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ABSTRACT

Aragonite-derived bio-calcium originates from food industry waste and has potential for partial replacement of 
ordinary Portland cement (OPC) in cementitious systems. The objective was to study the effect of partial replacement 
of OPC with cuttlebone powder (CBP) on hydration products and microstructure. The six mixture groups used CBP 
contents of 0%, 10%, 20%, 30%, 40%, and 50% to partially replace OPC by weight at a constant water-to-binder ratio 
of 0.5. The specimens were cured under submerged water conditions for 28 days. X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), thermogravimetric/derivative thermogravimetric (TG/DTG), scanning electron 
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) analyses were conducted to evaluate hydration-
related characteristics and microstructure evolution. The results showed that calcium hydroxide (CH)-associated weight 
loss decreased from 7.41% in the control specimen to 3.98% in CBP40, whereas carbonate-associated weight loss 
increased from 2.80% to 15.06% in CBP50. Carbonate decomposition midpoint increased from 688.25 °C to 767.41 
°C after CBP incorporation. XRD and FTIR showed broader diffraction profiles and carbonate-related absorption 
bands. SEM revealed granular morphology in CBP10–CBP30, whereas CBP40 and CBP50 exhibited heterogeneous 
and agglomerated morphology. EDS showed that the Ca atomic percentage increased from approximately 66% to 
82%, whereas the Si atomic percentage decreased from approximately 31% to 16%. CBP modified hydration products 
and microstructure, particularly at replacement levels of 20–30%. Higher replacement levels promoted stronger 
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carbonate-associated characteristics and more heterogeneous morphology. Further investigation is required to clarify the 
mechanism before CBP can be fully evaluated as a partial replacement for OPC.
Keywords: Bio-Calcium; Cuttlebone Powder; Hydration Products; SEM–EDS; Cement Paste

1.	 Introduction
Global carbon dioxide (CO₂) emissions from in-

dustrial processes remain a major environmental issue [1].  
The cement industry contributes considerably to these 
emissions because cement production requires high en-
ergy consumption and clinker manufacturing at elevated 
temperatures [2–4]. A large amount of CO₂ generated during 
cement production originates from limestone calcination 
during clinker formation [5]. During this process, calcium 
carbonate (CaCO₃) decomposes into calcium oxide (CaO) 
and releases CO₂ [5]. Fuel combustion used to maintain 
kiln operation also increases total emissions from cement 
manufacturing [6]. Therefore, reducing clinker content in 
cementitious systems has become an important strategy for 
decreasing CO₂ emissions associated with cement produc-
tion [7,8]. As a result, supplementary and alternative mineral 
materials have attracted attention as potential components 
for low-carbon cement-based materials [7].

Supplementary cementitious materials (SCMs) 
change hydration reactions and microstructural develop-
ment in cementitious systems [9–11]. They also influence 
microstructural development during hydration [12–14]. These 
materials consume calcium hydroxide released during ce-
ment hydration and contribute to the formation of addi-
tional calcium silicate hydrate (C–S–H) and calcium alu-
minate hydrate phases [15,16]. The incorporation of SCMs 
also modifies hydration kinetics, reaction heat, and phase 
development during the early stage of hydration [17,18]. The 
formation of secondary hydration products can reduce pore 
connectivity and produce a denser cement matrix [19,20]. 
These changes can decrease ion transport and improve 
matrix integrity in hardened cement systems [19–21]. Howev-
er, calcium leaching and progressive decalcification may 
gradually destabilize hydration products and increase pore 
development within the cement matrix [20–23]. Decalcifica-
tion weakens the C–S–H structure and reduces microstruc-
tural stability under aggressive conditions [21–23]. Hydration 
products, pore structure, and calcium-rich materials interact 
throughout cement hydration. These interactions influence 

the performance of modified cementitious materials [24,25].
Cement hydration involves chemical reactions and 

ion transport within the cement matrix [26]. Nucleation cre-
ates active surfaces for hydration product precipitation and 
clinker dissolution. Early hydration proceeds more rapid-
ly after nucleation [26]. Ion transport and water movement 
in the pore solution regulate hydrate formation during the 
early hydration stage [27]. Fine mineral materials modify 
hydration through surface interactions and changes in pore 
solution chemistry. Sulfate availability and particle-sur-
face adsorption also influence hydration reactions during 
cement hydration [27,28]. Chemical reactions and transport 
processes modify hydration products and pore structure 
throughout cement hydration [26–28].

Hydration in blended cement systems depends on 
clinker hydration, dilution effects, filler action, and poz-
zolanic reactions [29]. Fine mineral particles provide nu-
cleation sites for hydrate precipitation. Low replacement 
levels promote early hydration [30]. Higher replacement 
levels reduce clinker dissolution. Fewer reactive cement 
phases remain available for hydration, and hydration heat 
release decreases [30]. Reactive aluminosilicate phases con-
sume calcium hydroxide released during cement hydration. 
Secondary calcium silicate hydrate (C–S–H) and calcium 
aluminate hydrate phases form during later hydration peri-
ods [31]. Dissolution–precipitation reactions within the pore 
solution regulate hydrate phase assemblage and matrix for-
mation in cementitious materials [32]. Surface interactions 
between cement grains and fine mineral particles modify 
pore structure and hydration behavior [33]. Hydration re-
actions continuously modify hydration products and pore 
structure throughout cement hydration [34].

C–S–H serves as the primary binding phase in ce-
mentitious systems, and its formation depends on the 
Ca/Si ratio and hydration conditions [35]. The Ca/Si ratio 
controls gel structure, phase assemblage, and hardened 
matrix properties [35,36]. A suitable Ca/Si ratio produces a 
denser C–S–H network. Matrix continuity improves at 
the microscale under these conditions [36]. Calcium con-
centration within the pore solution regulates ion mobility, 
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structure development of cement paste. The effects of CBP 
incorporation on CH-related behavior, carbonate-associat-
ed phases, hydration product morphology, and elemental 
characteristics have received limited attention. Moreover, 
the influence of high CBP replacement levels on matrix 
continuity and microstructural heterogeneity has not been 
thoroughly investigated.

Therefore, this study investigated the influence of 
aragonite-derived bio-calcium on hydration products, ther-
mal behavior, and microstructure development of cement 
paste incorporating CBP. The study evaluated CH-related 
behavior, carbonate-associated phases, hydration product 
morphology, and elemental characteristics to explain the 
hydration behavior of CBP. XRD, FTIR, TGA/DTG, SEM, 
and EDS analyses supported the interpretation of these 
characteristics.

2.	 Materials and Methods

2.1.	Materials

OPC served as the base binder in all mixtures and 
satisfied ASTM C150-24 Type I [57]. CBP consisted main-
ly of aragonite. CBP partially replaced OPC in the cement 
paste mixtures. CBP preparation involved cleaning to re-
move organic matter, drying, and grinding into powder. 
The CBP powder passed through a No. 100 sieve accord-
ing to ASTM E11-24 [58] to obtain a controlled particle size 
for uniform mixing, as shown in Figure 1. The sample 
mixtures used deionized water at a constant water-to-bind-
er (w/b) ratio of 0.5. CBP replaced 0%, 10%, 20%, 30%, 
40%, and 50% of OPC by weight of cement. The mixture 
without CBP served as the control. Table 1 summarizes 
the mix proportions.

2.2.	Methods

2.2.1.	Chemical Composition Analysis (XRF)
XRF determined the chemical compositions of OPC 

and CBP using a PANalytical SuperQ system under con-
trolled conditions. The analysis quantified the major and 
minor oxide contents of both materials. OPC consisted 
mainly of CaO, SiO₂, Al₂O₃, and Fe₂O₃, together with 
smaller amounts of MgO, Na₂O, and K₂O. In contrast, 
CBP contained predominantly CaO. These results provided 

water transport, and local hydration reactions during ce-
ment hydration [37]. Supplementary cementitious materials 
modify hydration through dilution effects, secondary hy-
dration reactions, and dissolution–precipitation processes 
in the pore solution [38]. Blended carbonate–clay systems 
generate C–S–H, ettringite, portlandite, and carboalumi-
nate-related phases [39,40]. System composition and hydra-
tion conditions determine the formation of these hydration 
products [39,40]. SCMs reduce clinker consumption and 
modify hydration behavior in cementitious systems [41]. 
High CaCO₃ content allows calcium-rich shell-derived 
materials to participate in hydration reactions. Hydration 
products formed from these reactions modify the micro-
structure of cement paste [42,43].

Cuttlebone powder (CBP) is a marine-derived cal-
cium carbonate material composed predominantly of ara-
gonite [43,44]. Previous studies have used cuttlebone-derived 
materials in mortar and concrete as filler materials and 
supplementary additives [45,46]. Aragonite differs from cal-
cite in crystal structure and hydration-related behavior in 
cementitious systems [47,48]. Aragonite and calcite differ in 
hydration behavior in cement-based materials [48–50]. How-
ever, the influence of aragonite-derived CBP on hydra-
tion-related characteristics and microstructure evolution of 
cement paste remains unclear.

Fine shell particles may provide nucleation sites for 
hydrate precipitation and modify dissolution–precipitation 
processes during hydration [51]. In carbonate-bearing sys-
tems, hydration behavior also depends on the crystal struc-
ture of calcium carbonate polymorphs, particularly calcite 
and aragonite, which exhibit different nucleation character-
istics and surface interactions during hydration [52]. These 
polymorph-related interactions can affect hydration kinet-
ics and carbonate-associated phase formation within the 
cement matrix [52]. The development of hydration products 
is closely related to the formation of C–S–H, whose struc-
ture and morphology depend strongly on the Ca/Si ratio 
and local hydration conditions [53–55]. Changes in hydration 
conditions can alter pore structure and matrix continuity in 
hardened cement systems [54–56].

Previous studies on cuttlebone powder mainly re-
ported strength development and mechanical performance 
of cementitious materials. In contrast, fewer studies have 
examined its influence on hydration products and micro-
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the chemical basis for comparing the compositions of OPC and CBP before paste preparation.

(a) (b)
Figure 1. Materials: (a) CBP; (b) OPC.

Table 1. Mix proportions.
Specimen OPC (% by Weight) CBP (% by Weight) Water-to-Binder Ratio

Control 100 0 0.5
CBP10 90 10 0.5
CBP20 80 20 0.5
CBP30 70 30 0.5
CBP40 60 40 0.5
CBP50 50 50 0.5

2.2.2.	Specimen Preparation
OPC and CBP formed the binder system. Dry ma-

terials were mixed before adding deionized water. Mixing 
followed ASTM C305-20 [59] and produced a paste. The 
fresh paste was filled into 50 × 50 × 50 mm cube molds 

according to ASTM C109-20 [60]. The specimens were 
demolded after 24 h and cured in water at 25 ± 2 °C for 28 
days according to ASTM C511-21 [61]. The mix proportions 
are listed in Table 1. Figure 2 shows the specimen prepa-
ration procedure.

(a) (b)
Figure 2. Cement paste specimen preparation: (a) paste mixing; (b) specimen casting.
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2.2.3.	Phase Analysis by X-Ray Diffraction 
(XRD)

XRD determined the crystalline phases of the ce-
ment paste specimens. Measurements were performed us-
ing a Bruker D8 Advance diffractometer equipped with Cu 
Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA. The scan 
covered a 20 range of 5–60° with a step size of 0.02° and a 
scanning rate of 1°/min. Phase identification included CH, 
ettringite, residual clinker phases, and aragonite associated 
with CBP.

2.2.4.	Fourier-Transform Infrared Spectros-
copy (FTIR)

FTIR characterized the functional groups associated 
with cement hydration. A Bruker Tensor II FTIR spectrom-
eter recorded spectra over the 400–4,000 cm−1 range using 
the KBr pellet technique. The spectra identified silicate 
bands related to C–S–H, carbonate absorption bands as-
sociated with residual or transformed CaCO₃, and bands 
corresponding to OH and SO₄2− groups. These results pro-
vided molecular-scale information for evaluating hydration 
products and the influence of CBP on the cement system.

2.2.5.	Thermogravimetric Analysis (TGA)
TGA evaluated the thermal behavior of the cement 

paste specimens using a TA Instruments Q50. Approxi-
mately 20–25 mg of each sample was heated from room 
temperature to 1,000 °C under a nitrogen atmosphere at 
a heating rate of 10 °C/min. The mass-loss profile identi-
fied C–S–H dehydration, CH decomposition, and CaCO₃ 
decarbonation. These results provided quantitative infor-
mation for evaluating hydration products and carbonation 
reactions associated with CBP.

2.2.6.	Scanning Electron Microscopy (SEM)
SEM characterized the microstructure of the cement 

paste specimens. After 28 days of curing, the specimens 

were fractured into small pieces and immersed in acetone 
for 24 h to stop hydration. The fractured surfaces were 
coated with gold and examined using a JEOL JSM-IT500 
scanning electron microscope. The analysis focused on hy-
dration products, pore structure, surface morphology, and 
phase distribution within the cement matrix.

2.2.7.	Energy-Dispersive X-Ray Spectroscopy 
(EDS)

Energy-dispersive X-ray spectroscopy (EDS) an-
alyzed the elemental composition of hydration products 
in the cement paste specimens. The EDS analysis was 
conducted together with SEM observation using a JEOL 
JSM-IT500 system. The analysis examined the SEM ob-
servation regions. The EDS spectra determined the Ca/Si 
ratio and elemental composition of the selected regions. 
The spectra also detected Na, Mg, and Sr associated with 
CBP.

3.	 Results

3.1.	Chemical Composition of Raw Materials 
(XRF)

OPC and CBP exhibited markedly different chem-
ical compositions based on XRF analysis, as shown in 
Table 2. CaO dominated the composition of CBP and 
reached 95.07%, exceeding the corresponding value 
of OPC (78.18%). OPC contained substantially high-
er amounts of SiO₂, Al₂O₃, and Fe₂O₃. The SiO₂ content 
reached 11.29% in OPC but remained at only 0.03% in 
CBP. XRF also detected minor oxides, including Na₂O, 
MgO, K₂O, SrO, ClO₂, and P₂O₅, in CBP. CBP contained 
predominantly calcium-bearing oxides. OPC contained 
the major silicate-bearing components in the cement sys-
tem.

Table 2. Chemical composition of OPC and CBP. 

Material
Oxide Composition, (%)

Al2O3 SiO2 CaO Fe2O3 Na2O MgO K2O SO3 SrO TiO2 ClO2 P2O5

OPC 2.83 11.29 78.18 3.29 0.24 1.31 0.41 1.82 - 0.32 0.24 0.06
CBP 0.02 0.03 95.07 - 1.52 0.16 0.19 0.42 0.63 - 1.62 0.22
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3.2.	  Phase Composition and Hydration Prod-
ucts (XRD)

CH-related reflections appeared at approximately 
18°, 34°, and 47° in both the control and CBP-modified ce-
ment paste specimens. Low-angle reflections appeared be-
tween approximately 7° and 12° and between 27° and 31°. 
A broad diffraction region extended from approximately 
27°–34°. Low-crystallinity C–S–H-related phases were 
associated with the broad diffraction region, as shown in 

Figure 3.
The diffraction peak near 18° remained the most 

intense CH-related reflection throughout all CBP replace-
ment levels. The control specimen exhibited sharp diffrac-
tion peaks with high relative intensity. CBP replacement 
produced broader diffraction profiles and reduced the rel-
ative intensity of the CH-related reflections. Peak broad-
ening increased from CBP30 onward. CBP40 and CBP50 
produced the broadest diffraction profiles and the lowest 
relative intensity in the CH-related region near 34°.

Figure 3. XRD patterns of the control and CBP-modified cement paste specimens.

The control specimen showed low diffraction inten-
sity between approximately 7° and 12°. CBP incorporation 
increased the relative intensity between approximately 7° 
and 12°. CBP30, CBP40, and CBP50 produced the high-
est relative intensity in this range. Low-angle reflections 
appeared between approximately 27° and 31°. Relatively 
weak reflections were observed in the control specimen, 
whereas the CBP-modified specimens exhibited more dis-
tinguishable reflections after CBP incorporation. These 
low-angle reflections may be associated with AFt- or 
ettringite-related hydration phases.

A broad and diffuse diffraction region was observed 
between approximately 27° and 34°. A relatively sharper 
diffraction profile was observed in the control specimen, 
whereas broader and more diffuse profiles developed af-
ter CBP incorporation. In addition, the relative intensity 

gradually decreased with increasing CBP replacement. The 
broad diffraction profile observed in this region may be re-
lated to low-crystallinity C–S–H-related phases.

3.3.	Functional Groups and Molecular Char-
acteristics (FTIR)

The FTIR spectra of the control and CBP-modified 
cement paste specimens are presented in Figure 4. A broad 
absorption band appeared at approximately 3,430 cm−1 
in all mixtures, while additional absorption bands were 
observed at approximately 1,640, 1,450, 1,030, and 870 
cm−1. These absorption bands were associated with hy-
dration-related, CO₃2−-related, and Si–O-related vibration 
regions within the cement paste system. The control spec-
imen exhibited higher transmittance and narrower absorp-
tion profiles in these regions, whereas the CBP-modified 
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specimens showed lower transmittance, deeper absorption 
bands, and broader spectral profiles after CBP incorpora-
tion. Broader and more pronounced absorption bands ap-

peared at approximately 1,450 and 870 cm−1 with increas-
ing CBP replacement. The most pronounced absorption 
bands appeared in CBP40 and CBP50.

Figure 4. FTIR spectra of control and CBP-modified cement paste specimens.

FTIR spectra showed a broad absorption band at ap-
proximately 3,430 cm−1 in all mixtures. An absorption band 
appeared at approximately 1,640 cm−1. The band at 3,430 
cm−1 corresponded to the O–H stretching vibration. The 
band at 1,640 cm−1 represented the H–O–H bending vibra-
tion. The control specimen showed higher transmittance 
and narrower absorption profiles. CBP-modified speci-
mens exhibited lower transmittance and deeper absorption 
bands. Band broadening occurred at approximately 3,430 
cm−1 after CBP incorporation. CBP20, CBP40, and CBP50 
exhibited the greatest band broadening.

Carbonate-related absorption bands appeared at ap-
proximately 1,450 and 870 cm−1. The bands corresponded 
to the CO₃2− vibration regions of the cement paste system. 
The control specimen showed higher transmittance and 
narrower absorption profiles. CBP-modified specimens 
showed lower transmittance and deeper absorption bands. 
The absorption bands at approximately 1,450 and 870 cm−1 
became broader. CBP40 and CBP50 exhibited the greatest 
band broadening. The results reflected the carbonate-rich 
nature of CBP.

An absorption band appeared at approximately 1,030 
cm−1. The band corresponded to the Si–O-related vibra-

tion region of the cement paste system. The control speci-
men showed a narrower absorption profile. CBP-modified 
specimens showed broader absorption profiles and lower 
transmittance. The absorption band at approximately 1,030 
cm−1 became more visible. The absorption band was most 
visible in CBP30, CBP40, and CBP50.

3.4.	 Thermal Decomposition Behavior (TGA)

The TG and DTG curves are shown in Figure 5. 
Three decomposition regions appeared in the control spec-
imen and the CBP mixtures. The first region correspond-
ed to dehydration-related weight loss. CH decomposition 
appeared in the second region, whereas carbonate decom-
position appeared at higher temperatures. Quantitative 
results are summarized in Table 3. The control specimen 
showed a CH-associated weight loss of 7.41%. Lower val-
ues between 3.98% and 6.30% were observed in the CBP 
mixtures. In contrast, carbonate-associated weight loss in-
creased from 2.80% in the control specimen to 15.06% in 
CBP50. The carbonate decomposition midpoint increased 
from 688.25 °C in the control specimen to 767.41 °C in 
CBP50. The DTG curves of the CBP mixtures showed 
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broader peaks in the carbonate decomposition region com- pared with the control specimen.

(a)

(b)
Figure 5. (a) TG curves and (b) DTG curves of control and CBP-modified cement paste specimens.

Table 3. Weight-loss characteristics of cement paste specimens obtained from TG/DTG analysis.

Specimen Low-Temperature Weight 
Loss (%)

CH-Associated Weight 
Loss (%)

Carbonate-Associated 
Weight Loss (%)

Carbonate Decomposition 
Midpoint (°C) Final Residue

Control 18.68 7.41 2.80 688.25 70.46
CBP10 16.15 6.30 6.01 718.63 69.50
CBP20 17.91 5.02 8.80 732.83 67.66
CBP30 13.49 4.42 10.44 745.48 67.02
CBP40 15.82 3.98 12.03 750.76 67.69
CBP50 13.13 5.33 15.06 767.41 64.87
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The low-temperature decomposition region appeared 
below approximately 200 °C in Figure 5. Quantitative re-
sults are summarized in Table 3. Weight loss in this region 
ranged between 13.13% and 18.68%. The control speci-
men showed the highest low-temperature weight loss of 
18.68%, whereas CBP30 and CBP50 showed lower values 
of 13.49% and 13.13%, respectively. The DTG curves in 
Figure 5 showed variations in the low-temperature decom-
position region among the mixtures. Several CBP mixtures 
showed broader DTG peaks compared with the control 
specimen.

The CH decomposition region appeared between 
approximately 430 °C and 500 °C in Figure 5. CH-asso-
ciated weight loss decreased from 7.41% in the control 
specimen to 3.98% in CBP40. Lower decomposition peaks 
appeared in the DTG curves after CBP incorporation. The 
reduction in CH-associated weight loss corresponded to 
lower decomposition peaks in the CH region. CH-associ-
ated weight loss remained between 4.42% and 5.02% in 
CBP20–CBP30, whereas CBP50 showed a slight increase 
to 5.33% compared with CBP40.

The carbonate decomposition region appeared at 
higher temperatures in Figure 5. Carbonate-associated 
weight loss increased from 2.80% in the control speci-
men to 15.06% in CBP50. The control specimen showed 
the lowest carbonate-associated decomposition, whereas 
CBP50 showed the highest decomposition among the mix-
tures. The carbonate decomposition midpoint shifted from 
688.25 °C in the control specimen to 767.41 °C in CBP50. 
Higher carbonate-associated weight loss corresponded to 
broader decomposition peaks in the DTG curves after CBP 
incorporation. Broader decomposition peaks appeared in 
the carbonate decomposition region of the CBP mixtures 
compared with the control specimen.

The TG and DTG results showed differences in ther-
mal decomposition behavior after CBP incorporation, as 
shown in Table 4. Lower CH-associated decomposition 
was accompanied by higher carbonate-associated decom-
position in the CBP mixtures. The increase in carbon-
ate-associated weight loss corresponded to broader decom-
position peaks and elevated midpoint temperatures in the 
carbonate decomposition region.

Table 4. Comparative thermal decomposition behavior of cement paste specimens.

Specimen Low-Temperature Thermal 
Response

CH-Associated Decomposi-
tion Behavior

Carbonate-Associated 
Decomposition Behavior

Thermal Decomposition 
Behavior

Control Highest low-temperature weight loss Strong CH decomposition Limited carbonate decomposition CH-dominant decomposi-
tion

CBP10 Reduced low-temperature weight 
loss compared with control

Lower CH decomposition Increased carbonate decomposi-
tion

Shift toward carbonate de-
composition

CBP20 Thermal response comparable to 
control

Further reduction in CH de-
composition

More pronounced carbonate de-
composition

Increased carbonate-related 
decomposition

CBP30 Reduced low-temperature thermal 
response

Reduced CH decomposition Carbonate decomposition became 
dominant

Carbonate-dominant de-
composition

CBP40 Moderate low-temperature thermal 
response

Lowest CH decomposition 
among the mixtures

Strong carbonate decomposition Strong carbonate-dominant 
decomposition

CBP50 Lowest low-temperature weight loss 
among the mixtures

Slight increase in CH decom-
position compared with CBP40

Highest carbonate decomposition 
and decomposition midpoint

Maximum carbonate-related 
decomposition

3.5.	Microstructure and Morphology (SEM)

The incorporation of CBP modified the morphology 
of the cement matrix. Granular morphology appeared af-
ter CBP incorporation. Crystalline features appeared less 
distinct in several CBP mixtures. Surface continuity and 
pore regions varied among the mixtures. Agglomerated 
morphology was more evident at high CBP contents, as 
presented in Figure 6.

Compared with the control specimen, the CBP mix-

tures exhibited differences in matrix morphology and 
surface continuity. Granular morphology became more 
apparent in CBP10–CBP30. Crystalline features ap-
peared less distinct than in the control specimen. Visible 
pore regions were less evident in several CBP mixtures, 
particularly in CBP30, where the matrix retained a rela-
tively more continuous morphology. CBP40 and CBP50 
exhibited more heterogeneous and agglomerated mor-
phology compared with CBP10–CBP30. Clustered gran-
ular regions and irregular surface continuity were more 
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noticeable at high CBP contents. Localized pore regions 
remained visible in several areas of the matrix, particular-
ly in CBP50, where heterogeneous morphology appeared 
across several regions.

The SEM observations were consistent with the TG 
and DTG results. Reduced crystalline morphology in sev-
eral CBP mixtures corresponded to lower CH-associated 

decomposition behavior. In contrast, agglomerated and 
heterogeneous morphology were more noticeable at high 
CBP contents, where higher carbonate-associated decom-
position was also observed. The SEM observations reflect-
ed differences in matrix morphology after CBP incorpo-
ration, particularly in granular texture, surface continuity, 
and heterogeneous morphology at high CBP contents.

(a) (b)

(c) (d)

(e) (f)
Figure 6. SEM micrographs: (a) Control; (b) CBP10; (c) CBP20; (d) CBP30; (e) CBP40; and (f) CBP50.
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3.6.	  Elemental Characteristics of Hydration 
Products (EDS)

The EDS spectra showed differences in elemental 
characteristics after CBP incorporation, particularly in 
relative Ca and Si peak intensities, as shown in Figure 7. 
The CBP mixtures showed a gradual increase in Ca-related 
peak intensity, whereas the relative Si-related intensity be-
came less noticeable at high CBP contents. Differences in 

morphology were also observed in the corresponding SEM 
observation regions across the mixtures.

The EDS results showed changes in Ca and Si atom-
ic percentages after CBP incorporation. The Ca atomic per-
centage increased from approximately 66% in the control 
specimen to about 82% in CBP50, whereas the Si atomic 
percentage decreased from approximately 31% to 16%. 
Higher Ca atomic percentages were observed at high CBP 
contents, particularly in CBP40 and CBP50.

Figure 7. EDS spectra and corresponding SEM observation regions: (a) Control; (b) CBP10; (c) CBP20; (d) CBP30; (e) CBP40; and 
(f) CBP50.

The changes in Ca and Si atomic percentages cor-
responded to differences in morphology observed in the 
SEM observation regions. CBP40 and CBP50 exhibited 
higher Ca atomic percentages together with more hetero-
geneous and agglomerated morphology compared with the 
control specimen and the lower CBP mixtures. These mor-
phological differences were more noticeable at high CBP 
contents. The results corresponded to the SEM and TG/
DTG observations. Higher Ca atomic percentages at high 
CBP contents were observed together with more hetero-
geneous and agglomerated morphology. Lower relative Si 
atomic percentages also appeared across several CBP mix-
tures together with differences in matrix morphology.

4.	 Discussion
The XRD patterns showed broader diffraction pro-

files and lower relative intensity in the CH-related regions 
after CBP incorporation. Figure 3 shows the correspond-
ing diffraction patterns. The FTIR spectra showed broader 
carbonate-related absorption bands and lower transmit-
tance behavior, particularly at high CBP contents. The cor-
responding FTIR spectra are shown in Figure 4. The TG/
DTG results showed lower CH-associated decomposition 
and stronger carbonate-associated decomposition behavior 
after CBP incorporation. Figure 5 shows the correspond-
ing TG/DTG curves. More granular and agglomerated 
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tion behavior of different calcium carbonate polymorphs 
using hydration kinetics together with XRD, TGA, and 
SEM analyses. Their results showed different hydration 
behavior among calcium carbonate polymorphs because of 
differences in crystal structure.

However, this study focused on characterizing hy-
dration products and microstructural characteristics using 
XRD, FTIR, TG/DTG, SEM, and EDS. Further insight 
into the hydration mechanism and long-term performance 
of aragonite-derived bio-calcium will help explain its role 
in cement paste.

5.	 Conclusions

5.1.	Hydration-Related Findings

Aragonite-derived bio-calcium modified the hydra-
tion-related behavior of cement paste after CBP incorpo-
ration. Lower CH-associated decomposition together with 
broader diffraction profiles and broader carbonate-relat-
ed FTIR absorption bands appeared across the mixtures. 
These behaviors reflected differences in CH-related and 
carbonate-associated characteristics.

5.2.	Microstructural Findings

The replacement of OPC with aragonite-derived 
CBP also changed the microstructure of the cement matrix. 
Differences in granular morphology, matrix continuity, 
and elemental characteristics appeared after CBP incorpo-
ration. The SEM observations showed changes in matrix 
morphology, whereas the EDS results showed higher Ca 
atomic percentages together with lower relative Si atomic 
percentages in several CBP mixtures. High CBP contents 
produced more heterogeneous and agglomerated morphol-
ogy together with stronger carbonate-associated decompo-
sition behavior. Broader carbonate-related FTIR absorption 
bands and higher Ca atomic percentages also appeared at 
high replacement levels. These differences became more 
pronounced in CBP40 and CBP50.

5.3.	Study Summary and Future Work

The results show that CBP influences the formation 
of hydration products and microstructural development 

morphology appeared after CBP incorporation, as observed 
in the SEM images shown in Figure 6. Higher Ca atomic 
percentages together with lower relative Si atomic percent-
ages were also detected in the selected SEM observation 
regions of several CBP mixtures. The corresponding EDS 
spectra are shown in Figure 7.

Higher carbonate-associated decomposition ap-
peared at high CBP contents, particularly in CBP40 and 
CBP50. Broader decomposition peaks together with higher 
decomposition midpoint temperatures were observed in 
the carbonate decomposition region of the TG/DTG curves 
shown in Figure 5. Broader carbonate-related absorption 
bands at approximately 1,450 and 870 cm−1 also appeared 
in the FTIR spectra shown in Figure 4. CBP40 and CBP50 
exhibited more heterogeneous and agglomerated morphol-
ogy than the lower CBP mixtures, as observed in Figure 6. 
Higher Ca atomic percentages were also detected in the se-
lected SEM observation regions of these mixtures. Figure 
7 shows the corresponding EDS spectra.

CBP incorporation changed the matrix morphology. 
The control specimen showed more distinct crystalline 
morphology, visible pore regions, and discontinuous sur-
face features. CBP10–CBP30 showed more granular mor-
phology. Matrix continuity improved in several regions. 
These morphological differences are illustrated in Figure 6.

BP changed the hydration products and microstruc-
ture of cement paste after OPC replacement. The CH-relat-
ed characteristics decreased, whereas the carbonate-related 
characteristics became more pronounced with increasing 
CBP content. Li et al. [49] reported similar changes in the 
hydration products and microstructure of cement paste con-
taining both aragonite and calcite calcium carbonate. Their 
XRD, TG, and SEM analyses also identified carbonate-as-
sociated hydration products and different interactions be-
tween hydration products and calcium carbonate surfaces.

The hydration products and microstructural charac-
teristics observed in this study are partly comparable with 
those reported by Jiang et al. [46], who reported similar 
hydration products and microstructural characteristics in 
aragonite-containing cementitious materials. Their study 
investigated hydration behavior and reaction products us-
ing hydration heat measurements, XRD, microstructural 
analysis, and multiscale characterization to explain the 
hydration mechanism. Hay et al. [52] investigated the hydra-
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reviewed and edited all outputs. The authors take full re-
sponsibility for the final content of the article.
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