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Abstract:

Introduction/Objective: Cement manufacturing generates high CO, emissions, requiring clinker replacement
materials that maintain hydration-controlled structural development. Marine bio-calcium provides an aragonite-based
calcium source. This study evaluates the effects of Cuttlebone Powder (CBP) on pore structure and microstructural
characteristics under increasing CBP replacement levels.

Methods: The study prepared ordinary Portland cement pastes containing 10-50% CBP at a water-to-binder ratio of
0.50 and cured the specimens for 28 days. Mercury Intrusion Porosimetry (MIP), Scanning Electron Microscopy
(SEM), and SEM-EDS measured pore parameters and elemental composition.

Results: Porosity decreased from 30.72% in the control paste to 21.72% at 40% CBP. Average pore diameter
decreased from 0.0713 pm to 0.0217-0.0249 pm in the 20-40% CBP range. Cumulative intrusion volume decreased
from 0.2239 mlL/g in the control paste to 0.1377-0.1633 mL/g within the 20-40% CBP range. Ca atomic percentage
increased from 66.45% to 82.50%, while Si decreased from 30.87% to 15.73%. Ca/Si increased from 2.15 in the
control paste to 2.6-3.5 in PPC20-PPC40 and reached 5.25 at 50% CBP.

Discussion: Pore refinement and a denser matrix are observed in CBP-modified cement paste. The 20-40%
replacement range provides the most pronounced changes in pore structure and microstructural characteristics
under the tested conditions.

Conclusion: CBP modifies pore structure and Ca/Si in cement paste. The 20-40% replacement range provides the
strongest pore refinement under the tested conditions. These results indicate the potential of CBP as a bio-calcium
additive for cement systems.

Keywords: Cuttlebone powder, Cement paste, Pore structure, Bio-calcium, Microstructure, Hydration product,
Calcium carbonate.
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1. INTRODUCTION

The cement industry faces increasing sustainability
pressure because cement manufacturing remains a major
contributor to global greenhouse gas emissions. Recent
reviews report that cement production contributes
approximately 7% of global anthropogenic CO, emissions,
highlighting the urgency of emission reduction strategies
[1]. Cement manufacturing also releases CO, during
limestone calcination and consumes high thermal energy
during kiln operation, and these processes intensify
environmental impacts [2, 3]. Consequently, engineers
increasingly adopt blended cement systems and partial
clinker replacement using supplementary cementitious
materials to reduce clinker content [4]. This strategy
promotes waste utilization and circular economy
principles because industrial by-products and recycled
materials substitute clinker and improve resource
efficiency while reducing environmental impacts and
landfill burden [4, 5]. However, replacement strategies
must maintain cement functionality and long-term
performance because hydration reactions control strength
development and durability in cementitious systems [3].
Alternative materials therefore influence hydration
reactions and microstructural evolution, and these
changes directly control engineering performance under
low-carbon design approaches [6]. Researchers must
therefore understand how replacement materials interact
with hydration processes, and this requirement motivates
further investigation of specific alternative materials in
subsequent sections.

Calcium carbonate additions are receiving increasing
attention in cementitious systems because they reduce
clinker consumption and maintain hydration and
engineering performance [7, 8]. Limestone powder is the
most established carbonate material and primarily acts as
a mineral filler that improves particle packing and
promotes early hydration through physical dispersion
within blended cement matrices [8, 9]. Fine carbonate
particles provide additional nucleation sites for hydration
products and can promote early cement hydration [10].
Calcium carbonate precipitation within available pore
spaces contributes to pore filling and changes the pore
structure of cementitious matrices [8, 11]. Carbonate
phases also interact chemically with aluminate
components to form carboaluminate hydrates, and this
reaction modifies phase assemblage and supports
microstructural development during hydration [9, 10].
Calcite- and aragonite-dominated materials exhibit
different nucleation efficiencies and hydration responses,
and these differences directly influence hydration
behavior [10, 12]. Consequently, bio-derived carbonate
resources obtained from biological or waste streams
attract growing attention, and these materials provide
sustainability benefits and distinct physicochemical
characteristics, and these properties warrant further
investigation in cementitious systems [7].

Bio-derived calcium carbonate has emerged as an
alternative material for partial cement replacement,
supporting sustainable cement systems and promoting
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marine waste valorization [13-15]. Marine biogenic
wastes, particularly seashell residues from seafood
processing industries, provide abundant calcium and
support resource recovery strategies aligned with low-
carbon construction practices [13, 16]. These biomaterials
originate from biological mineralization processes and
exhibit hierarchical porous morphologies that increase
surface complexity and promote interaction with cement
hydration environments compared with conventional
limestone [14, 17]. Cuttlebone predominantly consists of
aragonite-type calcium carbonate, which distinguishes it
from conventional calcite-based carbonate materials [18].
Seashell-derived calcium carbonate can provide nucleation
sites for hydration products and promote microstructural
development in blended cement systems [14]. However,
the behavior of seashell-derived materials in cementitious
systems remains insufficiently understood, and
researchers still face uncertainties regarding interactions
with hydration processes, phase evolution, and
pore-microstructure consequences [16, 17]. Therefore,
focused studies are needed to clarify the role of marine
skeletal bio-calcium materials in cement hydration and
evaluate their suitability for engineering cement systems.

Cuttlebone Powder (CBP) is a marine-derived bio-
calcium material obtained from seafood processing waste
[18, 19]. Cuttlebone consists mainly of aragonite-type
calcium carbonate (CaCO,) [19, 20]. Conventional
limestone fillers predominantly contain calcite [19]. X-Ray
Diffraction (XRD) and Fourier-Transform Infrared
Spectroscopy (FTIR) analyses confirmed the aragonite-rich
composition of cuttlebone [19]. Cuttlebone also exhibits a
highly porous, hierarchical architecture composed of
lamellar chambers separated by interconnected walls [20].
The mineralogical composition and porous architecture of
CBP differ from those of conventional carbonate materials
and make CBP a potential calcium-rich material for
sustainable applications [18-20].

Researchers have wused CBP in engineering
applications as a sustainable calcium-rich material [21,
22]. CBP originates from cuttlefish bone and consists
mainly of aragonite-type CaCO,, unlike conventional
limestone-based materials, which are predominantly
composed of calcite [19-21]. Previous studies used CBP as
a partial cement replacement in green concrete and
demonstrated its feasibility as an alternative calcium
carbonate source in cementitious systems [21]. Aragonite
and calcite exhibit different crystal morphologies,
stabilities, dissolution behaviors, and interactions with
cement hydration processes [21, 23, 24]. Calcium
carbonate polymorphs also influence hydration kinetics,
microstructural development, and mechanical perfor-
mance through their morphology and nucleation behavior
[12, 23, 24]. These characteristics distinguish CBP from
conventional calcium carbonate materials and support its
use as an aragonite-rich bio-calcium resource in cementi-
tious systems. Although previous studies have reported
several applications of CBP, further attention should be
given to its effects on pore structure development and
microstructural characteristics of cement paste.
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This study investigates cement paste incorporating
cuttlebone powder as a marine bio-calcium modifier. The
work  evaluates pore structure characteristics,
microstructural features, and localized elemental
compositions under increasing CBP replacement levels.
MIP, SEM, and SEM-EDS analyses were used to examine
changes in pore structure, matrix morphology, and Ca/Si
ratios within the investigated cement paste system.

2. MATERIALS AND METHODS

2.1. Materials

Ordinary Portland Cement (OPC) was used as the
primary binder. The OPC was manufactured by Siam City
Cement Public Company Limited, Thailand, under the
commercial designation Diamond. The cement conformed
to ASTM C150 [25]. The CBP was produced from the
cuttlebone of Sepia aculeata originating from the Gulf of
Thailand and was used as a partial cement replacement.
The cuttlebone was cleaned, dried, and mechanically
ground into a fine powder before use. The powder passed
through a No. 100 sieve (150 um) to produce a uniform
particle size before mixing with cement.

The CBP consisted mainly of aragonite-structured
calcium carbonate and served as a bio-derived calcium
source within the cement matrix. The preparation used
deionized water for all paste mixtures, and the mixtures
contained no chemical admixtures. This approach isolated
the influence of CBP on pore structure and
microstructural development.

2.2. Mix Proportion and Sample Preparation

CBP was used as a partial replacement for OPC at
replacement levels of 0, 10, 20, 30, 40, and 50% by mass.
A constant water-to-cement ratio of 0.50 was maintained
for all mixtures. The mixture proportions are presented in
Table 1.

2.3. Specimen Preparation

All specimens were prepared by mixing cement paste
according to ASTM C305 [26] using a mechanical mixer.
After mixing, the fresh paste was cast into molds with
dimensions of 50 mm X 50 mm x 50 mm following ASTM
C109 [27], and left for 24 h. The specimens were then
demolded and cured in water according to ASTM C511
[28] at a controlled temperature of 23 = 2 °C for 28 days.
After curing, the specimens were immersed in an acetone
solution to stop the hydration reaction. The specimens
were cut into prism-shaped pieces with dimensions of

Table 1. Mixture proportions of the specimens.

approximately 5 mm x 5 mm X 25 mm for MIP testing.
The remaining portions were prepared for SEM
observation and SEM-EDS analysis.

2.4. Mercury Intrusion Porosimetry (MIP)

The pore structure of cement paste was measured by
Mercury Intrusion Porosimetry (MIP). After acetone
treatment, the prism-shaped specimens were air-dried
under laboratory conditions at 25 = 2 °C for 24 h before
testing. The test provided pore size distribution,
cumulative intrusion volume, total accessible porosity, and
threshold pore diameter. These parameters were used to

evaluate pore refinement and pore structure
characteristics of the cement paste mixtures.
2.5. Scanning Electron Microscopy (SEM)

The experiment examined microstructural

characteristics using Scanning Electron Microscopy
(SEM). The specimens were prepared to preserve the
internal morphology of the cement paste before
observation. The SEM analysis focused on hydration
products, gel formation, and matrix densification. The
obtained images were used to evaluate microstructural
changes associated with increasing CBP replacement
levels.

2.6. Energy Dispersive Spectroscopy (SEM-EDS)

The experiment performed elemental analysis using
SEM-EDS. Elemental compositions were obtained from
SEM-EDS area analysis of selected microstructural
regions. The measurement quantified relative calcium and
silicon contents within the analyzed areas. The analysis
calculated Ca/Si trends to support interpretation of
chemical variation among mixtures.

3. RESULTS

3.1. Pore
Porosimetry

Structure from Mercury Intrusion

The dominant peak of the control specimen is located
at approximately 0.07-0.09 pm, with a noticeable
contribution from pores larger than 0.1 pm, as shown in
Fig. (1). Increasing the CBP replacement level from PPC10
to PPC30 shifts the peak toward smaller pore diameters.
PPC20-PPC40 exhibit peak positions near 0.02-0.03 pm.
PPC50 exhibits a broader pore size distribution and a
wider pore diameter range than PPC10-PPC40. No further
reduction in the dominant pore diameter is observed
beyond PPCA40.

S. ID. W/b ratio OPC (wt.%) CBP (wt.%)
Control 0.5 100 0
PPC10 0.5 90 10
PPC20 0.5 80 20
PPC30 0.5 70 30
PPC40 0.5 60 40
PPC50 0.5 50 50
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Fig. (1). Pore size distribution of cement paste mixtures obtained from mercury intrusion porosimetry.
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Fig. (2). Cumulative pore volume of cement paste mixtures obtained from mercury intrusion porosimetry.

Lower cumulative intrusion volumes are observed in
the CBP blended mixtures. Figure 2 shows that the control
specimen records the highest value of 0.2239 mlL/g.
PPC20, PPC30, PPC40, and PPC50 exhibit values of

0.1562, 0.1633, 0.1377, and 0.1379 mL/g, respectively.
The lowest cumulative intrusion volumes occur in PPC40
and PPC50. Further increasing the CBP replacement level
from 40% to 50% does not produce additional reduction.
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Porosity decreases from 30.72% in the control
specimen to 21.72% in PPC40, a reduction of
approximately 29%, as summarized in Table 2. The
cumulative intrusion volume decreases from 0.2239 to
0.1377 mL/g. The average pore diameter decreases from
0.0713 pm in the control specimen to 0.0217-0.0249 pm in
PPC20-PPC40. PPC20-PPC40 exhibit lower porosity and
smaller average pore diameters than the control
specimen, whereas PPC50 does not show additional
reduction. The control specimen records the highest
cumulative intrusion volume of 0.2239 mL/g, porosity of
30.72%, and average pore diameter of 0.0713 pm among
all mixtures. These results indicate a greater volume of
accessible pores in the control specimen than in the CBP-
blended mixtures. PPC20-PPC50 exhibit cumulative
intrusion volumes of 0.1377-0.1633 mL/g, porosity values
of 21.72-24.35%, and average pore diameters of

Table 2. Summary of MIP pore structure parameters.

0.0217-0.0298 pm. Increasing CBP beyond 40% does not
produce further measurable improvement in pore
structure parameters.

3.2. SEM Microstructural Observation

SEM observations in Fig. (3a-f) confirm the structural
transition observed in the MIP results. The control paste
in Fig. (3a) shows a discontinuous hydration network with
visible capillary pathways. Increasing CBP content in Fig.
(3b-e) promotes matrix continuity and reduces visible
pore domains. The transition becomes most evident in
PPC20-PPC40. In this range, Ca/Si increases from 2.61 to
3.47, and pore diameter decreases by approximately
65-70% compared with pure OPC. These coupled
geometric and compositional changes indicate internal
reorganization of hydration products rather than simple
pore filling.

S. ID. Total Intrusion Volume Total Ptz)re Area Average Pore Diameter Porosity (%) Threshold Pressure
(mL/g) (m*/g) (pm) (psi)

Control 0.2239 12.549 0.0713 30.72 5.73

PPC10 0.1999 21.695 0.0369 29.15 5.04

PPC20 0.1562 28.785 0.0217 23.77 5.92

PPC30 0.1633 28.175 0.0222 24.35 5.04

PPC40 0.1377 22.150 0.0249 21.72 5.29

PPC50 0.1379 18.500 0.0298 21.90 2.78

513300 10,0k k1.0

B el R
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Fig. (3). SEM micrographs of cement paste at 28 days showing progressive hydration, packing continuity, and reduction of visible pore
pathways with increasing CBP replacement: (a) Control, (b) PPC10, (c) PPC20, (d) PPC30, (e) PPC40, and (f) PPC50.

At 50% CBP replacement, the microstructure in Fig.
(3f) remains dense. However, additional refinement does
not occur. The absence of further morphological change
indicates structural saturation at high CBP content. The
SEM evidence supports the MIP results and shows that
bio-calcium CBP modifies hydration packing and pore
connectivity through a coupled structural-compositional
effect.

3.3. SEM-EDS

The reported elemental compositions were obtained
from SEM-EDS area analysis of selected regions. The
control paste in Fig. (4a) shows 66.45% Ca and 30.87% Si,

which gives a Ca/Si ratio of 2.15. This value falls within
the upper range typically reported for hydrated Portland
cement systems (=1.5-2.2). Increasing CBP replacement
in Fig. (4b-f) raises Ca content and reduces Si content, as
also summarized in Fig. (5) . The Ca/Si ratio therefore
increases continuously and reaches 5.25 at 50%
replacement. PPC20-PPC40 in Fig. (4c-e) show Ca/Si
values between 2.6 and 3.5, and this range coincides with
the lowest porosity and smallest average pore diameter
measured by MIP. PPC50 in Fig. (4f) increases the Ca/Si
ratio further, but only minor changes are observed in the
pore parameters.
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Fig. (4). Representative SEM-EDS spectra of cement pastes: (a) Control, (b) PPC10, (c) PPC20, (d) PPC30, (e) PPC40, and (f) PPC50.

T0.00

E ¢ 8
g &g =

Atomic Percentage (%a)

g
z

20,00

10.00

.00
PPC10

Control

PPC20

= Ca (Atomic %)

= 5 (Atomic o)

PPC30 PPC4D PPCS0

Sample ID

Fig. (5). Variation of Ca and Si atomic percentage in cement paste samples incorporating CBP determined by SEM-EDS analysis.

Si, Cl, and Ca elemental maps for Control, PPC20,
PPC40, and PPC50 are included in Fig. (6) . The mapping
results follow the same compositional trends as the
SEM-EDS area analysis. These results show that the Ca/Si
ratio increases with CBP replacement. PPC20-PPC40
exhibit lower porosity and smaller average pore diameters
than the control paste, whereas PPC50 shows only minor
additional changes in these parameters.

4. DISCUSSION

The MIP results show changes in pore structure after
CBP replacement. The control paste exhibits dominant
medium capillary pores near 0.07-0.09 pm, whereas
PPC20-PPC40 exhibit dominant pore diameters near
0.02-0.03 um. Porosity decreases from 30.72% to 21.72%,

and cumulative intrusion volume decreases accordingly.
SEM images show fewer observable voids and a denser
matrix in the CBP mixtures than in the control paste.
These observations are consistent with the lower porosity
and cumulative intrusion volumes measured by MIP. The
shift toward smaller pore diameters indicates that CBP
replacement modifies the pore structure by reducing the
proportion of larger capillary pores.

SEM observations show a less compact microstructure
with visible pore pathways in the control paste. In
contrast, the CBP mixtures exhibit fewer observable voids
and a denser matrix. These observations agree with the
lower porosity and cumulative intrusion volumes
measured by MIP. The SEM observations therefore
support the pore refinement identified by MIP.
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Fig. (6). SEM micrographs and corresponding EDS elemental maps of Si, Cl, and Ca for Control, PPC20, PPC40, and PPC50.

The Ca/Si ratio increases from 2.15 in the control
paste to 2.6-3.5 in PPC20-PPC40. This compositional
range coincides with the lowest porosity and smallest pore
diameters measured by MIP. Higher Ca/Si ratios indicate
increased calcium content within the analyzed regions.
The measured values represent localized elemental
compositions obtained from EDS analysis rather than
individual phase compositions. The EDS and MIP results
show similar trends in PPC20-PPC40.

Further increasing CBP replacement to 50% raises the
Ca/Si ratio to 5.25; however, SEM images and pore
structure parameters show limited additional refinement.
PPC50 exhibits porosity, cumulative intrusion volume, and
average pore diameter values comparable to those of
PPC40. In contrast, larger changes in these parameters
are observed between the control paste and
PPC20-PPC40. Most pore structure refinement occurs
within the CBP replacement range of 20-40%, whereas
increasing the replacement level from 40% to 50%
produces only minor additional changes.

PPC20-PPC40 exhibit lower porosity, smaller pore
diameters, lower cumulative intrusion volumes, and a
denser matrix than the control paste. In contrast,
increasing the CBP replacement level to 50% produces
only minor additional changes in pore structure and

morphology. The Ca/Si ratio, pore structure parameters,
and SEM observations show similar trends across the
mixtures.

5. LIMITATIONS OF THE STUDY

This study evaluated the pore structure and
microstructure of CBP-modified cement paste using MIP,
SEM, and EDS at 28 days. The MIP analysis used one
specimen from each mixture without replication.
Therefore, the quantitative pore parameters represent the
tested specimens and should not be interpreted as
statistically representative values. MIP characterizes
accessible pore structure but does not directly identify the
hydration mechanisms responsible for pore refinement.
SEM-EDS provides localized information from selected
areas and does not represent the complete distribution of
hydration products within the cement matrix. The study
also used a single water-to-binder ratio and curing
condition. Longer curing ages are needed to examine
changes in pore structure and microstructure over time.
Different mixture conditions should also be considered.
XRD analysis is needed to identify hydration products and
phase changes associated with CBP incorporation. This
information can support the interpretation of pore
structure development in CBP-modified cement paste.
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CONCLUSION

CBP replacement modifies the pore structure,
microstructure, and elemental composition of cement
paste. MIP results show a shift from medium capillary
pores toward smaller pore domains, accompanied by
reductions in porosity, cumulative intrusion volume, and
average pore diameter. SEM observations show fewer
observable voids and a denser matrix in the CBP mixtures
than in the control paste. SEM-EDS area analysis
indicates increasing Ca/Si ratios with increasing CBP
replacement. The most pronounced pore structure
refinement occurs within the CBP replacement range of
20-40%, which exhibits lower porosity, smaller pore
diameters, and lower cumulative intrusion volumes.
Further increasing the replacement level to 50% increases
the Ca/Si ratio but produces only minor additional changes
in the measured pore structure parameters. The results
demonstrate a relationship between pore structure, matrix
morphology, and localized elemental composition within
the investigated cement paste system.
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