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ABSTRACT

This study investigates the feasibility of using biochar derived from pyrolyzed Posidonia
oceanica leaves (PBC) as a partial cement replacement for sustainable mortar production. The
research addresses two critical challenges simultaneously: valorization of marine biomass
waste and reduction of the carbon footprint associated with Portland cement. Biochar produced
at 400 °C was incorporated at replacement levels of 1-6 % by weight of cement, and the
resulting mortars were evaluated for fresh properties, mechanical performance, durability,
microstructure, and environmental impact. Workability decreased with increasing PBC
content, while compressive strength at 28 days improved =t low replacement levels, reaching
an optimum at 3 % with 8.71 % strength increase ‘eiative to the control mixture. Water
absorption decreased marginally from 5.38 % in the conirol to 5.31 % at optimal PBC content,
but increased progressively at higher replacement levels, reaching up to 7.50 %, indicating
improved matrix compactness. Higher dosages resulted in strength reduction due to increased
porosity and interfacial defects. Thermc ( resistance testing showed stability of PBC3 specimens
up to 600 °C, whereas higher contents icd to structural degradation, showing microcracking
and mass loss exceeding 7% Microstructural analysis confirmed pore refinement at low
dosages and matrix disrupnion «t higher contents. Embodied carbon decreased linearly with
increasing PBC content, zchieving a 5.3 % reduction at 6 % replacement. One-way ANOVA
confirmed that PBC acsage significantly influenced the fresh, mechanical, and durability
properties of the mortar (p < 0.05). Overall, 3 % PBC was identified as the optimal dosage
balancing mechanical performance, durability, and sustainability. The findings position biochar
as a sustainable solution for lowering cement consumption and transforming PBC waste into
value-added construction materials.

Keywords: Biochar; Cementitious materials; Fresh and hardened properties; Posidonia Oceanic leaves;
Sustainable waste

1. INTRODUCTION

Portland cement production remains one of the most carbon-intensive industrial processes,
contributing between 5 and 8% of global CO; emissions (Nejad et al 2025). Although
advancements in manufacturing techniques and the development of alternative materials
have been made, the surging global demand for cementitious composites, driven by rapid
urbanization and industrial expansion, continues to exert considerable pressure on natural
resources and the environment (Barbulescu & Hosen, 2025). In response to the increasing
scarcity of natural resources and the significant environmental burden associated with
Ordinary Portland Cement (OPC) production, research efforts have increasingly focused



on partially replacing OPC with supplementary cementitious materials (SCMs). These
include industrial byproducts such as rice husk ash; silica fume, waste glass powder and
marble or granite dust (Olii et al 2025; Gunasekaran et al 2024; Oluwole et al 2025; Liu et
al 2025; Babajide & Mosaberpanah 2023; Danish et al 2021; Olabimtan et al 2023). These
waste materials are generated in large and growing quantities from various industrial
processes. Traditional disposal methods have led to adverse environmental and economic
consequences, emphasizing the necessity for more sustainable waste management
strategies.

Biochar (BC) is a carbon-rich material produced from lignocellulosic biomass under
oxygen-limited conditions. When derived from saccharification residues, it can reduce CO-
emissions by about 67% compared to rice straw burning, demonstrating significant
environmental sustainability potential (Chaturvedi et al., 2024). BC has many benefits,
including carbon dioxide sequestration, soil amendment pollution absorption and others
(Kushwah, et al 2024; Shyam et al 2025; Gupta et al 2018; Mosaberpanah et al 2024).

According to the International Biochar Initiative, biochar is the solid material created by
carbonizing biomass. This is achieved through a process of thermochemical decomposition
(pyrolysis) at temperatures between 450—550 °C in an oxygen-free atmosphere (Chaturvedi
et al 2024). From an environmental perspective, incorporating biochar into construction
materials not only facilitates carbon sequestration within structuies for a prolonged duration
but also contributes to maintaining a balance in global carbon cycles. Extensive literature
has delved into the use of biochar in cementitious inaterials, with a focus on its role as a
filler (Gupta, et al 2021; Sirico et al 2020; Tan et al 2020). The inclusion of biochar as a
filler has been shown to alter the mechanical and physical properties of cement composites
(Akinyemi et al 2020; Olabimtan et al 2025; Mohammad et al 2024). Biochar is mainly
produced by pyrolysis, a process that heats biomass with little or no oxygen. Slow pyrolysis
yields more char, while fast pyrolysis produces biochar with a higher surface area (Kumar
et al., 2021; Zeidabadi et al., 2018).

Based on a review of a range of testing results from different studies of biochar, it can be
concluded that workability decreases as the biochar replacement ratio increases (Yang et al
2021; Danish et al 2021; Muthukrishnan et al 2019). According to Suarez-Riera et al
(2020), they investigated using wood chips and biochar in place of cement in mortar. They
discovered that 2% biochar served as a micro-reinforcement, increasing flexural strength
by 15%. Another researcher, Aneja et al (2022) found that the inclusion of 4% biochar in
concrete boosted compressive strength by 2.32%, flexural strength by 23.52%, and
durability by 17.3%. The finer biochar particles played a key role in creating a denser
matrix, accounting for these improvements (Singhal, S. 2023).

Qin et al. (2021) reported that incorporating biochar in pervious concrete up to 13.5%
improved mechanical strength, with optimal performance at 6.5% replacement while
maintaining permeability. Recent studies further demonstrate biochar’s effectiveness in
cementitious systems, showing that biomass-derived biochar can enhance strength,
durability, and microstructural densification while reducing cement demand and associated
emissions. Its porous structure promotes internal curing and improved matrix integrity,
reinforcing its potential as a sustainable additive for low-carbon construction materials
(Patel et al 2025; Murali et al 2026 ).



In the pursuit of a circular economy, researchers have proposed using Posidonia oceanica
waste as a viable secondary raw material to substitute for wood-based panels (Cocozza et
al 2011). Its leaves have also been reported to aid soil stabilization, reduce coastal erosion,
and serve as materials for artisanal applications (Malekzadeh & Bilsel 2014). The potential
for using Posidonia oceanica fibres in composite materials was first suggested by Ben Hadj
et al (2024), who noted their favorable thermal and acoustic properties when enhanced by
chemical treatments, suggesting their viability for integration into composite materials.
This spurred investigations into suitable binders, with a focus on sustainable and bio-based
composites. Kuqo et al. (2018) investigated this approach and found that the fibres
improved thermal and acoustic characteristics, reporting a relative increase in compressive
strength. However, subsequent findings have highlighted a critical trade-off. At high
concentrations of 40%, Posidonia fibres were shown to severely degrade mechanical
performance, reducing both compressive and flexural strength using a 0.50 water/cement
ratio discovered that a 10% addition of Posidonia fibres yielded the optimal compressive
strength of 33.60 MPa. In contrast, research focusing on lower dosages found more positive
outcomes. Hamdaoui et al. (2018) evaluated hardened cement paste containing 5-20%
Posidonia oceanica by volume and reported that its incorporation enhanced both thermal
insulation performance and mechanical properties, including compressive strength and
toughness.

Recent studies have demonstrated that the performance of cemcutitious composites can be
enhanced through advanced modification strategies such as nanomaterial incorporation,
fiber reinforcement, and alternative binder systems. For instance, nano-engineered
additives and dispersion techniques have been shown to improve hydration kinetics,
microstructure, and strength development, while fiber and fabric reinforcements enhance
ductility and crack resistance. Similaily, aikali-activated and lightweight composite
systems have exhibited improved thcrmal stability, structural performance, and
sustainability potential (El-Feky & ’l-Rayes, 2019; Nazar, et al 2020; Amer et al., 2025;
Hamed et al., 2024 ). In Parallel to this, Posidonia oceanica leaf biochar (PBC) produced
through photosynthesis fromm carbon dioxide and water, represents the sole renewable
resource for energy and chemical feedstock generation (Makepa et al 2025). Thus, this
research centres on using Pyrolysed Posidonia oceanica Leaf waste biochar as a cement
replacement in mortar production.

Although previous studies have explored the incorporation of biochar in cement-based
materials, a systematic and comprehensive evaluation of pyrolyzed PBC on the fresh,
mechanical, durability, and microstructural performance of cementitious composites
remains limited. Existing research has primarily focused on isolated properties or specific
applications, without providing an integrated assessment of performance, sustainability,
and material behavior. Moreover, the mechanisms governing the interaction between PBC
particles and the cement matrix, particularly at varying replacement levels, are not yet fully
understood. Therefore, a detailed investigation is required to clarify the multifunctional role
of PBC and to determine its optimal dosage for enhancing performance while reducing
environmental impact.

In response to environmental concerns associated with CO: emissions from cement
production, this study aims to: (1) evaluate the pozzolanic potential of biochar, (2) assess
its influence on mortar strength while maintaining structural performance, (3) determine
the optimum cement replacement level using marine biomass-derived biochar, and (4)
compare the performance of mixtures containing varying proportions of PBC with



conventional mortar. Accordingly, a comprehensive evaluation of its effects on key
performance indicators, including mechanical strength, durability, and resistance to
chemical and thermal exposure, is analyzed.

2. MATERIALS and METHODS
2.1 Raw Materials

2.1.1 Collection and preparation of biochar

The biomass selected for biochar production was derived from leaves of Posidonia
oceanica, a seagrass endemic to the Mediterranean Sea. The material was collected
from the Iskele long beach, North Cyprus. This biomass is considered marine waste and
is freely accessible in the public domain. No live plants were collected, and no protected
or endangered species were affected. In accordance with local environmental
regulations, no specific permits or licenses were required for the collection of this
material. As the study utilized degraded beach-cast leaf residues, the deposition of
voucher specimens in a public herbarium was not applicable. The raw leaves were
presoaked, thoroughly washed, and rinsed with tap water to eliminate sand, shells, and
other debris. Following the washing process, the leaves were air-dried at ambient
temperature to remove surface moisture, then subsequently oven-dried at 105°C for 24
hours to ensure complete moisture removal.

2.1.2 Pyrolysis Process and Biochar Production

The dried Posidonia oceanica leaves were subjected to slow pyrolysis in a muffle furnace

according to the procedure outlined in ASTM D3174-12. _

temyerature of 400°C, which was maintained
ordering; thus, its influence on cementt.ious performance mainly by physical characteristics
Such as porosity, surface area, and morphology. A slow heating rate was deliberately employed
to reduce char flammability and miaximize biochar yield. Pyrolysis was carried out in an
oxygen-limited environinent within the furnace chamber to prevent combustion during
carbonization.Upon complction of thermal decomposition, the carbonized material underwent
controlled temperature reduction within the heating chamber until it attained room temperature
resulting biochai was then mechanically ground and sieved through a 75 um sieve to obtain a
fine powder suitable for incorporation into cement mortar. The resulting Posidonia biochar
yield (YPBC), calculated as the mass ratio of the char obtained to the original dry biomass, and

was approximately 25 wt%. The processing of Posidonia leaf-based biochar is seen in Figure
1.




Posidonia Oceania leave Biochar Pyrolysis Temp 400°C 1hr
Heating rate 10°C/min

B
Curing Mortar Production /

Figure 1: Production workflow of Posidonia oceanica biochar showing the sequential
steps of collection, washing, drying, and pyrolysis at 400°C {or 1 hour.

2.1.3 Characterization of Posidonia oceanica Biochar

The particle size distribution of the biochar was analyzed using a laser diffraction
particle size analyzer (Mastersizer 3000) under wet dispersion conditions. As
illustrated in Figure 2, the particle size distribution of the ground biochar ranged
predominantly from 1 to 100 pum. The cumulative distribution revealed that
approximately 75% of the biochar particles were finer than 30 um, while 50% were
below 10 um (Dso = 10 um). Notably, a substantial fraction of the biochar particles
exhibited a finer particle size than typical cement, which has a median particle size of
approximately 15-20 um. This fine particle size distribution is advantageous for the
filler effect and may enhance the pozzolanic reactivity of the biochar. The specific
surface area, micropore size, and pore volume of the produced (PBC) were determined
using the Brunauer-Emmett-Teller (BET) method with N2 adsorption (Quantachrome
instrument). Before analysis, PBC samples (0.18 g) were degassed at 120°C for 8 hours
to remove adsorbed gases and moisture. Table 1 presents the physical characteristics of
the PBC.



Physical properties  Biochar
Specific Gravity 1.69

Bulk Density p (g'cm™)  0.35

Water Absorption % 118
Length 150mm
Width 10mm
pH 8.5
Particle size 75um
% Yield of biochar 25%

% Ash 16.34

Specific surface Area (BET) 1253m?/g

Colour Black
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Figure 2: Particle size distribution of the materials

2.1.4 Fine Aggregate

Within cementitious composites, the essential role of fine aggregate is to fill the
interstitial spaces among larger aggregate particles. The American Society for Testing
and Materials standard ASTM C33/C33M-18 establishes the criteria for fine aggregate
gradation and quality, encompassing acceptable particle size ranges and allowable
contaminant levels for materials such as natural river sand. For the present
investigation, crushed limestone powder served as the fine aggregate component. The
detailed specifications of this material are presented in Table 2. To ensure compliance
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with the particle size distribution requirements specified in ASTM C136/C136M-19,
the crushed limestone sand was mechanically sieved, as demonstrated in Figure 3.
Furthermore, in accordance with the procedures outlined in ASTM C128-15, the fine
aggregate was conditioned to a saturated surface-dry state before mixing. This
conditioning step was implemented to prevent the aggregate from absorbing additional
water during the mixing phase, thereby maintaining the intended water-to-binder ratio.

Table 2. Properties of fine aggregate.

Physical Properties Value
Specific Gravity 2.63
Moisture absorption (%) 1.32
Bulk density (kg/m?) 1728
Loss bulk density (kg/m?) 1576
Fineness modulus 2.79
Moisture content (%) 0.1
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Figure 3: Sand grain gradation.

2.1.5 Cement

The binder employed in this investigation was CEM I 42.5 Ordinary Portland Cement
(OPC), conforming to the specifications outlined in ASTM C150/C150M-21 and TS
EN 197-1. The cement was procured from CIMSA Cimento San. ve Tic. A.S., a
manufacturing facility located in Mersin, North Cyprus. This grade of cement is widely
utilized in diverse construction applications, encompassing mortar production,
plastering, screeding, surface coatings, and thermal insulation systems. The resulting
chemical composition data are presented in Table 3.



Chemical Compound | Cement Posidonia oceanica Biochar
CaO 56 45.6
Si0: 17 3.25
AlOs 5.50 2.62
Fe:0s 3.0 2.49
SO; 3.0 1.37
K20 0.9 1.84
Na:0 0.4 0.9
TiO2 - 0.06
MgO 2.5 5.07
MnO - 0.10
Cr20; - 0.023
LOI - 36.6 -)
Insoluble Residue 2.0-5.0 \~"
C - 58.72
N - "~ |oss
H - 6.15
0 \-\-7 33.64
2.1.6 Water

Potable tap water with a neutral pH ranging from 6.5 to 7.0 was employed for all mixing
operations. The water was devoid of acidic compounds, organic contaminants, oils, and
other deleterious substances that could adversely affect cement hydration.

2.1.7 Superplasticizer

A polycarboxylate-ether-based high-performance water reducer (CHRYSO Fluid
Premia 196) was employed to enhance workability. This admixture, procured from
CHRYSO S.A.S., exhibited the following characteristics: density of 1.055 +0.01 g/cm?
at 20°C, pH value of 7.50 + 2.00, solid content of 25.00 + 1.20% (determined by
halogen analysis), sodium oxide equivalent not exceeding 1.50%, and chloride ion
content below 0.10%.



2.2 Method

2.2.1 Mortar Specimen Preparation

Mortar specimens were prepared using a standardized mix design with a binder-to-
sand-to-water mass ratio of H The binder component consisted of OPC and
PBC in varying proportions. Mixing was conducted in accordance with ASTM C305-
20 using an automatic programmable mortar mixer (UTCM-0885E) at ambient
temperature. The mixing procedure consists of the following steps: (1) dry blending of
sand, cement, and biochar for one minute to ensure uniform distribution; (2) addition
of approximately 70% of the mixing water followed by two minutes of mixing at
moderate speed to achieve initial homogenization; (3) incorporation of the remaining
water (pre-mixed with the superplasticizer) and continued mixing for an additional two
minutes; (4) a one-minute rest period to allow for particle wetting; (5) scraping of the
mixer bowl edges to incorporate any unmixed material; (6) high-speed mixing for 30
seconds to ensure complete dispersion; and (7) final mixing at moderate speed for one
minute. The workability of each mix was assessed using the flow table test according
to ASTM C1437-15. Following mixing, the fresh mortar was vibrated on a vibrating
table for one minute to eliminate entrapped air voids. The mortar was then cast into
moulds of various dimensions: 50x50x50 mm cubes for compressive strength and
durability testing, 40x40x160 mm prisms for flexural strength determination, and
25%25%285 mm beams for drying shrinkage measurements. The filled molds were
covered with polyethylene film to prevent moisture loss and allowed to set for 24 hours
at room temperature. After demolding, all specimens were transferred to a water-curing
tank maintained at 23+2°C. Specimens were cured for 7 and 28 days, prior to testing
for mechanical properties (compressive and flexural strength) and durability
characteristics (water absorption, acid resistance, and fire resistance).

2.2.2 Mix design

To systematically evaluate the influence of PBC on mortar properties, seven distinct
mortar mix proportions were formulated, as summarized in Table 4. The experimental
program comprised a reference mortar (CM) with no cement replacement, and six
biochar-enhanced mortars designated PBC1, PBC2, PBC3, PBC4, PBCS5, and PBC6.
These mixes incorporated biochar as a partial cement substitute at dosages of 1%, 2%,
3%, 4%, 5%, and 6% by mass, respectively. The nomenclature system adopted reflects
the biochar content, with the numeric suffix indicating the approximate replacement
percentage. The binder component consisted of cement and biochar, maintaining a
constant total binder content across all mixes. To ensure adequate workability, a
polycarboxylate-based superplasticizer was incorporated at a dosage of 1.05% by mass
of the total binder content, which remained consistent across all mix designs. For each
mix proportion, three cube specimens were cast and tested, and the reported results
represent the average of the three specimens.

Table 4: Mix proportion of mortar specimens

. Cement PBC Sand Water | SP (wt % of
Mix ID C PBC | W/B N
(4] (2 (2 (2 binder)
CM 100 0 0.35 684.00 0 1538 239 1.05
PBC; 99 1 0.35 677.16 6.84 1538 239 1.05




PBC: 98 2 0.35 670.32 13.68 | 1538 239 1.05

PBC3 97 3 0.35 663.48 20.52 | 1538 239 1.05

PBC4 96 4 0.35 656.64 27.36 | 1538 239 1.05

PBCs 95 5 0.35 649.8 34.2 1538 239 1.05

PBCs 94 6 0.35 642.96 41.04 | 1538 239 1.05
2.2.3 Curing

Following a 24-hour initial setting period, specimens were demolded and subjected to
controlled curing conditions to facilitate proper hydration and strength development. Water
curing was conducted by immersing the specimens in a temperature-controlled water bath
maintained at 20+2°C. Specimens were retrieved from the curing tank at predetermined
ages of 7 and 28 days for mechanical and durability testing. The various curing conditions
employed in this study are illustrated in Figure 4.

Figure 4. Specimen curing and conditioning procedure.

2.2.4 Workability

The workability of the fresh mortar was evaluated using the flow table test in accordance
with ASTM C1437-15. This test measures the consistency and spread diameter of the
mortar under standardized conditions.

2.2.5 Water Absorption

Water absorption testing is a critical durability assessment for cementitious composites, as
it provides insight into the porosity and permeability of the hardened matrix. The test was
conducted in accordance with ASTM C642-21 to quantify the volume of permeable voids
and the material's capacity to absorb water under specified conditions

2.2.6 Compressive Strength

The compressive strength of the biochar-modified mortar specimens was evaluated in
accordance with ASTM C109/C109M-20a. Testing was performed using a universal
compression testing machine on 50x50x50 mm cubic specimens at curing ages of 7 and
28days. Three specimens were tested for each mix at each age, and the average value was
reported. The test setup and representative specimens are shown in Figure 5.
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Figure 5: Compressive and flexural strength test machine.
2.2.7 Flexural Strength

Flexural strength, which quantifies a material's resistance to bending under transverse
loading, was evaluated in accordance with ASTM (C348-21. Testing was performed on
40x40x160 mm prismatic specimens after 28 days of watei curing using a three-point
bending configuration. Each specimen was positioned on two roller supports with a span
length of 120 mm, and a concentrated load was applied at mid-span at a constant rate of 2
kN/s until failure occurred. Three specimens were tested for each mix composition, and the
average flexural strength was calculated. The test setup is illustrated in Figure 6.

Figure 6: Flexural strength test machine.
2.2.8 Density

Density is a fundamental physical property that provides insight into the compactness of
the cementitious matrix and the effectiveness of pore filling by the biochar particles. The
density of the mortar specimens was measured at 28 days using the buoyancy method in
accordance with ASTM C567-14, with calculations performed following the procedure
outlined in ASTM C642-13.
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2.2.9 Drying Shrinkage

Drying shrinkage refers to the volumetric contraction of cementitious materials that occurs
when internal moisture is lost under ambient conditions. This phenomenon occurs when
water evaporates from the pore structure, creating capillary tension forces that draw the
solid particles closer together, thereby inducing internal tensile stresses. If these stresses
exceed the tensile strength of the material, cracking can occur. Drying shrinkage
measurements were performed in accordance with ASTM C596-18 using a length
comparator equipped with a dial gauge. Prismatic specimens (25%25x285 mm) were
demolded after 24 hours and subjected to controlled drying conditions. Length change
measurements were recorded at regular intervals over 28 days, and the results for all mix
compositions are presented in Figure 7.

Figure 7. Dry shrinkage of the mixtures.

2.2.10. ISRNSHPERATT R\ Swwuificd

The high-temperature performance of the biochar-modified mortar were evaluated using an
electric muffle furnace in accordance with ASTM E119-20. This test assesses the material's
ability to maintain structural integrity and resist degradation when exposed to elevated
temperatures. Cubic specimens (50x50x50 mm) were subjected to three target
temperatures: h, representing moderate, severe, and extreme fire
conditions, respectively. The electric furnace used for testing is shown in Figure 8. After

exposure, specimens were evaluated for mass loss, residual compressive strength, and
visual damage to characterize their thermal stability and fire resistance.
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Figure 8. An electric chamber furnace.
2.2. 11 Sulfuric acid resistance

Sulfuric acid resistance was evaluated based on visual deterioration, mass variation, and
residual compressive strength following acid exposure, in accordance with procedures
consistent with ASTM C267. After 28 days of water curing, specimens were removed, surface
dried to a saturated surface-dry (SSD) condition, and their initiai mass was recorded. The
specimens were subsequently immersed in a 2% H>SO4 soiution at room temperature for 28
days. The solution was renewed at weekly intervals to ruaintain a consistent acid concentration
and prevent change in pH. At the end of the exposure period, specimens were removed, rinsed
with distilled water to eliminate residual acid, surface dried, and reweighed. Residual
compressive strength was then determined and compared with unexposed control specimens to
quantify strength retention.

2.3 Microstructural Characterization
2.3.1 Scanning Electron Microscopy

The morphologiczl features of the Posidonia oceanica biochar (particle size <75 pm) were
investigated using scanning electron microscopy (SEM) with a JEOL JSM-6610LV
instrument (Tokyo, Japan). To ensure adequate electrical conductivity during imaging, the
biochar samples were sputter-coated with a platinum-gold alloy using an SC7620 Mini
Sputter Coater prior to analysis. Electron micrographs were acquired at an accelerating
voltage of 30 kV. The SEM analysis, presented in Figure 9, revealed that PBC particles
exhibited a highly irregular morphology with elongated shapes and a distinctly rough,
porous surface texture. A substantial fraction of the observed pores measured less than 20
um in diameter.
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Figure 9: Morphological characterization of Posidonia oceanica biochar: (a) pulverized
biochar powder, and (b) scanning electron micrograph showing the porous surface structure
at 2,500x magnification (scale bar = 50 um).

2.3.2 X-ray diffraction analysis and elemental composition of pyrolysed Posidonia
oceanica biochar.

The crystalline structure of the Posidonia oceanica biochar was characterized using X-ray
diffraction (XRD) with a Rigaku powder diffractometer equipped with Cu-Ka radiation (A
= 1.5406 A). Diffraction patterns were collected cver a 20 angular range of 2° to 90°. As
illustrated in Figure 10, The XRD pattern exhibited several distinct diffraction peaks
superimposed on a broad diffuse hump between approximately 15° and 30° (26), which is
characteristic of predominantly amorphous carbon structures typically observed in biochar
materials. Such broad halos originate frorn disordered turbostratic aromatic carbon layers
formed during pyrolysis . The sharp reflections were indexed to calcite (CaCOs) as the main
crystalline phase, with characteristic peaks detected at approximately 29.4°, 43.0°, and
57.3° (20), corresponding to the (104), (202), and higher-order crystallographic planes,
respectively. These reflections indicate the presence of residual mineral constituents
inherited from the original biomass. A minor reflection near 33.4° (20) may be attributed
to portlandite (Ca(OH):), although its slight shift from the standard position (34.1°)
suggests possible lattice distortion, limited crystallinity, or overlapping contributions from
amorphous phases. Similar amorphous humps and weak crystalline peaks have been widely
reported for biochar due to its predominantly non-crystalline carbon matrix (Keiluweit et
al., 2010; ATES, A 2025).
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Figure 10: X-ray diffraction pattern of Posidonia oceanica leaf-derived
biochar

2.3.3 Fourier Transform Infrared Analysis

Fourier Transform Infrared Spectroscopy (FTIR) was employed to characterize the
chemical structure of PBC over the wavenumber range of 5004000 cm™. This analytical
technique operates by passing infrared radiation through the sample and recording the
absorption at different wavelengths, thereby enabling the identification of functional
groups and chemical bonds present i1 the materials (Khadir et al 2024).

2.4 Sustainability assessment

The environmerital sustainability of the biochar-modified composites was assessed
through quantification of embodied carbon content and eco-strength efficiency metrics,
comparing PBC composites against conventional mortar systems. Embodied carbon (EC)
represents the cumulative greenhouse gas (GHG) emissions arising from material,
extraction, Manufacturing process, logistics, and construction assembly of cementitious
composites (Chen, et al 2022). The assessment framework was conducted using a cradle-
to-gate approach, covering raw material extraction, production of cementitious materials,
and transportation, while excluding the use phase, construction, and end-of-life stages (e.g.,
demolition or recycling. In Table S shows the embodied carbon emission factor for the
mortar production. The EC coefficients were sourced from the Inventory of Carbon &
Energy (ICE) database (Hammond, G. P., & Jones, C. 1. 2008). Complementarily, the Eco-
strength efficiency (ESE) serves as a sustainability indicator that evaluates the trade-off
between mechanical performance (e.g., compressive strength) and environmental burden
(e.g., embodied carbon) in cementitious systems. This metric facilitates comparative
analysis of materials based on their structural contribution per unit of environmental
impact. The computational procedures for EC and ESE determination are presented in
Equations 2 and 3, respectively
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n
EmbodiedCarbon (EC) = Z(Ka x CEFa) (D

a=1

E St ht Ef fici (ESE) = Compressive strength 28 days )
” renght Effictency "~ Embodied Carbon emission proportion mix @

Note: Where quantity of material is (kg), emission factor (kg COz-eq per kg material), material type, 28 days
compressive strength (MPa).

Table 5: Embodied carbon emission factors of mortar production

Materials Carbon emission factor (CFC) (kgCOy/kg) | Database

Cement 1.17 ICE

Fine aggregate 0.0195 ICE

Water 0 ICE

Biochar 0.057 Kavindi, etal 2025 |
Superplasticizer 0.72 ICE

Transportation 0.00441 ICE

2.5 Statistical analysis

A one-way Analysis of Variance (ANOVA) was conducted to e¢valuate the influence of PBC
dosage (CM—PBC6) on the mechanical and durability properties of the mortar mixes. Each
mix was tested in triplicate (n = 3), resulting in 21 total observations. The between-group
degrees of freedom were calculated as df between = 6 (k — 1), while the within-group
degrees of freedom were df within = 14 (N - k). Statistical significance was assessed at o
=0.05.

3. RESULTS and DISCUSSION

3.1 Fluidity

The flow diameter of the fiesh mortar mixes containing varying proportion of PBC is
shown in Figure 11. As the percentage of PBC decreased, there was an increased absorption
of water. However, it is important to note that all mixtures exhibited reduced flowability
compared to the control mix, with flow reductions ranging from 11.42% to 22.28% across
the PBC content, from 1% to 6%. The lowest flow measurement was 136 mm for PBC6
mixture. The reduction in workability is primarily attributed to the porous microstructure
of biochar, which absorbs mixing water and reduces the amount of free water available for
lubrication and flow. As the biochar replacement level increases, the cumulative water

absorption intensifies, thereby limiting the spreadability and flow characteristics of the
fresh mortar (Javed, et al 2022).
Materials of this nature that are

exposed to high temperatures tend to absorb significant amounts of water to maintain flow,
preserve their shape, and prevent rapid hardening. This is why the addition of a
superplasticizer was crucial in retaining the necessary water content until the samples were
cast (Mosaberpanah et al 2024). PBC in mortar quickly absorbs some of the mixing water
through hydrogen bonding during the preparation process, leading to a reduction in the
mix's fluidity. According to Gupta et al. (2018), the large surface area of biochar
necessitates the addition of extra water to improve flowability. This trend is consistent with
the findings of Tan et al. (2020), who reported that higher biochar contents significantly
lower flowability due to the porous structure of biochar, which tends to retain water.
However, the carbon structure of PBC particles has a high cation exchange capacity (CEC),
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meaning that PBC can interact with cations in the mix through ion exchange. Furthermore,
the optimal biochar replacement level required to maintain adequate workability is
influenced by the loss on ignition (LOI) value of the specific biochar used (Senadheera et
al 2023). The primary cause of workability reduction can be attributed to the high porosity
of biochar particles, which sequester mixing water within their internal pore structure
during the mixing process.
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Figure 11. Flow diameter of fresh mortar mixes

The incorporation of PBC resulted in a reduction in workability compared to the control
mortar, consistent with findings reported by Yang and Wang (2021) and Zhou et al. (2023),
who attributed this phenomenon to the high-water absorption capacity and porous
microstructure of biochar particles. However, the addition of a polycarboxylate-based
superplasticizer at 1.05% by binder mass effectively compensated for this effect,
maintaining adequate flow characteristics across all mix formulations and enabling proper
placement and consolidation.

3.2 Fresh Density

The volumetric mass of freshly prepared mortar specimens, measured immediately
following the mixing and casting operations, exhibited values ranging from 2335-2410
kg/m? across the experimental matrix. Analysis of the data presented in Figure 12 reveals
the fresh density mortar mixes. The progressive substitution of Portland cement with PBC
resulted in a reduction in fresh density, a phenomenon directly attributable to the substantial
disparity in specific gravity between the constituent materials: PBC, with a specific gravity
of approximately 1.69 g/cm?, compared to 3.15 g/cm? for ordinary Portland cement.
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Figure 12. Fresh density mortar mixes

Fresh density measurements revealed that PBCS5 and PBC6 exhibited reductions of 2.98%
and 3.11%, respectively, compared to the control mix mortar. This progressive decrease in
fresh density with increasing biochar content is consistent with findings reported in
previous studies (Rupasinghe et al 2025). The reduction can be attributed to three primary
mechanisms: (i) the highly porous microstructure of PBC, which sequesters mixing water
within its internal pore network, thereby reducing the voluine of free water available in the
mixture; (ii) the high cation exchange capacity of biochar, which enhances physical
bonding through hydrogen bonding interactions, further immobilizing water molecules;
and (ii) The angular and irregular particie inorphology of PBC can increase inter-particle
friction and restrict fresh mortar (ncbility, particularly at higher replacement levels, as
similar effects have been repcried tor biochar particles with porous surfaces and coarse
morphology that adversely influence rheology, flowability, and workability of cementitious
systems (Gupta & Kua 2916).

This geometric characteristic increases mechanical interlocking and inter-particle friction
within the fresh mortar matrix. As biochar content increases, the cumulative effect of these
angular particles progressively restricts the mobility and flow of the mixture, manifesting
as reduced workability and lower packing efficiency, which in turn contributes to the
observed density reduction.

3.3 Compressive strength

The compressive strength of PBC-modified mortar exhibited a dose-dependent response,
with optimal performance observed at moderate replacement levels. As illustrated in
Figure 13, the compressive strength development of the mortar mixes for 7 days and 28
days results demonstrate that biochar-modified specimens showed strength development
over time, consistent with continued cement hydration.

At lower biochar dosages PBC 1-3 %, resulted in enhanced compressive strength relative
to the control mortar. The optimal performance was achieved at 2 % and 3 % PBC, where
at 7 days, the control mixture experienced a notable enhancement of 47.86 MPa in its
compressive strength, advancing by roughly 22.54% from its initial strength measured at 7
days of curing to its strength recorded. This superior strength in the control mortar can be
attributed to the unimpeded cement hydration process, which proceeds without interference
from supplementary materials. Interestingly, PBC2 exhibited superior 7 days strength
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compared to all the PBC suggesting an optimal biochar dosage exists. At the lower dosage
PBCI1, the quantity of biochar is insufficient to provide significant microstructural benefits
such as pore refinement and enhanced nucleation sites for hydration products. Conversely,
at the higher dosage PBC6, excessive biochar incorporation introduces detrimental effects
including increased porosity, dilution of the cementitious binder, and the creation of weak
interfacial zones between biochar particles and the cement matrix. The PBC2 formulation
achieves an optimal balance, where the biochar content is sufficient to provide beneficial
filler effects and nucleation sites without compromising the integrity of the cementitious
matrix (Room et al 2025).
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Figure 13. Compressive strength development of mortar mixes.

At 28 days of curing, the biochar-modified mortars PBC2 and PBC3 demonstrated superior
compressive strength performance compared to the control specimen. Specifically, PBC3
achieved 52.37 MPa, while PBC2 attained 50.89 MPa (8.7%, 3.6%) improvement relative
to the reference mortar. These strength enhancements align with findings reported by Zhao
et al. (2024), who observed up to 13% compressive strength improvement at 28 days when
plant-derived biochar was incorporated into cementitious materials. This strength
enhancement can be attributed to the filler effect of fine biochar particles, which densify
the cementitious matrix by filling capillary pores and improving the interfacial transition
zone. However, at higher replacement levels, 4-6 %, a progressive decline in compressive
strength was observed. Specifically, mortars containing 4%, 5%, and 6% PBC exhibited
reductions in 28-day strength of 15.8%, 16% and 16.8%, respectively, relative to the control
mix. The pronounced strength reduction observed at higher PBC dosages can be attributed
to several interrelated mechanisms. Firstly, inadequate dispersion of biochar particles
within the cementitious matrix leads to agglomeration and non-uniform distribution,
creating weak zones that compromise structural integrity. Secondly, the highly porous
microstructure of biochar particles absorbs mixing water, thereby reducing the water
available for cement hydration in the surrounding matrix and consequently retarding early-
age strength development. Thirdly, the porous nature of biochar introduces additional
microstructural defects and voids, which act as stress concentrators and reduce the overall
load-bearing capacity of the composite. Furthermore, the interfacial transition zone (ITZ)
between biochar particles and the cement paste tends to be weaker due to poor bonding and
increased porosity, further diminishing mechanical performance. These deleterious effects
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have been consistently documented in previous investigations on biochar-modified
cementitious materials (Yang et al 2021; Mosaberpanah et al 2024; Mahmoud et al 2025).
This strength deterioration at elevated biochar contents is consistent with findings reported
by Gupta et al (2021), who observed approximately 20% strength reduction when 8 wt%
wood sawdust biochar was incorporated into cement mortar. The decline in strength at
higher dosages can be attributed to the dilution effect, where excessive biochar replacement
reduces the quantity of cementitious binder available for hydration, and the increased
porosity introduced by the porous biochar particles aligns with the experimental findings.
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Figure 14. Strength Activity Index of the mortar mixes.

The strength activity index (SAI) values for all mixes at both 7 and 28 days, as presented
in Figure 14, satisfy the minimum performance threshold of 75% specified in ASTM C618-
19. Notably, the SA! values determined using the proposed constant volume methodology
were comparable to those obtained through the conventional ASTM C311-18 procedure,
which requires water content adjustment to achieve flow consistency per ASTM C618
requirements. This equivalence validates the efficacy of the constant volume approach as a
viable alternative to the standard procedure. Relative to the control mortar, the formulation
of the incorporation of PBC resulted in variable strength activity index values across
different dosages. Formulations containing PBC5 and PBC6 exhibited slightly diminished
SAI values, suggesting less favourable strength development relative to the reference
mortar at 7 days (52 %, 50 %) and at 28 days (65%, 60%), showing marginally reduced
SAI values, implying weaker strength progression in comparison to the control mixture.
According to ASTM C618-19, a material must achieve a strength activity index (SAI) of at
least 75% to be classified as a pozzolan. The SAI quantifies the pozzolanic reactivity of
cement replacement materials by comparing the compressive strength of modified mixtures
relative to a reference mortar. PBC2 and PBC3 formulations achieved SAI values of 75%
and 78%, respectively, at 28 days, thereby satisfying the ASTM pozzolanic qualification
criterion.
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3.4 Flexural strength

The flexural strength development of PBC-modified mortar at 7 days and 28 days of
curing at ambient temperature (20°C) is illustrated in Figure 15. At 7 days, all biochar-
containing specimens exhibited reduced flexural strength relative to the control mixture,
with strength reductions ranging from 2.01 MPa to 2.68 MPa, with a percentage reduction
in strength of (13.2 % -34.9%). However, after 28 days of curing, a notable performance
improvement was observed. The reference mortar achieved a flexural strength of. 3.22 MPa
at 28 days, while the PBC2 and PBC3 respectively, surpassed this baseline value with an
increase in strength of 3.44 MPa and 3.56 MPa. Notably, the PBC3 mixture demonstrated
the highest flexural strength among all tested formulations, exceeding the control
performance with a percentage increase in strength of 10.5% compared to the control mix.
This enhancement can be attributed to several synergistic mechanisms, including the
pozzolanic reactivity of the biochar, which contributes to the formation of additional
cementitious products, and improved interfacial bonding between biochar particles and the
cement matrix, which strengthens the composite microstructure and enhances resistance to
bending stresses.
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Figure 15. Flexural strength of mortar prisms.

Elevated biochar dosages introduce regions of high porosity within the cementitious matrix,
which diminish the load-bearing cross-section available to resist tensile stresses.
Consequently, these highly porous zones serve as preferential sites for crack nucleation and
accelerate fracture propagation under loading. Ling et al (2023) demonstrated that
excessive biochar content causes particle agglomeration due to van der Waals forces,
resulting in the formation of larger pores and cracks that compromise the mechanical
integrity of the composite. Similarly, Jedidi et al (2020) reported that while moderate
incorporation of Posidonia oceanica fibres can improve specific mechanical properties,
excessive fibre content compromises the interfacial adhesion between the reinforcement
and the cement paste, leading to weakened composite performance.

Failure mechanisms of Posidonia oceanicia biochar cubes and prisms under loading

Post failure analysis of PBC specimens under uniaxial compression revealed three distinct
failure modes influenced by biochar dosages seen in the Figure 16. Longitudinal splitting
characterized by vertical cracks parallel to the loading direction predominated in optimal
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dosage (PBC2- PBC3), indicating uniform m stress distribution and homogenous material
behaviour. A conical fracture featuring an inclined shear plane from the loading surface was
seen in PBC 4- PBCS, reflecting stress concentration and reduced bearing capacity due to
increased porosity (Bagherzadeh, et al 2021). Lateral bulging is seen in PBC6, which
represented a quasi—ductile failure mode with significant lateral deformation before
ultimate failure, indicating that excessive biochar fundamentally alters mechanical
response from brittle to ductile through an extensive void network and weak interfacial
zones (Li et al 2024).

crack path after failure crack path after failure

Centre of beam (point of load application)

Vertical shear cracks/  Conical fracture
splitting

Lateral Bulging

crack path after failure

crack path after failure

Figure 16. Failure modes observed during compression and flexural testing

Under three-point bending, PBC specimens exhibited vertical crack propagation from the
tensile zone toward the compressive face seen in the Figure. While cracks generally aligned
with the loading axis, the specimen with higher biochar content. Showed notable
deviations, indicating non-uniform stress distribution caused by microstructural
heterogeneity. The asymmetric cracking reveals that excessive biochar creates a
preferential failure pathway, disrupting uniform stress transfer across the beam. A diagonal
crack inclined at 20 °c was observed in specimens with an intermediate dosage of PBC 2-
PBC3, indicating shear-dominated failure where combined bending shear stresses exceeded
the material's tensile capacity near the support. This shear failure prior to full flexural
capacity suggests that while optimal biochar dosages of PBC2 — PBC3 enhance
compressive strength, they may create a weak interfacial zone susceptible to shear—induced
separation, indicating the critical role of interfacial bond quality in controlling failure
mechanism. Generally, the failure patterns of biochar cement composite are similar to that
of concrete.

3.5 Hardened unit weight

The saturated surface dry (SSD) densities of the biochar-modified mortars, as illustrated
in Figure 17, exhibited values ranging from 2330 kg/m? to 2403 kg/m? after 28 days of
curing demonstrating a clear and consistent downward trend with increasing biochar
replacement levels. The control mortar (CM) exhibited the highest density, approximately 2403
kg/m?3. With each incremental addition of PBC, the density progressively decreased, reaching a
minimum of approximately 2330 kg/m? for the PBC6 mixture. This linear reduction in density
is a direct and predictable consequence of replacing a portion of the dense cement binder
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with a significantly lighter and more porous biochar material. The fundamental reason for
the observed decrease in density is the substantial difference in the specific gravity of
cement and PBC. Cement typically has a specific gravity of approximately 3.15. In contrast,
biochar, being a lightweight, highly porous carbonaceous material, has a much lower
specific gravity, often less than 1.8 and sometimes as low as 0.3 depending on the feedstock
and pyrolysis conditions (Gupta et al 2018). By replacing a fraction of the heavier cement
with an equivalent weight of lighter biochar, the overall mass of the composite per unit
volume is inherently reduced. This finding is well-supported in the literature; for instance,
Praneeth et al. (2021) reported that the density of mortars decreased by approximately 20%
with a 40% biochar addition, highlighting the significant lightweight potential of biochar.
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Figure 17. Dry density of hardened mortar mixes.

The reduction in density is also sirongly correlated with the porosity results. As established,
PBC dosages exceeding the optimal 2-3% level result in increased overall porosity due to
particle agglomeration and the introduction of biochar's own internal pore network. Density
and porosity are inversely proportional; an increase in the volume of voids (pores) within
the matrix means a decrease in the volume of solid, dense material. Therefore, the higher
porosity observed in the PBC4, PBCS, and PBC6 mixtures directly contributes to their
lower measured dry densities. This inverse relationship between porosity and density is a
well-established principle in materials science and has been consistently reported in studies
on biochar-cement composites. The predictable reduction in density makes it a viable
material for applications where reduced self-weight is desirable, such as in non-structural
elements or lightweight precast panels. However, as noted in the mechanical strength
analysis, this benefit must be carefully balanced against the concurrent reduction in
compressive and flexural strength at higher dosages. The findings of Sirico et al. (2025)
suggest that at optimal, low dosages 2 and 3%, the densification from the filler effect can
counteract the lightweighting effect, resulting in no significant change in density. However,
the data presented here clearly show that beyond this point, the lightweight effect caused
by its low specific gravity and high porosity becomes the dominant factor.

3.6 Water absorption

It is widely recognized that materials with finer particle sizes demonstrate greater water
absorption capacity due to their larger specific surface area. This increased surface area
provides more sites for water molecule adsorption compared to materials composed of
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coarser particles. Figure 18 presents the water absorption mortar mixes containing varying
proportions of cement composite (PBC), cured in water at 20°C for 28 days. The control
mortar (CM) established a baseline water absorption of approximately 5.38%. A significant
reduction in water absorption was observed at a low dosage, with the PBC1 mixture
achieving the minimum value of 5.31%. Beyond this optimal point, water absorption
progressively increased with rising biochar content. The PBC2 and PBC3 mixtures still
showed improved performance compared to the control (5.34% and 5.36%), but by the
PBC4 dosage, water absorption had surpassed the control and continued to climb, reaching
a maximum value for the PBC6 mixture (6.35%, 6.97% and 7.5%). This trend indicates
that while low concentrations of PBC are highly effective at enhancing the water tightness
of the mortar, higher dosages are detrimental, leading to a more permeable and less durable
matrix.
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Figure 18. Water absorption of the mortar mixes.

The initial sharp decrease in water absorption, which is most pronounced in the PBC1
specimen, can be attributed to several complementary mechanisms that densify the
cementitious matrix. Firstly, the fine biochar particles of 75 um exert a physical filler effect,
occupying the interstitial voids between cement grains. This leads to a more compact
particle packing arrangement and a reduction in the volume of large, interconnected
capillary pores, which are the primary pathways for water ingress (Gupta & Kua 2019).

The porous nature of PBC facilitates internal curing. The biochar absorbs a portion of the
mixing water and gradually releases it back into the matrix as the cement hydrates. This
process ensures a complete and more uniform hydration, leading to a refined pore structure
with reduced connectivity (Mrad & Chehab 2019). However, the carbonaceous surfaces of
the biochar particles act as nucleation sites, accelerating the precipitation of calcium-
silicate-hydrate (C-S-H) gel. This accelerated formation of the primary binding phase
further densifies the interfacial transition zone (ITZ) around the biochar particles and within
the bulk paste, effectively blocking potential water pathways. Finally, the dispersion of
these fine particles increases the tortuosity of the pore network, creating a more complex
and convoluted path that significantly impedes the movement of water through the mortar.

24



3. 7 Porosity

The porosity hardened mortar mixes is depicted in Figure 19, exhibits a distinct and non-
linear relationship with the biochar replacement level. The control mortar (CM) established
a baseline porosity of approximately 11.56%. A marginal decrease in porosity was observed
at low biochar dosages, with the PBC3 mixture achieving the lowest porosity of
approximately 11.24%. Beyond this optimal point, the porosity demonstrated a consistent
and significant increase with rising biochar content, reaching a maximum of approximately
14.96% for the PBC6. The initial reduction in porosity at 1% and 2% biochar content can
be attributed to two primary physical mechanisms: the filler effect and improved particle
packing. The fine biochar particles effectively fill the interstitial voids between cement
grains, leading to a denser and more compact microstructure (Lorenzoni, et al 2024). This
phenomenon is consistent with findings by Ye et al. (2025), who reported that porosity
decreases at a biochar content of 1% 2. Furthermore, the biochar particles can serve as
nucleation sites, promoting the precipitation of hydration products (C-S-H gel) and further
densifying the matrix. This refined pore structure at low dosages is directly correlated with
the enhanced mechanical performance observed in the compressive and flexural strength
tests, where the PBC2 mixture demonstrated optimal strength.
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Figure 19. Porosity hardened mortar mixes.

The pronounced increase in porosity observed from 4% to 6% biochar content is a result
of several overlapping detrimental effects. Firstly, at higher concentrations, biochar
particles have a strong tendency to agglomerate due to van der Waals forces, creating
large, poorly-bonded clusters (Barbhuiya et al 2024). These agglomerates introduce
significant voids and prevent the formation of a continuous, homogeneous cement
paste. This finding is strongly supported by Ling et al. (2023), who identified that
excessive biochar content leads to agglomeration, resulting in the formation of more
pores and cracks in the mortar. The inherently high internal porosity of PBC itself
becomes a dominant factor. While beneficial for internal curing at low dosages, at
higher replacement levels, there is insufficient cement paste to fill the extensive
network of pores within the biochar particles, thereby increasing the overall void
content of the composite. This aligns with the observations of Kushwah et al. (2024),
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who noted that porosity in biochar-based mortar increases with dosage due to the rising
total porosity within the cement

matrix. This increased porosity compromises the material's integrity by reducing the
effective cross-sectional area available to resist mechanical loads, which explains the
significant drop in compressive and flexural strength for the PBC5 and PBC6 mixtures.

3.8 Dry shrinkage

Cementitious composites are susceptible to autogenous shrinkage, a phenomenon
resulting from the internal volume reduction that occurs as water is consumed from the
capillary pore network during cement hydration. This volumetric contraction is
governed by multiple interrelated factors, including the water-to-cement ratio, mixture
proportions, curing regime, environmental conditions, heat of hydration, and ambient
temperature (Wu et al 2017). The drying shrinkage of mortar specimens (25 x 25 x 285
mm) was evaluated in accordance with ASTM (C596-18. All specimens were
maintained in a controlled chamber at a temperature of 23 & 2°C and a relative humidity
of 50 + 4% throughout the testing period. A beneficial reduction in shrinkage was
observed at low dosages in Figure 20 with the PBC3 mixture (3% biochar) exhibiting
a remarkable 29.1% decrease in shrinkage compared to the control mortar (CM).
However, beyond this optimal point, the trend reversed dramatically. The PBC4, PBCS,
and PBC6 mixtures all demonstrated significantly higher shrinkage than the control,
with the PBC6 specimen showing a 44.0% increase. This behavior indicates that while
low concentrations of biochar are highly effective at mitigating shrinkage, higher
dosages are detrimental and exacerbate it. The significant reduction in drying shrinkage
at low biochar dosages, particularly at the 3% replacement level, is primarily attributed
to the internal curing effect provided by the porous biochar particles (Senadheera et al
2023). During mixing, the biochar absorbs a substantial amount of water and then
gradually releases it back into the cementitious matrix as the internal relative humidity
drops due to cement hydration and drying. This slow release of water replenishes the
moisture consumed in the hydration process and lost to the environment, which
effectively mitigates both autogenous and drying shrinkage by reducing the
development of capillary stresses. The increase in drying shrinkage at dosages of 4% -
6% can be explained by two dominant negative factors. Firstly, the high-water
absorption capacity of biochar becomes an adverse effect. Secondly, at higher
concentrations of PBC, the material's extensive internal porosity functions as a water
reservoir, sequestering substantial quantities of moisture within its interconnected pore
network. During the drying phase, the progressive evaporation of water from these
biochar-hosted pores generates pronounced capillary tension and internal tensile
stresses within the cementitious matrix. This moisture depletion mechanism amplifies
the magnitude of shrinkage strain, as the loss of pore water creates localized stress
concentrations that exceed the matrix's tensile capacity, ultimately resulting in
enhanced volumetric contraction.
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Figure 20. Dry shrinkage of the mortar mixes.

3.10 Acid attack resistance

Evaluating the durability of the biochar-modified mortars (PBC) incorporation as a
partial cement replacement on the acid resistance of mortars is essential for enhancing
the durability of cemeiititious composites subjected to aggressive acidic environments.
Figure 21 presents residual compressive strength of the mixtures after sulfuric acid exposure.
The performance of all mixtures following a 28-day immersion in a 5% sulfuric acid
solution, with mass loss and residual compressive strength serving as the primary
indicators of degradation. The deterioration mechanism involves the reaction between
sulfuric acid and calcium hydroxide (portlandite) present in the hydrated cement paste,
forming expansive and soluble calcium compounds such as gypsum (CaSOa4-2H-0).
The formation and subsequent crystallization of these reaction products within the pore
structure generate internal tensile stresses, leading to microcracking, spalling, and
progressive loss of both mass and mechanical strength in the mortar specimens. The
control mortar (CM) exhibited the poorest performance among all tested formulations
after 28 days of immersion in a 5% sulfuric acid solution, with the compressive strength
declining to 35.07 MPa and the cumulative mass loss reaching 7.2%. In contrast, the
biochar-modified mortars demonstrated substantially enhanced acid resistance. The
PBC3 specimen, which had the highest initial strength (52.37 MPa), also retained the
highest absolute strength after acid exposure, ending with 41.49 MPa. This corresponds
to a strength loss of only 21.4%, far superior to the control. Similarly, the PBC1 and
PBC2 mixtures lost only 18.5% and 20.2% of their strength, respectively. This
demonstrates that the same mechanisms that contribute to high initial strength at
optimal dosages also impart excellent chemical resistance. The mixtures with higher
PBC content (PBC4, PBCS5, and PBC6), despite having lower initial strengths, showed
a greater relative resistance to acid attack than the control. For instance, PBC4 lost only
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12.9% of its strength. This consistent trend across all dosages indicates that biochar
provides an inherent protective quality to the cementitious matrix. As established in the
porosity and water absorption analyses, the addition of biochar at low dosages (1-3%)
acts as a physical filler and promotes a more complete hydration process through
internal curing. This creates a denser, less permeable microstructure with a more
tortuous and disconnected pore network. This refined pore structure physically hinders
the ingress of the aggressive sulfate and hydrogen ions from the acid solution, slowing
down the rate of degradation. A less permeable matrix means that the acid has limited
access to the vulnerable cement paste within the core of the specimen (Tee et al 2023).
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Figure 21. Residual compressive strength of the mixtures after sulfuric acid exposure.

The primary targets of calcium hydroxide (portlandite) are the most soluble and
vulnerable components of hydrated cement paste. Through its pozzolanic activity, PBC
consumes a portion of this Ca(OH). to form additional, more durable C-S-H gel. By
reducing the amount of this primary target, biochar makes the matrix chemically more
stable and less susceptible to acid degradation. This explains that the post-acid strength
for the PBC mixes is proportionally higher relative to their initial strength compared to
the control. PBC itself is a carbonaceous and chemically stable material, far more
resistant to acid than the alkaline cement paste. The dispersed biochar particles act as
inert micro-scale barriers, disrupting the continuous path of acid penetration and
shielding the surrounding C-S-H gel from direct attack. This contributes to the entire
resilience of the composite material. These findings are well-aligned with previous
research. Studies by Sikora et al. (2022) and Singh et al. (2025) have consistently shown
that incorporating biochar improves the acid resistance of cementitious composites. The
combination of a denser microstructure and a more chemically robust matrix makes the
biochar-modified mortars, particularly those with 1-3% biochar, significantly more
durable and suitable for application in aggressive acidic environments.
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Figure 22. Residual Mass loss of the mixtures after sulfuric acid exposure.

Figure 22 presents the residual mass loss of the mixtures after sulfuric acid exposure.
The progressive mass loss of all mortar specimens over the 28-day immersion period in
a 5% sulfuric acid solution. This clearly illustrates that mass loss increases over time
for all mixtures, which is expected during continuous acid exposure. However, the rate
and extent of this degradation vary significantly depending on the biochar content,
showing the profound impact of PBC on the durability of the mortar. The control mortar
(CM) consistently demonstrated the poorest performance, as indicated by the highest
final mass loss value of approximately 7.2% at 28 days. This represents the baseline
degradation of conventional mortar, where the acid attack leads to the dissolution of
cement hydration products and the formation of expansive salts like gypsum, resulting
in significant material crosion and spalling. The superior performance of the PBC3
mixtures can be attributed to two primary mechanisms. Firstly, the pore refinement
caused by the filler effect of fine biochar particles creates a denser, less permeable
microstructure. This physically hinders the ingress of the aggressive acid solution,
protecting the vulnerable cement paste in the core of the specimen. Secondly, the
pozzolanic activity of biochar consumes a portion of the highly susceptible calcium
hydroxide (Ca(OH):) to form more durable C-S-H gel, reducing the amount of material
that can be easily attacked and leached by the acid (Aneja et al 2022). The biochar
content increases beyond the optimal of PBC4, PBC5, and PBC6, the mass loss also
increases, although it remains lower than that of the control mortar. This trend suggests
that at higher dosages, the negative effects of increased porosity and potential particle
agglomeration begin to counteract the protective benefits. The higher porosity in these
mixes provides more pathways for acid ingress compared to the dense matrix of PBC1,
PBC2 and PBC3. Nevertheless, the fact that even PBC6 of 6.8% mass loss performed
better than the control mix of 7.2% mass loss indicates that the inherent chemical
stability and barrier effect of biochar still provide a net protective benefit.

A visual inspection of the mortar specimens presented in Figure 23 shows the surface
degradation mass loss and colour changes after sulfuric acid attack after 28 days of
sulfuric acid immersion provides a compelling physical confirmation of the degradation
trends observed in the mass loss and residual compressive strength data. The control
mortar (CM) specimen exhibited the most severe deterioration. The surface was
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characterized by significant erosion and spalling, with a distinct whitish layer of
gypsum deposits clearly visible. This appearance is indicative of a classic acid attack
mechanism, the acid solution readily penetrated the relatively porous matrix and reacted
with the abundant calcium hydroxide (Ca(OH):), forming expansive and weak
secondary products that destroyed the structural integrity of the cement paste from the
outside in. An interesting observation in the PBC1, PBC 2 and PBC3 specimens was
the development of minor surface expansion, serves as visual evidence of their effective
resistance to acid ingress. This swelling represents a defensive response where the
dense microstructure trapped the expansive reaction products near the surface,
preventing them from propagating inward and causing internal damage. The low water
absorption rates measured for these mixtures provide the mechanistic explanation; their
refined pore networks effectively blocked the pathways that would otherwise allow acid
to infiltrate the bulk material.

The specimens PBC4, PBC5, and PBC6 excessive biochar content dilutes the cement
paste and disrupts the formation of calcium-silicate-hydrate (C-S-H) gel, the primary
binding phase responsible for strength development. This results in a weaker, more
porous matrix that is inherently more susceptible to sulfuric acid attack. During acid
exposure, the calcium hydroxide and residual calcium-bearing phases react with
sulfuric acid to form calcium sulfate (gypsum), which precipitates within the enlarged
pore spaces. Interestingly, while the control and optimal biochar specimens experienced
net mass loss due to the dissolution and leaching of reaction products, the high-biochar
specimens exhibited a different behavior. The relatively large and open pore structure
of these mixtures provided sufficient space for gypsum crystals to accumulate without
being readily washed away, leading to a net mass loss in some cases. This phenomenon
was similarly reported by Mosaberpanah et al (2023), who observed mass gain in
specimens with 3% biochar content after acid exposure. However, it is critical to note
that this mass gain does not indicate improved performance; rather, it reflects the
accumulation of weak, exparnisive secondary products within a compromised matrix,
which ultimately contribuics to reduced compressive strength and structural integrity.
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Control Mix
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Figure 23. Surface degradation showing mass loss and colour changes after sulfuric
acid attack

3.11 High-temperature resistance

The incorporation of PBC in ceinentitious mortar can influence the hydration kinetics
and the microstructural development of the hardened matrix. When cement-based
materials are subjected to elevated temperatures, they undergo a series of thermally-
induced changes that progressively degrade their physical and mechanical properties.
To establish a consistent baseline for thermal testing and to isolate the effects of
elevated temperature exposure from those of residual moisture, all specimens were pre-
dried in an oven at 105°C for 24 hours before thermal testing. This procedure removes
free water while preserving the integrity of the hydrated cement phases. Previous
research has demonstrated that significant microcracking in concrete typically becomes
evident only at temperatures exceeding 200°C [95], as the thermal expansion mismatch
between aggregate and paste, combined with the onset of C-S-H dehydration, generates
internal tensile stresses that exceed the matrix's capacity. The high-temperature
resistance of the biochar-modified mortar formulations was systematically evaluated.
Figure 24 presents the residual strength loss in the mixtures. The control mix and
biochar-modified mortars after exposure to elevated temperatures of _
BOOB@ The results reveal a complex but clear relationship between PBC content,
exposure temperature, and thermal stability. At 200°C, cementitious materials typically
experience an initial phase of degradation primarily due to the evaporation of free and
physically adsorbed water from the capillary pores. As shown, the control mortar (CM)
exhibited a compressive strength of approximately 40.32 MPa after exposure to 200°C.
Notably, all the biochar-modified mixtures, from PBC1 to PBC6, demonstrated superior
or comparable strength at this temperature. The optimal mixtures, PBC2 and PBC3,
achieved the highest strengths of 48.39 MPa and 51.36 MPa, respectively. This initial
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advantage is likely attributable to the denser and more refined microstructure of these
mortars at ambient conditions, a result of the filler effect and enhanced hydration from
biochar's pozzolanic activity, which provides a more robust starting point against

thermal degradation.

Exposure to 400°C shows a critical threshold where more severe degradation
mechanisms are initiated. At this temperature, the chemically bound water within the
calcium-silicate-hydrate (C-S-H) gel begins to dehydrate, and the decomposition of
calcium hydroxide (Ca(OH):) commences. These processes lead to significant
microstructural damage and a substantial loss of strength in conventional mortars. The
control mortar's strength dropped to 38.03 MPa, showing a clear decline. However, the
protective effect of biochar becomes highly evident at this stage. The PBC2 and PBC3
mixtures maintained their strength exceptionally well, at 48.66 MPa and 51.03 MPa,
respectively, showing minimal loss compared to their 200°C values. This superior
performance is primarily attributed to the vapor pressure release mechanism (Yang et
al 2021). The interconnected pore network within the biochar particles provides escape
pathways for the water vapour generated within the matrix. By dissipating this internal
pressure, the biochar prevents the formation of destructive tensile stresses that would
otherwise cause explosive spalling and severe microcracking.
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Figure 24. Residual strength loss in the mixtures

At 600°C, cementitious material faces critical damage, characterized by the complete
dissolution of Ca(OH); and severe degradation of C-S-H binder, leading to a drastic loss of
structural integrity. The control mortar reached its lowest strength of 36.45 MPa, a significant
reduction from its initial state. In remarkable contrast, the PBC3 specimen retained a
compressive strength of 50.78 MPa, demonstrating virtually no strength loss between 200°C
and 600°C. This exceptional thermal stability shows that the protective effects of biochar are
most pronounced at higher, more critical temperatures. Additionally, the dispersed biochar
particles function as crack deflection sites, impeding the propagation of thermally-generated
micro fractures through energy dissipation mechanisms, thereby maintaining matrix integrity.
These observations corroborate the findings of Wang et al. (2024), who demonstrated enhanced
high-temperature performance in cementitious systems with 1-2% biochar incorporation. The
biochar formulations of PBC4, PBC5 and PBC6 exhibited a performance decline attributable
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to competing microstructural effects. Although the vapour pressure mitigation and crack
deflection mechanisms remained active, the substantial reduction in C-S-H gel volume and
concomitant increase in matrix porosity diminished the intrinsic thermal resistance of these
specimens. Consequently, while these mixtures outperformed the control mortar, their residual
strengths were markedly inferior to those of the optimal PBC2 and PBC3 formulations (Mensah
et al 2021). Figure 25 presents the thermal effect on the mortar at different temperatures. The
mortar specimens after being exposed to various temperatures of * At
this initial stage of thermal exposure, the primary physical process is the evaporation of free
and loosely bound water from the capillary pores. The visual evidence confirms that no severe
structural damage, such as major cracking or explosive spalling, has occurred in any of the
mixtures. However, subtle differences in surface appearance and colour are apparent, providing
preliminary insights into the material’s thermal response. The most notable observation was a
slight colour change to a lighter, beige hue in the optimal biochar mixtures PBC1, PBC2 and
PBC3, indicating an initial thermal interaction. The mixtures PBC4 and PBC6 remained darker,
with PBCS5 showing minor surface roughness.

(b) i p
Residual Elevated Temperature 200°C ' Rt Kevted Towesnuy G

Control mix

PBC4 PBCS PBC6
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Residual Elevated Temperature 600°C

Control mix

Figure 25. Thermal Effect on the Mortar at Different Temperatures (a) Residue Elevated
Temperature at 200°C (b) Residue Elevated Temperature at 400°C (c) Residue Elevated
Temperature at 600°C

At 400°C, the onset of severe thermal degradation was seen. At this stage, the dehydration of
C-S-H gel and the initial decomposition of calcium hydroxide (Ca(OH)2) generate significant
internal stresses. The visual evidence clearly differentiates the performance of the mixtures,
revealing a dramatic divergence in thermal stability that was not apparent at 200°C. the
performance of the mixtures dramatically diverged. The control mortar (CM) and PBCl1
showed considerable surface degradation and corner spalling. In contrast, the PBC3 specimen
remained remarkably intact, with sharp edges and no visible cracks, visually demonstrating the
effectiveness of the vapour pressure release mechanism. The mixtures PBC4 -PBC6 began to
exhibit catastrophic failure. PBC4 and PBCS5 suffered from severe surface spalling, while
PBC6 displayed extensive map-cracking, a clear sign of internal stress overwhelming the weak,
porous matrix.

At 600°C, a temperature associated with severe thermal conditions and the complete
decomposition of key binder components, the performance differences reached their zenith.
The control mortars, PBC4, PBC5 and PBC6 experienced catastrophic failure, characterized
by deep, interconnected cracks, fragmentation, and a complete loss of cohesion. Conversely,
the PBC2 and PBC3 specimens, in an extraordinary display of thermal resilience, remained
structurally intact.

3.12 Microstructural analysis

The micrographs, presented in Figure 26 reveal a distinct evolution in the matrix morphology
and integrity corresponding to the biochar dosage. The microstructure of the blended cement
mixture demonstrated a significantly improved interfacial transition zone (ITZ) between the
cement paste and aggregate. The matrix appears dense and well-compacted, characterized by a
continuous Calcium-Silicate-Hydrate (C-S-H) gel, which is the primary binding phase
responsible for the material's strength. The identifiable, angular grains and needle-like ettringite
crystals formed during the hydration process. The porosity is relatively low, consisting mainly
of small, disconnected capillary pores. This dense and homogeneous microstructure is typical
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of a standard Portland cement mortar and serves as a benchmark for evaluating the effects of
biochar addition. The microstructures of the PBC2 and PBC3 specimens, respectively, the
biochar appears to be well-integrated into the cementitious matrix. The PBC2 specimen reveals
a dense matrix surrounding the aggregate, with a refined pore structure compared to the control.
PBC3 shows the well-developed Interfacial Transition Zone (ITZ) between the
biochar/aggregate and the cement paste. The particles also exhibit angular shapes with variable
sizes, which may influence packing density and workability. Additionally, some micro-cracks
and voids are visible on the PBC surface; while these may reduce mechanical interlocking, they
could also serve as active sites for chemical interaction with the cementitious phases. The
presence of a stable carbonaceous matrix observed in the SEM images further suggests good
thermal resistance, supporting the improved residual strength of PBC-containing composites
at elevated temperatures. The observation aligns with recent studies, which have found that
biochar can act as a nucleation site, promoting the formation of additional hydration products
(Zhao et al 2024). Ling et al. (2023) demonstrated that an optimal biochar dosage of 1-3%
facilitates a secondary reaction where Ca(OH): is consumed to form additional, strength-
enhancing C-S-H gel, effectively filling pores and densifying the matrix. Furthermore, research
by Zhu et al. (2023) has shown that a Ca-rich layer of hydration products can form at the
biochar-paste interface, creating a strong chemical and mechanical bond. This enhanced ITZ
and densified matrix in PBC2 and PBC3 directly explain their superior mechanical
performance and thermal resilience.

The excessive PBC6 has introduced significant defects that compromise the material's integrity.
Large macro-pores and voids are prevalent throughout the matrix, creating a discontinuous and
weakened structure. The ITZ in the PBC6 specimen is notably weak and poorly defined, with
clear evidence of interfacial cracks between the biochar particles and the cement paste. This
indicates poor bonding and creates pre-existing pathways for failure. This finding is consistent
with the work of Lorenzoni et al. (2024), who concluded that high volume fractions of biochar
can act as flaws within the microstructure, leading to a reduction in mechanical properties. The
high-water absorption of excessive biochar also locally de-waters the cement paste, hindering
proper hydration and leading tc a porous, friable matrix. This compromised and defect-ridden
microstructure is directly responsible for the significantly lower compressive strength of PBC6
and its catastrophic failure under thermal loading.
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3.13 Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier-transform infrared (FTIR) spectra of the control mix and PBC modified blends
(1%, 2%, 3%, 5%, and 6%) shown in Figure 27 demonstrate noticeable alterations in the
vibrational bands of key functional groups, indicating chemical and microstructural
interactions resulting from PBC content. The broad band observed between 3600-3200 cm™*
corresponds to O—H stretching vibrations, which are associated with bound water and hydroxyl
groups in hydration products such as C—S—H gel. The presence of this band in all mixtures
confirms ongoing hydration. A slight variation in intensity with increasing PBC content
suggests modifications in moisture retention and internal curing effects attributed to the porous
structure of PBC. The band at 1650-1600 cm™! is assigned to H-O—H bending vibrations,
indicating physically adsorbed water within the matrix. The relatively consistent intensity
across the mixes implies that PBC incorporation does not hinder the hydration process but may
influence water distribution within the microstructure. The absorption peak around 1450-1410
cm! corresponds to C—O stretching vibrations, typically associated with carbonate formation
(CaCO0s). According to Haris Javed et al. (2022), the inclusion of biochar accelerates

36



carbonation and contributes to microstructural refinement by obstructing pores and
microcracks, which eventually improves durability and limits fluid penetration. The presence
of this band suggests slight carbonation, which is common in cementitious systems exposed to
atmospheric CO.. The strong band observed between 1100-1000 cm™ represents Si—O-Si
stretching vibrations, primarily attributed to the silicate network of C—S—H gel, which is the
principal hydration product responsible for enhancing the mechanical strength and durability
of the mortar (Jo et al., 2017). Changes in peak intensity and slight shifts among PB mixes
indicate alterations in the silicate structure, suggesting that PBC may influence the
polymerization degree of hydration products. The peak at 950900 cm™ is linked to Si—O
stretching vibrations of C—S—H, confirming the formation of primary hydration products.
Enhanced intensity in some PBC-modified mixes may indicate improved hydration or
microstructural refinement. The consistent presence of this band across all samples confirms
structural stability of the cementitious matrix.

Overall, the FTIR results demonstrate that incorporating PBC does not introduce detrimental
chemical phases but slightly modifies the intensity of key hydration-related bands. This
suggests that PBC primarily influences the microstructure and hydration kinetics rather than
altering the fundamental chemical composition of the cement matrix.
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Figure 27: FTIR of the mortar mixes.

4. Sustainability Assessment

The sustainability assessment of the various biochar—modified mortar mixes is presented
in the Figure 28. Total embodied carbon decreased progressively from the control mix to
PBC6 of 831 kgCO./kg to 786 kgCO-/kg, representing a maximum reduction of 5.3%.
However, eco-strength efficiency defined as the ratio of compressive strength to embodied
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Embodied Carbon (KgCO2/Kg)

carbon peaked at PBC3 (0.065), indicating an optimal balance between mechanical
performance and environmental sustainability. Beyond PBC3 biochar replacement, the
decline in compressive strength outpaced the carbon reduction benefits, resulting in
diminished eco- efficiency. Therefore, PBC3 represents the most sustainable formulation,
achieving 2.53% carbon reduction while maintaining superior strength to carbon
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Table 6: Analysis of variance (ANOVA) summary for properties of PBC-modified mortar

Experimental Df (Between, Within) | F-Value | p-Value R? Significance
test

Flow 6,14 6.62 0.00176 0.739 Significant
Density 6,14 39.02 <0.0001 0.944 Significant
CS7days 6,14 19.26 <0.0001 0.892 Significant
CSasdays 6,14 114.48 | <0.0001 0.980 Significant
WA 6,14 1118.31 | <0.0001 0.998 Significant

6. Concluding remarks
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