates 
that the beneficial effect is not additive but arises from the synergistic 
interaction of slag with the existing ash-OPC system. The increasing 
compressive strength and modulus of elasticity observed in this phase of 
the study are consistent with previous research. Dong et al. (2021) re
ported that proper treatment and proportioning of steel slag in cemen
titious systems significantly enhances the long-term performance and 
durability of concrete, which aligns with the densification trends and 
strength gains identified in the slag-containing formulations of the 
present study.

Density exhibited a slight upward trend during this stage: from 
1.393 g cm− 3 at 0% slag to 1.395 g cm− 3 at 20% slag. This minor in
crease in density can be attributed to the inherently higher density of 
slag compared to Shale ash, contributing to a greater specific mass of the 
composite while maintaining or even improving microstructural 
compactness. This behavior confirms that the introduction of slag does 
not induce additional porosity but rather supports structural 
densification.

At slag replacement levels beyond 20%, a gradual reduction in per
formance occurred: compressive strength decreased to 6.90 MPa at 25% 
slag, 6.40 MPa at 30%, and 5.20 MPa at 45% slag, while elastic modulus 
decreased from 6.01 GPa to 5.08 GPa at 45% slag. This decline further 
illustrates how interaction effects shift once the balance between OPC, 
slag, and shale ash is disrupted, limiting hydration reactions. These 
findings also support conclusions by Tsakiridis et al. (2008), who 
emphasized that the introduction of steel slag into cement systems not 
only promotes strength development but also enables a measurable 
decrease in cement clinker usage which is an aspect of growing envi
ronmental significance. Cai et al. (2024) further underlined that the 
pozzolanic effectiveness of slag is closely tied to its chemical composi
tion, an observation reflected here through the superior performance of 

Fig. 4. Variation of compressive strength, elastic modulus, and density of wood sawdust bio-composites as a function of shale ash and slag replacement levels for 
OPC binder.
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mixtures containing both slag and shale ash with balanced oxide 
content.

Overall, the composition containing 50% Shale ash, 30% OPC, and 
20% slag was identified as the optimal mix in terms of mechanical 
performance and structural density; Fig. 4 clearly indicate that this mix 
exhibited the highest performance among all tested formulations, 
achieving a compressive strength of 7.2 MPa (more than 2.5 times the 
initial mix without Shale ash and slag) and an elastic modulus of 
6.01 GPa, while maintaining an appropriate density of approximately 
1.395 g cm− 3. By framing these results as outcomes of bind
er–filler–curing interactions, the study demonstrates not only the effect 
of individual substitutions but also the underlying synergy that governs 
the mechanical performance of bio-composites. Although the composite 
exhibits notable compressive strength and stiffness, it is intended for 
non-load-bearing applications where lightweight structure, environ
mental performance, and dimensional stability are prioritized over 
fracture or flexural resistance.

3.3. Role of W/B ratio

Following the optimization of bio-composites composed of 50% 
Shale ash, 30% OPC, and 20% slag along with wood sawdust identified 
in the previous stages, the water-to-binder ratio (W/B) was evaluated as 
a key parameter influencing mechanical and physical properties. 
Adjusting the W/B ratio can have multiple effects on mix workability, 
compaction degree, hydration reactions, and ultimately on microstruc
ture and mechanical performance; therefore, identifying the optimal W/ 
B ratio is essential to ensure maximum composite performance. Impor
tantly, this stage of the study was designed not as an isolated parameter 
test, but to reveal how water availability interacts with the previously 
optimized binder composition and carbonation curing regime, thereby 
capturing interaction effects between mix design and curing chemistry. 
This behavior aligns with prior evidence showing that optimal water-to- 
binder ratios enhance strength and reduce porosity by improving hy
dration efficiency and matrix densification (Yilmazoglu et al., 2024; 
Nguyen et al., 2021).

As evident from Fig. 5, at a W/B ratio of 0.35, compressive strength, 
elastic modulus, and density were recorded as 6.2 MPa, 5.57 GPa, and 
1.393 g cm− 3, respectively, slightly below the optimal values obtained in 
the previous phase. Increasing the W/B ratio to 0.4, 0.45, and ultimately 
0.5 led to a continuous improvement in mechanical performance: 
compressive strength rose from 6.4 MPa at 0.4 to 6.8 MPa at 0.45, 
reaching a peak of 7.2 MPa at 0.50 (representing a 16% increase relative 
to 0.35). Correspondingly, elastic modulus increased from 5.66 GPa at 
0.4 to 5.84 GPa at 0.45 and 6.01 GPa at 0.5. This progressive 
improvement highlights the synergy between increased water avail
ability and the pozzolanic activity of shale ash and slag, which together 

promote more complete hydration–carbonation reactions.
This enhancement can be attributed to improved workability, better 

packing density, and reduced porosity resulting from sufficient water 
availability. Within this W/B range, additional water likely contributed 
fully to hydration reactions, leading to a uniform and dense micro
structure. According to Fig. 5, density remained nearly constant at 
approximately 1.394 to 1.395 g cm− 3 across this range, indicating no 
excessive porosity and ensuring a compact structure.

Further increases in W/B to 0.55 and 0.6 resulted in a gradual decline 
in mechanical performance: compressive strength decreased to 7 MPa 
and 6.7 MPa, while elastic modulus declined to 5.93 GPa and 5.78 GPa, 
respectively. This reduction is likely due to excessive water leading to 
increased porosity upon evaporation and weakening of matrix bonds. 
These results confirm that water addition beyond the optimum disrupts 
the positive interaction observed earlier, showing that durability and 
performance are governed by a delicate balance between water content 
and binder chemistry. This trend is consistent with earlier findings on 
cementitious and lignocellulosic composites, where controlling the 
water-to-solid ratio below a critical threshold has been shown to 
enhance mechanical performance by improving hydration, reducing 
capillary porosity, and promoting matrix densification (Badalyan et al., 
2024).

Overall, Fig. 5 clearly show that a W/B ratio of 0.5 delivered the best 
mechanical performance, yielding a compressive strength of 7.2 MPa 
and an elastic modulus of 6.01 GPa, while density remained stable at 
approximately 1.395 g cm− 3, ensuring optimal compaction and minimal 
porosity. By framing W/B not only as a single variable but as an inter
active factor with binder composition and curing conditions, the study 
demonstrates that maximum performance is achieved when water 
content, pozzolanic reactivity, and carbonation curing are jointly 
optimized.

These results confirm the importance of optimizing the water-to- 
solids ratio alongside the design of an optimal mixture incorporating 
mineral alternatives to OPC (Shale ash and slag) and sustainable bio- 
based materials such as wood sawdust. Precise adjustment of W/B not 
only enables maximum strength and stiffness but also prevents excessive 
water content and its negative effects on microstructure and durability.

3.4. Effect of curing conditions

Following the optimization of the bio-composites composed of 50% 
Shale ash, 30% OPC, 20% slag, and a W/B ratio of 0.5 identified in 
previous stages, this section investigates the effect of different carbon
ation curing regimes on mechanical properties and density. In this 
experiment, the control sample was subjected to standard ambient 
curing with no carbonation, while other samples were exposed to CO2 
curing under three distinct scenarios: (a) immediate carbonation after 
casting (0-day delay), (b) carbonation after a 1-day delay, and (c) 
carbonation after a 2-day delay. Each scenario included curing durations 
of either 1 or 2 days in a CO2 environment, allowing evaluation of both 
the carbonation delay and carbonation period. By structuring the curing 
protocol in this way, the study was able to capture how curing condi
tions interact with the previously optimized binder formulation and 
water content, rather than treating carbonation as an isolated variable.

Carbonation is a process in which carbon dioxide (CO2) reacts with 
calcium hydroxide present in cementitious materials to form calcium 
carbonate (CaCO3). This reaction reduces the pH of the matrix and can 
increase surface density, thereby enhancing surface strength to some 
extent (Qian et al., 2023). As such, the timing of carbonation onset and 
the duration of exposure are expected to play a critical role in micro
structural development and mechanical performance.

As evident from Fig. 6, the control sample exhibited a compressive 
strength of 7.2 MPa and a density of 1.395 g cm− 3. In group (a), where 
carbonation was applied immediately after casting, compressive 
strength significantly decreased to 6 MPa for 1 day and 5.9 MPa for 2 
days of carbonation (reductions of approximately 16.7% and 18.1% 

Fig. 5. Effect of water-to-binder ratio (W/B) on compressive strength, elastic 
modulus, and density of optimized wood sawdust-based bio-composites con
taining 50% shale ash, 30% OPC, and 20% slag.
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relative to control). Densities in this group also showed slight decreases 
to 1.393 and 1.3925 g cm− 3, respectively. This illustrates that premature 
carbonation disrupts the positive interaction between OPC hydration 
and the pozzolanic reactions of shale ash and slag, leaving the matrix 
underdeveloped. This deterioration can be attributed to insufficient time 
for the development of hydration products prior to carbonation; in other 
words, early carbonation impeded the formation of critical C-S-H and C- 
A-S-H phases, resulting in a less dense matrix and reduced mechanical 
performance.

In group (b), where carbonation was delayed for 1 day before 
exposure to CO2, compressive strength reached 7.2 MPa after 1 day and 
increased slightly to 7.34 MPa after 2 days of carbonation, while den
sities were 1.3955 and 1.423 g cm− 3, respectively. These results indicate 
that mechanical performance was fully maintained compared to the 
control and even slightly improved (2% increase in both strength and 
density after 2 days of carbonation). This suggests a synergistic effect, 
where sufficient hydration during the first 24 h enabled better utiliza
tion of reactive slag and shale ash phases once carbonation commenced. 
Also, This suggests that an initial 1-day delay under moist curing con
ditions allowed sufficient development of hydration products, and sub
sequent carbonation promoted the formation of calcite, leading to 
additional matrix densification (Fei et al., 2024).

The highest performance was observed in group (c), with a 2-day 
delay before carbonation: compressive strength reached 7.44 MPa 
after 1 day and 7.58 MPa after 2 days of carbonation (increases of 3.3% 
and 5.3% relative to the control, respectively). Densities increased 
notably to 1.4415 and 1.47 g cm− 3, representing approximately 5.4% 
higher density after 2 days of carbonation compared to the control. 
Here, the curing regime maximized the interaction between hydration- 
driven C-S-H formation and subsequent carbonation-induced calcite 
precipitation, producing a denser matrix than either mechanism could 
achieve alone. These results indicate that a 2-day delay before carbon
ation provided optimal conditions for completing early hydration re
actions, followed by a beneficial carbonation process where CO2 reacted 
with calcium hydroxide in the matrix to form calcium carbonate, further 
densifying the microstructure and enhancing both strength and density. 
Similar acceleration effects have been reported by Ren et al. (2024) in 
high-temperature carbonation regimes for basic oxygen furnace slag 
aggregates, where rapid calcite formation and pore refinement resulted 
in strength gains analogous to those observed in the current study.

To eliminate the influence of background carbonation, all specimens 
were sealed immediately after casting and stored under controlled hu
midity until the start of CO2 exposure. A parallel set of control samples 
was cured under identical temperature and humidity conditions without 
CO2 injection. The negligible mass change in the control specimens 

(<0.05%) was subtracted from the measured mass gain of carbonated 
samples to isolate the net CO2 uptake attributable solely to the accel
erated carbonation process.

These findings are consistent with previous studies emphasizing the 
importance of timing in carbonation curing (Silva et al.) and confirm 
that premature carbonation, especially immediately after casting can act 
detrimentally by preventing sufficient hydration. In contrast, a suitable 
delay before carbonation ensures that hydration products mature 
adequately, preparing the matrix to benefit from carbonation, which 
leads to enhanced densification, durability, and mechanical 
performance.

As evident from Fig. 6, the highest mechanical performance and 
densification occurred in group (c) with a 2-day delay followed by 2 
days of carbonation curing, representing the optimal curing condition 
for this bio-composite formulation. Beyond technical performance, these 
results also highlight the potential for carbonation curing as a strategy to 
simultaneously enhance environmental sustainability by sequestering 
CO2 while reducing OPC consumption. The recorded mass gain during 
the carbonation process ranged between 1.79% and 5.71% of the initial 
dry mass, corresponding to an estimated CO2 uptake of approximately 
9.1-29.0 g CO2 per 1 kg of composite. Although detailed thermogravi
metric quantification was not the main focus of this study (since the 
biocomposite contains wood sawdust, the combustion temperature of 
which may coincide with the decomposition temperature of other 
minerals, such as calcium hydroxide), these measurements confirm that 
the observed strength and densification improvements are accompanied 
by verifiable CO2 sequestration within the matrix.

Overall, these results underscore the significance of coordinating 
carbonation delay time and carbonation duration in the development of 
cementitious-wood bio-composites with superior mechanical properties 
and durability, offering guidance for the design of curing protocols for 
this class of sustainable construction materials. By framing curing not as 
an isolated process but as an interactive parameter with binder chem
istry and mix design, the study demonstrates how optimization across 
variables can unlock synergistic gains in strength, density, and 
sustainability.

It is important to emphasize that although the maximum compres
sive strength (7.2 MPa) is significantly lower than that of conventional 
structural concretes, the developed bio-based composite is not intended 
for load-bearing applications. Instead, it is targeted for non-load-bearing 
functions such as eco-blocks, insulating panels, partition walls, and 
other low-strength construction elements where sustainability, light
weight, and carbon uptake are prioritized over structural strength.

3.5. SEM and morphology

In this section, detailed microstructural analysis was conducted to 
compare the interfacial quality, matrix integrity, pore structure, crack 
formation, and particle agglomeration in bio-composites fabricated with 
100% OPC and 100% Lime as binders under ambient curing conditions. 
The primary objective was to investigate how binder type influences the 
morphology and interaction at the matrix-sawdust interface, which 
directly governs the mechanical performance and durability of these 
composites. By examining SEM images at multiple magnifications, key 
differences in densification, uniformity, and interfacial bonding were 
evaluated to explain the macroscopic mechanical behavior observed in 
previous tests.

As evident from the images of Fig. 7, the OPC-based composite shows 
a relatively more homogeneous and dense matrix, with fewer cracks and 
smaller, more evenly distributed pores. This densification is directly 
associated with the depletion of portlandite and the concurrent precip
itation of calcite and C-S-H/C-A-S-H phases during hydration and partial 
carbonation, which together refine pore networks and enhance local 
stiffness. Particle agglomerations are minimal, and the matrix appears to 
form an effective contact around the sawdust particles, indicating better 
adhesion at the interface. This can be attributed to the greater 

Fig. 6. Compressive strength and bulk density of bio-composite specimens 
subjected to 1-day and 2-day carbonation curing after different delay intervals: 
(a) immediate carbonation (0-day delay), (b) 1-day delay, and (c) 2-day delay.
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production of C-S-H phases, which effectively fill the voids between 
sawdust and the cementitious matrix. Such adhesion is consistent with 
the 2.80 MPa compressive strength and 3.70 GPa modulus previously 
reported for the OPC-sawdust system, where the microstructure con
firms that hydration-derived C-S-H phases efficiently fill interfacial 
voids and chemically rebalance Ca/Si/Al ratios toward a denser 
framework (Ekinci et al., 2020).

In contrast, the Lime-based specimens display a significantly more 
porous and heterogeneous microstructure, with a higher density of 
cracks and visible particle agglomerations distributed irregularly 
throughout the matrix. The matrix itself appears less cohesive, and the 
interface between the lime matrix and sawdust is poorly bonded, with 
discernible gaps surrounding the sawdust particles. This morphology 
reflects the limited reactivity of lime, where slow carbonation produces 
calcite but without sufficient C-S-H/C-A-S-H binding phases to integrate 
the organic filler. As a result, the structure remains mechanically weak, 
consistent with the much lower strength (0.8 MPa) and modulus 
(1.1 GPa) measured for lime-based composites.

Moreover, while the distribution of sawdust appears uniformly 
dispersed in both specimens, the lime-based systems exhibit broader 
microcracks and interfacial gaps that act as preferential ingress path
ways, undermining durability by facilitating moisture transport and 
carbonation-induced embrittlement (Asheghi Mehmandari et al., 
2024b). In contrast, the OPC systems show a more refined pore struc
ture, where densification and adhesion synergistically constrain crack 
propagation, aligning with the higher measured stiffness and compres
sive resistance.

These microstructural findings directly correlate with the macro
scopic mechanical performance results and confirm that the use of OPC 
as a binder in wood sawdust composites not only enhances compressive 
strength and stiffness but also leads to a denser, more uniform matrix 
with improved interfacial adhesion. In particular, the clear linkage be
tween portlandite consumption, calcite/C-S-H co-formation, and Ca/Si/ 
Al rebalancing explains why OPC-based systems achieve superior 
carbonation efficiency while maintaining mechanical integrity. Careful 
observation of Fig. 7 further shows that lime-based specimens exhibit 

higher effective porosity, which could promote greater water absorp
tion, reduce long-term durability, and compromise mechanical 
integrity.

Overall, the SEM analysis underscores that binder selection dictates 
not only bulk mechanical properties but also the chemical pathways of 
hydration and carbonation that govern long-term durability. The supe
rior performance of OPC-based composites can thus be traced to a 
mechanistic interplay of portlandite depletion, calcite–C-S-H/C-A-S-H 
co-formation, and densification-driven adhesion, which together enable 
higher strength, stiffness, and durability than lime-based counterparts 
(Mehmandari et al., 2025).

3.6. XRD/XRF

The combined XRD and XRF analyses provide a holistic view of how 
raw material chemistry and phase composition control the performance 
and durability of the studied bio-composites. As evident from the 
diffraction patterns of Fig. 8, OPC displays sharp and well-defined re
flections corresponding to reactive hydraulic phases such as larnite 
(32.6◦), portlandite (34.1◦), and minor periclase (42.9◦), reflecting its 
inherent capability to hydrate and form a dense, cementitious matrix. 
Lime shows a dominant portlandite peak, consistent with its high CaO 
content (70 wt% from XRF), but lacks significant silicate phases, thereby 
constraining the formation of C-S-H and C-A-S-H gels and explaining its 
inferior mechanical performance (compressive strength 0.80 MPa, 
elastic modulus 1.1 GPa) when used alone with sawdust.

In contrast, Shale ash and slag show broad, attenuated diffraction 
patterns, typical of partially amorphous materials, but contain crystal
line quartz, mullite, and minor aluminosilicate phases, reflecting their 
pozzolanic potential. Sawdust, unsurprisingly, presents a diffuse pattern 
dominated by cellulose with low crystallinity. When integrated into 
composites, however, the amorphous content of Shale ash and slag 
provides reactive Si and Al sources that directly engage with Ca released 
from OPC hydration, enabling the secondary formation of C-S-H and C- 
A-S-H gels while also accelerating portlandite depletion. The enhanced 
strength observed with shale ash inclusion in this study may also be 

Fig. 7. SEM images of wood sawdust bio-composites prepared with 100% OPC (top row) and 100% Lime (bottom row) binders under ambient curing, highlighting 
differences in microstructural integrity, pore and crack distribution, particle agglomeration, and interfacial bonding with sawdust.
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partially attributed to the formation of calcium carbonate through 
carbonation reactions.

In the fabricated bio-composites, the 100%-OPC system retains 
strong portlandite and larnite peaks, demonstrating significant hydra
tion and the persistence of unreacted clinker contributing to long-term 
strength. The 100%-Lime composite exhibits portlandite as the domi
nant crystalline phase but with little evidence of additional hydration 
products, a phase assemblage that correlates directly with its poor ma
trix development, higher porosity, and weak mechanical response.

The introduction of 50% Shale ash and 20% slag into the mixes in
duces clear changes in phase composition: portlandite peaks diminish 
while calcite (29.4◦) and quartz intensities increase, signifying both 
progressive pozzolanic reaction and carbonation-induced reprecipita
tion of Ca as stable carbonates. The carbonized composite shows the 
most profound transformation, with portlandite peaks almost entirely 
absent and calcite peaks dominating the pattern, a hallmark of extensive 
carbonation and chemical rebalancing of Ca/Si/Al ratios that underpin 
microstructural densification. This phase evolution is directly correlated 
with mechanical properties: the carbonized specimen achieves the 
highest compressive strength (7.20 MPa), highest elastic modulus 
(6.01 GPa), and near-optimal density (1.395 g cm− 3), suggesting that 
the concurrent portlandite consumption, partial formation of C-S-H/C- 
A-S-H phases, and localized calcite precipitation likely contribute to the 
observed stiffness and load-bearing efficiency, rather than definitively 
confirming complete crystallographic transformation.

Complementing these phase-based observations, the XRF data reveal 
the chemical evolution underpinning this phase assemblage (Table 2). 
OPC, rich in CaO (63 wt%) and moderate in SiO2 (21 wt%), provides the 
essential Ca source for hydration reactions. Lime, with even higher CaO 
content (70 wt%) but low SiO2 (2 wt%), has limited capacity for forming 
C-S-H phases without external silicate sources, explaining its poor 

performance and greater porosity as observed in SEM images. In 
contrast, Shale ash and slag offer high SiO2 (50 wt% and 25 wt%, 
respectively) and significant Al2O3 (20 and 5 wt%, respectively), 
thereby enabling effective Ca/Si/Al rebalancing when blended with 
CaO-rich binders, as also evidenced by XRD-detected portlandite 
depletion.

As shown in Tables 2 and in the resulting composites, the optimized 
mixes (50% Shale ash and 20% slag) show markedly increased SiO2 
contents (35.04 wt% and 32.03 wt%, respectively) compared to 29.7 wt 
% for 100%-OPC and 24.98 wt% for 100%-Lime, while CaO content 
decreases correspondingly to 30.03 wt% and 25.03 wt%, respectively. 
This downward shift in CaO together with a proportional rise in SiO2 
quantifies the engineered Ca/Si reduction, which not only drives the 
preferential formation of C-S-H/C-A-S-H gels but also optimizes 
carbonation efficiency by moderating the availability of free portlandite.

Moreover, the carbonized composite exhibits a SiO2 content of 30 wt 
% and reduced CaO (28 wt%), mirroring the XRD observation of por
tlandite depletion and calcite enrichment, and highlighting that Ca is 
efficiently immobilized as CaCO3 while Al- and Si-rich gels densify the 
microstructure. The enhanced Fe2O3 and Al2O3 contents in these mixes 
(up to 4.2 wt% Fe2O3 and 7 wt% Al2O3 in the carbonized composite) 
suggest that C-A-S-H phases are significant co-products, conferring 
chemical stability and resistance against leaching-induced durability 
loss.

Loss on ignition (LOI) data further enrich this interpretation. The 
very high LOI for sawdust (93.86%) reflects its organic nature, while the 
fabricated composites display LOI values between 16.78% (100%-Lime) 
and 26.03% (20%-slag composite), increasing to 25.2% in the carbon
ized specimen. The elevated LOI in carbonized and slag-rich composites 
is diagnostic of enhanced CO2 sequestration, confirming that carbon
ation is not only a mechanical-strengthening mechanism but also a 

Fig. 8. XRD spectra of raw materlas and bio-composite samples.

Table 2 
Chemical characterization of raw materlas and bio-composite samples (wt.%).

Raw materials Bio-composite

Oxide OPC Lime SAa Slag Sawdust 100%OPC 100%Lime 50%SA 20%Slag Carbonized
SiO2 21 2 50 25 1.49 29.7 24.98 35.04 32.03 30
Al2O3 5.5 1 20 5 0.5 7.92 4 8.01 7.51 7
Fe2O3 3.5 0.5 8 20 0.3 2.48 1.2 2.5 4 4.2
CaO 63 70 10 35 1.98 34.65 49.95 30.03 25.03 28
MgO 2 3 3 8 0.79 0.99 1.5 2.5 3 3.2
Na2O 0.3 0.2 1 0.3 0.2 0.79 0.4 0.6 0.5 0.5
K2O 0.6 0.3 2 0.4 0.5 1.19 0.8 1.2 1 1
TiO2 0.2 0.1 1 0.5 0.1 0.4 0.1 0.3 0.4 0.4
P2O5 0.1 0.05 0.5 0.8 0.2 0.2 0.2 0.2 0.3 0.3
MnO 0.05 0.05 0.3 2 0.1 - 0.1 0.1 0.2 0.2
LOIb 3.75 22.8 4.2 3 93.86 19.7 16.78 19.52 26.03 25.2

a Shale ash.
b Loss on ignition.
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carbon sink, aligning environmental and structural performance.
In summary, this integrated XRD–XRF analysis demonstrates that 

superior mechanical performance (compressive strength up to 
7.20 MPa, elastic modulus up to 6.01 GPa, and density near 
1.395 g cm− 3) is achieved only when chemical composition, phase 
evolution, and curing strategy converge to deplete portlandite, reba
lance Ca/Si/Al ratios, and co-generate calcite with C-S-H/C-A-S-H. OPC- 
based systems offer high reactivity but rely excessively on CaO; Lime- 
based systems suffer from intrinsic chemical limitations. The synergy 
of pozzolanic additions (Shale ash, slag) with carbonation curing yields 
a chemically and mechanically optimized composite: densified, 
carbonate-rich, and structurally resilient. It should be noted that while 
the XRD and XRF data indicate phase evolution consistent with 
carbonation and pozzolanic reactions, additional high-resolution tech
niques such as XPS would be required to fully confirm specific crystal
lographic pathways.

3.7. FTIR

The objective of this section is to interpret the FTIR spectrum (Fig. 9) 
of five formulations of pure OPC, pure lime, 50% shale ash (SA), 20% 
slag, and the carbonated composite in order to elucidate how pozzolanic 
substitution and accelerated carbonation restructure the balance of hy
drated and carbonated phases, as well as the lignocellulosic-mineral 
interactions that lead to a denser and more chemically stable micro
structure. These transformations are quantitatively captured through 
the relative peak intensities and areas (in the range of 460-3500 cm− 1) 
and by the systematic shift of Si–O–T bands toward lower wavenumbers.

The spectrum of pure OPC is characterized by a broad Si-O-T band 
centered near 1030 cm− 1, assigned to short-range ordered C-S-H, and a 
distinct CH peak at 670 cm− 1. The relative area of CH in this sample is 
approximately 8 to 12 percent, while the carbonate doublet of calcite at 
875 and 1420 cm− 1 represents nearly 15 percent, indicating the 
occurrence of moderate atmospheric carbonation after 28 days. The 
wide O-H stretching envelope at 3400 cm− 1 and the dual C-H absorp
tions at 2850 and 2920 cm− 1 confirm the coexistence of hydrogen- 
bonded C-S-H and adsorbed water, along with retained lignocellulosic 
moieties. Overall, around 55% of the total integrated absorbance cor
responds to inorganic phases (C-S-H, CH, and calcite) in this 
composition.

In the case of pure lime, the spectrum is dominated by carbonate 
signatures. The carbonate band at 1420 cm− 1 becomes sharper and more 

intense (about 25 to 30% of the total absorbance), while the carbonate 
band at 875 cm− 1 accounts for around 15 percent, both confirming the 
presence of well-crystallized calcite. Meanwhile, the residual CH signal 
at 670 cm− 1, around 10 percent, indicates incomplete diffusion-limited 
carbonation. The absorbance ratio A1420/A3400 ranges between 0.7 
and 0.8, a characteristic index of advanced carbonation that exceeds 
typical lime-based mortars of similar age. The organic fraction remains 
evident through C-O at 1030 cm− 1, C-O-C at 1160 cm− 1, and C=O near 
1730 cm− 1, contributing about 40% of the total intensity and demon
strating partial preservation of polysaccharidic and ligninic structures 
under moderated alkalinity.

When 50% shale ash is introduced, the reaction pathway shifts from 
a hydration–carbonation mechanism to a pozzolanic–carbonation 
mechanism. The Si-O-T band shifts to 970 cm− 1, indicating a lower Ca/ 
Si ratio and Al incorporation into the silicate network, with a relative 
contribution of about 25 percent. The CH peak at 670 cm− 1 decreases to 
approximately 5 percent, confirming the pozzolanic consumption of 
portlandite within 28 days. The carbonate doublet at 875 and 
1420 cm− 1 maintains an intensity of roughly 15 percent, while the 
A1420/A970 ratio of about 0.45 suggests that calcite acts as a bridging 
phase between fibers and the gel without inducing destructive decalci
fication. The organic absorptions remain pronounced, with C-O-C near 
1160 cm− 1 (around 9 percent) and C=O at 1730 cm− 1 (around 6 
percent), pointing to chelation-type interactions between Ca2+ and 
polysaccharide ligands, which contribute to a flexible interfacial zone 
that limits crack propagation.

The formulation containing 20% slag exhibits a more polymerized C- 
(A)-S-H structure, with the Si–O–T band centered near 980 cm− 1 (about 
28% area) and an asymmetric tail reflecting enrichment in Al tetrahedra 
and a denser silicate network. The CH peak at 670 cm− 1 represents 
approximately 6% (a reduction of 50% compared to OPC), while the 
carbonate doublet accounts for a total of about 18 percent. The sulfate 
signature (near 1100 cm− 1) is weak or absent, consistent with the low 
sulfur content of the shale and controlled SO3 levels, reducing the risk of 
delayed ettringite formation. The organic component remains close to 
38% (C-O-C at 1160 cm− 1 about 10% and C=O at 1730 cm− 1 about 7 
percent), enhancing fiber–matrix compatibility through strengthened 
hydrogen bonding and chelation.

The carbonated sample presents a markedly distinct pattern. The 
combined intensity of the carbonate bands at 1420 and 875 cm− 1 rises to 
nearly 46 percent, with narrower and more symmetric profiles indica
tive of homogeneous and epitaxial calcite growth. Portlandite is almost 
completely eliminated, as the CH band at 670 cm− 1 drops below 3 
percent, a reduction of approximately 80% relative to the non- 
carbonated systems. The Si-O-T band around 970 cm− 1 (about 22 
percent) reflects low Ca/Si, Al-substituted gels that are chemically stable 
under carbonation. The decrease in O-H band intensity at 3400 cm− 1 (to 
about 25 percent) compared with non-carbonated composites corre
sponds to the loss of hydrated CH/AFt species and their replacement by 
cellulose-derived diols. The spectrum shows a balance of approximately 
62% inorganic phases (mainly calcite and C-(A)-S-H) and 38% organic 
matter, implying that the two-day CO2 curing not only removes por
tlandite but also promotes intrapore calcite precipitation that reduces 
effective porosity by about 20 to 30% and enhances stress transfer along 
interfaces. Recent research has shown comparable structural responses 
(Yang et al., 2025; Wu et al., 2025b).

Comparative evaluation of the spectral features illustrated in Fig. 9
highlights several quantitative trends with direct performance implica
tions. (i) The portlandite consumption index, based on the relative area 
of the 670 cm− 1 band, decreases from 10 ± 2% in OPC and lime systems 
to about 5-6% in SA and slag composites, and below 3% in carbonated 
specimen, corresponding respectively to hydration-dominant, pozzo
lanic-dominant, and carbonation-dominant regimes. (ii) The total car
bonate index (ΣA875 + 1420) increases progressively: about 15% for 
OPC, around 18% for the slag composite, approximately 15% for SA, 25- 
30% for lime, and up to 46% for corbonated. This pattern underscores 

Fig. 9. FTIR spectra of OPC, lime, SA, slag, and carbonated composites showing 
portlandite reduction, Si-O-T band shift toward lower wavenumbers, and 
intensified carbonate peaks, confirming progressive pozzolanic and carbonation 
reactions leading to a denser matrix.
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the templating role of lignocellulose and internal moisture in acceler
ating calcite nucleation. (iii) The Si-O-T shift from 1030 cm− 1 in OPC to 
980-970 cm− 1 in the pozzolanic and carbonated systems indicates the 
formation of low-Ca/Si, Al-enriched C-(A)-S-H gels associated with 
higher polymerization and improved resistance to decalcification. These 
spectral trends are consistent with previous studies reporting the 
reduction of CH, bathochromic shift of Si-O-T bands in reactive ash 
systems, and pronounced calcite peaks in carbonated cementitious 
matrices (Li et al., 2024).

From an organic-phase perspective, the persistent absorptions at 
1730 cm− 1 (C=O, 5-7 percent) and 1160 cm− 1 (C-O-C, 8-12 percent) 
across all formulations, particularly well-preserved in pozzolanic and 
carbonated systems indicate the maintenance of polysaccharidic back
bones. This preservation is crucial for controlling moisture-induced 
dimensional changes and for improving interfacial fracture energy. 
The overlap of the δ(H2O) band at 1640 cm− 1 with lignin aromatic vi
brations confirms the higher effective water absorption in OPC and lime 
systems and its relative reduction in carbonated specimen, implying 
lower moisture-related cracking potential and improved interfacial 
stiffness in the carbonated composite. The FTIR-derived findings 
correspond closely with the mechanical and morphological data of the 
study, defining the causal pathway of portlandite reduction, low-Ca/Si 
C-(A)-S-H development, and calcite bridging as the key mechanism 
behind network densification and enhanced durability.

Overall, the FTIR spectrum (Fig. 9) demonstrates that (1) incorpo
ration of shale ash or slag consumes CH and generates low-Ca/Si, Al- 
substituted C-(A)-S-H gels (shift from 1030 to 970-980 cm− 1), improving 
network connectivity and chemical stability; (2) lime undergoes 
advanced calcite formation within 28 days while retaining residual CH; 
and (3) accelerated carbonation yields nearly 46% carbonate content 
and eliminates about 80% of CH while maintaining 35-38% organic 
fraction. This dual enhancement of mineral densification and moisture 
moderation in carbonated specimen aligns with the mechanical and 
microstructural results and provides a strong foundation for developing 
durability models and FTIR-based quality indicators for industrial-scale 
applications.

3.8. XPS

The XPS results provide critical insight into the surface chemistry 
and phase evolution of the bio-composites studied, enabling a deeper 
understanding of their performance mechanisms in relation to binder 
type, supplementary materials, and curing conditions. As evident from 
the spectra of Fig. 10, all samples exhibit hybrid surfaces, reflecting a 
combination of organic signatures from the sawdust content and inor
ganic phases originating from OPC, lime, slag, and shale ash.

In the 100%-OPC composite, the C 1s peak at 284.8 eV (C-C/C-H 
bonds) dominates the spectrum due to the sawdust contribution but is 
accompanied by significant inorganic signals. The O 1s region shows a 
prominent Si-O peak at 531.5 eV (36% relative area) and Ca-O at 
529.5 eV, indicating extensive C-S-H development and confirming that 
hydration reactions effectively cover the organic filler surface. The Si 2p 
peaks at 101.5 eV further confirm C-S-H dominance with minor quartz 
impurities. The Ca 2p doublet reinforces the presence of hydrated cal
cium phases, while a detectable peak at 289.5 eV (CO3

2− ) suggests 
incipient surface carbonation accompanying portlandite depletion. This 
surface chemistry explains the measured strength (2.80 MPa) and 
modulus (3.7 GPa): the C-S-H phases both densify the matrix and 
chemically rebalance Ca/Si ratios, enabling stronger adhesion and 
higher stiffness relative to lime.

In stark contrast, the 100%-Lime composite exhibits a different 
surface chemistry. The dominant C 1s peaks indicate an even stronger 
organic surface character (32.8% relative area), reflecting incomplete 
coverage by lime hydration products. The O 1s region lacks a strong Si-O 
peak and is dominated by Ca-O bonds (portlandite and calcite), 
consistent with the XRD evidence for limited C-S-H formation. A 

significant carbonate signal (C 1s at 289.5 eV) confirms substantial 
carbonation of lime under ambient curing. This chemistry corresponds 
directly to the poor mechanical outcomes (0.80 MPa, 1.10 GPa, 
0.934 g cm− 3): without effective C-S-H or C-A-S-H, the matrix depends 
almost entirely on calcite infilling, leading to weak densification and 
fragile adhesion.

The composite containing 50% Shale ash reveals a more complex 
surface chemistry. The XPS spectrum shows strong contributions from 
both silicate and aluminosilicate phases: prominent Si-O peaks at 
531.5 eV (34.8% relative area), a clear Si 2p peak at 101.5 eV (C-S-H/ 
Mullite), and a small Al 2p peak at 74.5 eV, confirming mullite from the 
shale ash. The Ca 2p doublet reflects a substantial presence of calcium 
phases, suggesting simultaneous hydration–pozzolanic reactions where 
portlandite is consumed to yield additional C-S-H and C-A-S-H gels. The 
C 1s region remains significant (25%), consistent with the hybrid 
organic–inorganic nature of the material. This balance of phases ex
plains the 4.90 MPa strength: the silicate/aluminosilicate contribution 
enhances densification and adhesion compared to OPC-only systems, 
while partial carbonation introduces calcite that further strengthens 
interfaces.

The 20% slag composite further illustrates the importance of 
compositional balance. The XPS spectrum shows strong Si-O and Ca-O 
peaks but relatively lower C 1s contribution (15.3%), suggesting a 
denser, more continuous inorganic surface enriched by slag's reactive 
silicates and stabilized by Ca/Si/Al rebalancing. The presence of a 
moderate Fe 2p peak (0.3 a.u.) reflects trace iron oxide contributions 
from slag. This chemically optimized surface aligns with its best me
chanical response (7.20 MPa, 6.01 GPa, 1.395 g cm− 3), confirming that 
slag-driven pozzolanicity accelerates portlandite depletion and gener
ates a C-S-H/C-A-S-H–calcite assemblage that maximizes stiffness and 
durability.

In the carbonized composite, subjected to accelerated carbonation, 
the XPS data show a clear shift towards a calcite-dominated surface: the 
CO3

2− peak at 289.5 eV is significantly intensified, while Ca-O at 
529.5 eV and Ca 2p at 347.0 eV remain prominent. The Si-O peaks 
persist, indicating retained C-S-H from initial hydration, but the reduced 
H2O/OH− signal at 532.5 eV suggests near-complete portlandite 
depletion. The surface chemical environment indicates a matrix densi
fied through calcite deposition while supported by residual C-S-H and C- 
A-S-H phases, which likely contribute to improved surface durability 
and mechanical integrity (7.20 MPa, 6.01 GPa, 1.395 g cm− 3). These 

Fig. 10. XPS survey spectra of the bio-composites fabricated with different 
binder compositions.
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data suggest that carbonation curing enhances densification and adhe
sion, although further diffraction or thermal analysis would be necessary 
to confirm specific crystallographic modifications. The data confirm that 
carbonation curing enhances densification and adhesion, but the asso
ciated drop in alkalinity raises long-term durability concerns, particu
larly regarding chemical resistance.

Collectively, these XPS results in Fig. 10 highlight the strong corre
lation between surface chemistry, binder type, and curing history on 
composite performance. The hybrid organic-inorganic nature of these 
materials is consistently reflected in dominant C 1s peaks due to 
sawdust, but the relative contributions of Ca-O, Si-O, and CO3

2− vary 
systematically, explaining differences in mechanical strength, elastic 
modulus, and density across formulations.

Having established the overall spectroscopic signatures of the 

composites through XPS survey spectra, it is essential to delve deeper 
into the elemental composition revealed by high-resolution XPS anal
ysis. This complementary data sheds light on the specific contributions 
of key elements such as Ca, Si, Al, and C, and their relationship with the 
observed phase evolution, mechanical performance, and durability. The 
XPS elemental analysis of Fig. 11 provides a detailed understanding of 
the surface chemical environments across all studied bio-composite 
formulations, elucidating the complex interplay between organic 
sawdust, inorganic binder phases, supplementary materials, and 
carbonation processes. As evident from the XPS elemental profiles of 
Fig. 11, all specimens exhibit a hybrid surface chemistry where carbon 
from sawdust dominates the C 1s signal (sawdust content), but signifi
cant variations in inorganic element distribution clearly reflect binder 
type, pozzolanic reactivity, and curing history.

Fig. 11. Elemental composition profiles derived from XPS analysis for bio-composites prepared with different binder formulations, illustrating variations in surface 
concentrations of C 1s, O 1s, Ca 2p, Si 2p, and Al 2p as a function of binder chemistry, pozzolanic reactivity, and carbonation curing.
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The 100%-OPC composite shows a characteristic surface rich in 
calcium (Ca 2p at 347 eV) and silicon (Si 2p at 101.7 eV), consistent with 
a matrix dominated by calcium-silicate-hydrate (C-S-H) phases. The 
simultaneous detection of carbonate (C 1s at 289.5 eV, 3500 a.u.) 
alongside persistent Si 2p signals demonstrates that hydration-driven C- 
S-H gel formation coexists with partial portlandite carbonation, yielding 
a chemically hybrid surface where densification originates from both gel 
binding and localized calcite precipitation. This composition correlates 
with the superior mechanical performance of this mix (compressive 
strength 2.80 MPa, elastic modulus 3.7 GPa, density 1.384 g cm− 3) 
observed earlier.

In stark contrast, the 100%-Lime composite exhibits a surface 
dominated by Ca 2p peaks corresponding primarily to portlandite 
(64.7% of Ca 2p area) and extensive carbonate formation (35.3% of Ca 
2p area), indicative of a carbonation-prone, weakly reactive matrix. The 
negligible Si 2p contribution confirms the absence of significant C-S-H 
gel, explaining the open pore network, low adhesion to sawdust, and 
measured weakness (0.80 MPa compressive strength, 1.10 GPa 
modulus). The Si detected at 103.0 eV can be attributed mainly to quartz 
impurities from sawdust rather than binder chemistry, reinforcing that 
lime lacks the chemical framework for durable matrix formation.

The incorporation of 50% Shale ash fundamentally alters the surface 
chemistry. Elevated Si 2p (101.8 eV) and Al 2p (74.4 eV) intensities 
confirm active participation of ash-derived silicates and aluminates in 
secondary gel formation, while the Ca 2p spectrum partitions between 
C-S-H (68.2%) and calcite (31.8%). This balance indicates effective 
consumption of Ca(OH)2 and its conversion into structurally binding 
gels and carbonates. The corresponding mechanical gain (4.90 MPa 
strength) reflects this dual mechanism: pozzolanic rebalancing of Ca/Si/ 
Al ratios and simultaneous surface densification through calcite 
deposition.

The 20%-Slag composite exhibits one of the most chemically opti
mized surfaces. Here, strong Si 2p and Ca 2p signals correspond to a 
dense C-S-H-rich matrix, while the reduced C 1s relative area (15%) 
reveals that slag promotes intimate mineral-wood adhesion by limiting 
organic surface coverage. The detection of Fe 2p contributions further 
confirms slag's chemical complexity, with iron oxides providing addi
tional nucleation sites for gel growth. This configuration directly un
derpins the highest mechanical outcomes (7.2 MPa compressive 
strength, 6.01 GPa modulus, density 1.395 g cm− 3), illustrating that 
slag-driven pozzolanic activity accelerates portlandite depletion and 
enhances matrix densification beyond OPC alone.

The carbonized composite presents a distinct chemical fingerprint, 
shaped by its carbonation-focused curing regime (2 days CO2 curing). 
The intense C 1s carbonate peak (289.5 eV, 4200 a.u.) coupled with Ca 
2p dominated by calcite (39% area) demonstrates nearly complete 
portlandite consumption, while strong Si 2p and Al 2p signals confirm 
that C-S-H and C-A-S-H gels persist and coexist with newly precipitated 
calcite. The O 1s spectrum at 529.6 eV emphasizes carbonate bonding, 
while a diminished hydroxyl component at 532.0 eV evidences reduced 
free water. This elemental landscape aligns precisely with the excep
tional strength (7.20 MPa), stiffness (6.01 GPa), and densification 
(1.395 g cm− 3) measured, showing that carbonation not only sequesters 
CO2 but also creates a chemically and mechanically integrated 
microstructure.

As evident from Fig. 11, these trends emphasize a clear relationship 
between elemental surface composition and mechanical behavior. 
Composites enriched in Si and Al (slag- and ash-modified) generate 
chemically complex matrices with superior load-bearing efficiency due 
to Ca/Si/Al rebalancing, while lime-based systems remain deficient and 
reliant solely on carbonation. Furthermore, controlled carbonation not 
only densifies the surface through calcite deposition but also optimizes 
adhesion at the sawdust–matrix interface, explaining the reduced crack 
propagation observed in SEM, although the drop in alkalinity may 
require careful durability consideration under aggressive exposure.

In summary, the XPS analysis validates that OPC-rich and slag- 

modified systems achieve superior performance through synergistic 
hydration and pozzolanic pathways, lime systems underperform due to 
insufficient silicate participation, and carbonation curing yields excep
tional densification by depleting portlandite and co-generating calcite 
with residual C-S-H/C-A-S-H. These interfacial chemistries are most 
likely responsible for the enhanced mechanical performance, reflected 
by compressive strengths up to 7.20 MPa, elastic moduli up to 6.01 GPa, 
and densities approaching 1.395 g cm− 3. The results indicate a strong 
correlation between surface chemical evolution and macroscopic 
behavior, while acknowledging that a definitive causal linkage cannot 
be established without further crystallographic and microstructural 
validation.

Although this study primarily focused on mechanical, chemical, and 
microstructural optimization, the observed densification and formation 
of stable calcite-C-S-H phases indicate strong potential for improved 
durability against moisture variation, chemical attack, and microbial 
activity. The reduced porosity and continuous mineral framework are 
expected to minimize water transport and degradation risks. Future 
investigations will therefore extend this research toward systematic 
durability evaluation under wet-dry, freeze-thaw, and acid/alkaline 
exposure conditions to comprehensively assess long-term stability and 
service performance of the developed bio-composites.

3.9. Sustainability analysis

The goal of this LCA is to quantify and compare the environmental 
performance of the developed bio-based composite with conventional 
OPC-based materials, with a particular focus on greenhouse gas reduc
tion achieved through clinker substitution and accelerated carbonation 
curing. The assessment follows a cradle-to-gate system boundary 
(Modules A1–A3) in accordance with EN 15804 +A2, as schematically 
illustrated in Fig. 12, with a functional unit defined as 1 m3 of material 
for non-load-bearing construction applications. The decision context of 
this study is comparative and research-oriented, intended to support 
material design and early-stage decision-making rather than policy 
enforcement. The intended audience includes researchers, material de
velopers, and sustainability practitioners seeking low-carbon alterna
tives for construction materials.

To address the environmental and social challenges associated with 
OPC, this study evaluates a bio-composite derived from industrial resi
dues and biomass waste within an integrated sustainability framework. 
The assessment encompasses environmental and social dimensions, 
combining a multi-category life cycle assessment with complementary 
eco-cost analysis to capture the broader implications of environmental 
impacts. In parallel, a social evaluation examines aspects related to 
worker welfare, employment potential, and community benefits. This 
integrated perspective supports a comprehensive assessment of the 
proposed bio-composite as a viable and scalable alternative to conven
tional cement-based materials.

3.9.1. Environmental assessment
In this study, a novel bio-composite was designed as a functional 

replacement for OPC, with the aim of mitigating its extensive environ
mental burdens. The composite formulation, consisting of 50% shale 
ash, 30% OPC, 20% slag, and water was optimized for structural 
applicability and subsequently assessed through a LCA in accordance 
with ISO 14040:2006. Distinct from studies that restrict their scope to 
singular indicators such as carbon emissions or energy consumption, this 
work employs a comprehensive eco-cost methodology, normalized 
against OPC as a reference material, to capture a multi-dimensional 
environmental profile across twelve impact categories.

The results of the LCA reveal a marked reduction in environmental 
impacts for the bio-composite across nearly all categories. As illustrated 
in Fig. 13, the distribution of environmental burdens across major cat
egories clearly demonstrates a balanced and substantially lower impact 
profile for the bio-composite compared to OPC. In accordance with EN 
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15804 +A2, the climate change impact category reported in this study 
corresponds to GWP (100a), while primary energy use (renewable and 
non-renewable) and water use are also included as key indicators for 
evaluating the environmental performance of the investigated systems. 
In the climate change category, indicative of CO2-equivalent emissions, 
the bio-composite generates only 34.6% of OPC's impact, primarily due 
to the elimination of clinker which is a high-temperature, high-emission 
component from its formulation. Similar patterns emerge in acidifica
tion (37.9%), human toxicity (32.4%), and photochemical ozone for
mation (25.3%), highlighting the reduced emission of sulfur oxides, 
volatile organic compounds, and heavy metals from alternative raw 
materials. To further ensure methodological transparency, the net CO2 
uptake (about 0.42-0.55 % of specimen mass) was credited within the 
cradle-to-gate GWP category, following EN 15804 + A2 conventions and 
avoiding double counting.

Notably, the eutrophication potential which is sensitive to nitrogen 
and phosphorus emissions into aquatic environments drops to just 

20.05% of OPC's burden, underscoring the effectiveness of the com
posite in limiting nutrient-related water pollution. The bio-composite 
also records exceptional performance in ecotoxicity, where its impact 
falls to 4.88% of the OPC baseline, reflecting minimal disturbance to 
aquatic ecosystems. As seen in Fig. 13, this trend of impact reduction is 
not linear but exponential in categories highly sensitive to toxic emis
sions and heavy metal loadings, pushing the eco-costs toward near- 
minimal values.

An internal breakdown of the composite's constituents provides 
further insight. Although water dominates intra-composite contribution 
to the water use category (75%), the total eco-cost remains only 36.5% 
of that of OPC. Likewise, sawdust, representing 65% of intra-category 
land use results in a net land use impact of only 35.1% relative to 
OPC. These findings suggest that incorporating renewable bio-resources, 
even with apparent spatial or hydric demand, does not inherently 
translate to higher ecological cost. As visualized in Fig. 13, the interplay 
between sawdust's dominant role in land and water use and the reduc
tion of OPC in other categories yields an optimized environmental 
profile across dimensions.

In terms of non-renewable resource use, the bio-composite also de
livers a considerable advantage, contributing only 48.7% of OPC's 
impact. This aligns with broader literature on the benefits of reducing 
reliance on virgin raw materials in cementitious systems (Di Maria et al., 
2018). The exclusion of sand and clinker reduces the embodied energy 
and extraction-related impacts typically associated with conventional 
formulations.

Although individual constituents like water or sawdust may present 
higher relative shares within certain categories, the composite's absolute 
environmental cost remains consistently lower than that of OPC across 
all indicators. Unlike alternative systems such as geopolymers which 
may outperform OPC in carbon metrics but underperform in toxicity or 
resource depletion (Huang and Wang, 2024; Hanafi et al., 2025) the 
presented bio-composite establishes a multi-criteria equilibrium that 
enhances environmental sustainability without compromising 
functionality.

In conclusion, the results demonstrate that substituting OPC with a 

Fig. 12. Cradle-to-gate system boundary applied in the life cycle assessment of the developed bio-composite, covering raw material supply (A1), transport (A2), and 
manufacturing including accelerated carbonation curing (A3), in accordance with EN 15804 +A2.

Fig. 13. Impact categories of: left: bio-composite; Center: OPC mortar; Right: 
Comparative environmental and performance impact profile of both systems, 
highlighting key trade-offs and sustainability advantages.
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well-balanced mixture of industrial by-products and agricultural waste 
can reduce overall environmental costs by up to 65%, while achieving 
superior performance in nearly all life cycle impact categories. These 
findings advocate for the scalable development of regionally sourced, 
eco-aligned construction materials that meet engineering requirements 
while operating within ecological limits.

3.9.2. Eco-cost analysis
To enable a monetized interpretation of environmental performance 

beyond midpoint indicators, a detailed eco-cost analysis was performed. 
This endpoint-based method quantifies the marginal cost required to 
prevent environmental damage, expressed in €⋅m− 3, offering a robust 
basis for comparing material alternatives in terms of sustainability in
vestment. The assessment covered twelve impact categories, both in 
absolute terms and normalized against the total eco-cost of OPC, thereby 
facilitating insight into aggregate burdens as well as category-specific 
trade-offs.

The results confirm the substantial environmental advantage of the 
proposed bio-composite. As shown in Table 1, climate change impact 
decreased from 74.16 €⋅m− 3 for OPC to 25.68 €⋅m− 3 for the composite, 
representing a 65.4% reduction which is primarily due to the elimina
tion of clinker and reduced reliance on high-temperature processing. 
Similarly, human toxicity decreased by 67.8% (from 7.95 to 2.56 
€⋅m− 3), driven by the absence of heavy metals and pollutants typically 
associated with OPC manufacture. Substantial improvements are also 
observed in eutrophication (77.4% reduction) and acidification 
(61.9%), reflecting the low nitrate and sulfate emissions in the alter
native binder system. As visualized in Fig. 14a, this downward trend is 
consistent across nearly all impact categories, positioning the composite 
well below OPC in total eco-cost terms which is in line with literature 
(Sharma and Singh, 2023).

Particulate matter and ozone formation, which contribute signifi
cantly to air quality deterioration, were reduced by 43.5% and 74.8%, 
respectively. These gains stem from cleaner raw materials and a process 
chain devoid of fossil combustion phases. In ecotoxicity and ozone 
depletion categories often overlooked but highly consequential the bio- 
composite achieves 50.2% and 73.4% reductions. These results high
light the system's low leachability and reduced release of ozone- 
depleting precursors, positioning it favorably in long-term ecological 
safety frameworks. By examining Fig. 14, it becomes evident that the 
bio-composite not only lowers total burdens but also shifts impact dis
tribution away from irreversible endpoints such as toxicity and climate 
disruption.

Normalized analysis (Table 2) further reveals the proportional dis
tribution of impacts relative to OPC's total burden. In critical categories 
such as ecotoxicity and eutrophication, the composite contributes less 
than 0.5% of OPC's normalized score (0.00043 vs 0.1469, and 0.0021 vs 
0.0897, respectively), marking a shift away from high-risk domains. 
Climate change normalization confirms sustained advantage (0.0469 vs 
0.0679), while reductions in toxicity and air pollutants maintain their 

dominance across normalization boundaries. Also, literiture confirms 
OPC's high climate change (Dahanni et al., 2024).

Conversely, indicators such as land use (0.179) and resource use 
(0.126) appear proportionally larger in the normalized dataset despite 
lower absolute values. This contrast results from the bio-composite's 
significantly lower total eco-cost, which amplifies the relative weight of 
minor categories when normalized. As illustrated in Fig. 14b, land and 
water use emerge more prominently in the normalized profile which is 
not due to high absolute burdens, but as a statistical effect of com
pressing high-impact OPC data. Importantly, these indicators remain 
well within regenerative ecological capacities and do not offset the 
composite's advantages in irreversible impact domains such as climate 
and human health.

In sum, the eco-cost framework demonstrates that the bio-composite 
does not merely reduce environmental loads and it reshapes their dis
tribution. Instead of accumulating pressure in irreversible systems such 
as carbon, toxicity, or persistent emissions, the composite allocates 
minor residual impact toward domains that are more readily managed 
or replenished, such as land and water use. This strategic redistribution 
reflects a paradigm shift from reduction-only models to impact reposi
tioning a direction increasingly supported in sustainable construction 
material research.

In summary, the eco-cost framework demonstrates that the bio- 
composite does not merely reduce environmental loads and it re
shapes their distribution. Instead of accumulating pressure in irrevers
ible systems such as carbon, toxicity, or persistent emissions, the 
composite allocates minor residual impact toward domains that are 
more readily managed or replenished, such as land and water use. This 
strategic redistribution reflects a paradigm shift from reduction-only 
models to impact repositioning a direction increasingly supported in 
sustainable construction material research.

3.9.3. Social assessment
While environmental and economic assessments provide critical in

sights into the viability of sustainable construction materials, an equally 
important dimension lies in their social performance, which directly 
influences worker well-being, community engagement, and societal 
adoption. A comprehensive social assessment of the proposed bio- 
composite compared to OPC mortar demonstrates that the transition 
toward circular, bio-integrated systems can significantly improve social 
sustainability metrics, provided that labor conditions and governance 
are adequately managed.

The data reveal a marked improvement in worker health and safety 
in the bio-composite system. According to occupational injury estimates, 
OPC mortar, owing to clinker production and dust exposure results in 2- 
3 injury cases per 1000 workers annually, while bio-composite systems 
exhibit a lower rate of 1-1.5 cases, due to the absence of high- 
temperature processing and the reduced handling of hazardous inputs. 
The composite scores 6 out of 10 on health and safety indicators, 
doubling the OPC score (3 out of 10), thus reflecting a substantially safer 

Fig. 14. (a): absolute and (b): normalized eco-cost comparison between OPC and the proposed bio-composite across twelve environmental impact categories.
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working environment.
In terms of employment generation, the labor-intensive nature of 

bio-composite production which incorporates local recycling and 
biomass processing creates 1.8-2.2 jobs per 1000 tons of product, 
compared to just 1.2-1.5 jobs in the highly automated OPC supply chain. 
This reflects a 30-50% increase in direct employment potential. How
ever, this benefit is tempered by structural challenges in the waste 
sector: only 70-75% of bio-composite workers are estimated to earn 
above minimum wage, versus 80-85% in the formalized cement in
dustry. Consequently, while the composite performs well in job creation, 
it trails OPC in wage fairness (score 6 vs. 8), highlighting the necessity of 
stronger labor regulation and wage equity in the recycling ecosystem. As 
disscussed in literiture, OPC consists of substantioal chalages in wages 
(Backes and Traverso, 2024).

Local community investment also benefits significantly from the bio- 
composite's decentralized supply model. While OPC systems typically 
reinvest only 0.5-1% of revenue locally, the bio-composite system 
through its integration with regional biomass, sawdust, and waste 
management achieves 1.5-2% local reinvestment. This translates into 
enhanced economic circulation and stakeholder buy-in at the commu
nity level (Schmidt et al., 2021). The composite consequently scores 8 
out of 10 in this category, in stark contrast to OPC's 2 out of 10, 
underscoring the social value of circular economy integration.

Human rights compliance represents a nuanced dimension. While 
the cement industry has historically faced scrutiny over land disputes 
and labor violations, including 1-2 formal complaints per million tons of 
cement, the bio-composite though slightly better at 0.5-1 cases per 
million tons remains susceptible to issues in the informal recycling 
sector, such as child labor and unsafe conditions among waste-pickers. 
Both systems require ongoing oversight and ethical monitoring to 
address these risks effectively. Accordingly, OPC scored 7 out of 10, 
while the bio-composite trailed at 5, suggesting room for improvement 
despite the overall progress.

A qualitative perspective further reinforces these findings. The bio- 
composite system appears better aligned with sustainable develop
ment goals by improving air quality, reducing occupational exposure, 
and contributing to local economic resilience. Public acceptance is likely 
to be stronger for materials with visibly lower environmental footprints 
and tangible local benefits factors that have been shown to influence 
adoption of green materials in prior studies (Barbero et al., 2024). 
However, consistent with prior transition challenges seen in emerging 
material systems, such adoption requires targeted training, stakeholder 
engagement, and improved social governance frameworks.

Overall, the social assessment indicates that the bio-composite offers 
significant advantages in employment generation, community benefit, 
and health and safety. Nonetheless, these gains are coupled with vul
nerabilities in wage equity and labor standards, particularly within 
informal sectors that supply biomass and recycled content. A socially 
just transition to such systems demands not only innovation in material 
science, but also parallel investment in labor rights, wage regulation, 
and local infrastructure, ensuring that the pursuit of ecological benefit 
does not occur at the expense of social equity.

Nevertheless, the trend is clear: to address the compounded envi
ronmental and socio-economic pressures linked to cement production, 
this study proposes and systematically evaluates a bio-composite engi
neered from ternary binder system with industrial by-products and 
lignocellulosic biomass. The material is assessed through an integrated 
framework that encompasses environmental performance, monetized 
ecological costs, and social sustainability. Environmental impacts are 
quantified across twelve impact categories using a life cycle-based 
methodology, while economic implications are captured via eco-cost 
metrics that reflect the preventive cost of environmental damage. In 
parallel, a comparative social assessment examines employment po
tential, worker safety, community benefits, and labor equity. By trian
gulating these three dimensions, the study offers a comprehensive 
evaluation of the bio-composite's capacity to serve as a functionally and 

ethically superior alternative to conventional OPC-based systems.

4. Conclusion

This study introduces a unified framework for sustainable bio- 
composites using chemically pretreated sawdust, shale ash, steel slag, 
and OPC in a ternary system under accelerated carbonation curing. The 
innovation lies in coupling material design with mechanistic insight and 
multi-criteria sustainability assessment: hydration-carbonation re
actions densify the matrix, slag-ash-OPC blending yields mechanical 
synergy, and life cycle/social analyses position the composites within a 
circular, low-carbon economy. This approach moves beyond incre
mental mix adjustments, establishing a holistic, mechanism-driven 
model for sustainable construction materials. The key findings are: 

1. Mechanism: Multi-scale analyses (SEM, XRD, XRF, FTIR, XPS) 
demonstrated that sequential hydration and carbonation reactions 
depleted portlandite, rebalanced Ca-Si-Al chemistry, and co- 
generated C-S-H/C-A-S-H phases with calcite infilling, resulting in 
interfacial densification and suppression of microcracks. Compared 
with lime systems, OPC-based matrices exhibited nearly threefold 
fewer cracks and superior adhesion, explaining the compressive 
strength gap between 2.80 and 0.80 MPa. Phase–chemical evolution 
with slag-ash incorporation (CaO decreasing from 34.65 to 25.03 wt 
% and SiO2 increasing from 29.7 to 32.03 wt%) corresponded to 
almost complete portlandite depletion, while XPS confirmed Si 2p 
and Al 2p enrichment and a carbonate-rich surface (39% CaCO3), 
indicative of surface densification.

2. Performance: Synergistic substitution of 50% shale ash and 20% 
slag reduced OPC usage by about 35%, raising compressive strength 
from 2.8 to 7.2 MPa (increase of 157 %) and modulus from 3.69 to 
6.01 GPa (63% increase) at 1.395 g cm− 3. Optimal performance 
occurred at a water-to-binder ratio of 0.5, which increased strength 
(6.20 to 7.20 MPa, 16% increase) and stiffness (5.57 to 6.01 GPa, 
increase of 8 %). Curing sequence was critical: a 2-day delay before 
2-day CO2 exposure improved strength and density by 5.3% and 
5.4% over ambient curing, whereas immediate carbonation caused 
an 18% loss. Pretreatment with CaCl2 enhanced stiffness by 42% 
relative to Al2(SO4)3. The resulting composites are therefore suited 
for non-load-bearing applications such as eco-blocks, insulation, and 
partition panels.

3. Sustainability: The optimized formulation achieved a 65.4% 
reduction in climate impact and a 65% decrease in eco-costs (from 
74.16 to 25.68 €.m− 3), together with 30-50% higher job creation and 
about 50% fewer occupational injuries per m3 of bio-composite. 
Integrating mechanistic control, measurable performance gains, 
and transparent environmental and social accounting establishes a 
scalable pathway toward circular, low-carbon construction mate
rials. Future work should prioritize standardized durability testing to 
confirm long-term applicability.

The results of this study provide clear implications for the cement 
industry by demonstrating a viable low-carbon pathway based on 
clinker reduction, biomass valorization, and the use of industrial by- 
products. The integration of accelerated carbonation curing (ACC) of
fers a practical route to enhance material performance while enabling 
permanent CO2 sequestration, supporting the transition toward more 
sustainable cementitious systems. From an industrial perspective, the 
proposed approach facilitates the incorporation of waste streams into 
existing production chains and highlights ACC as a promising curing 
strategy. Future research should address scale-up feasibility, long-term 
durability under service conditions, and the techno-economic perfor
mance of ACC at industrial scale. These directions provide a foundation 
for commercial implementation and offer a framework for young re
searchers to advance circular and climate-resilient construction 
materials.
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