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Abstract

Portland cement is a high-performance construction material widely used in
the building industry. However, its high cost and the environmental pollution
associated with its production have prompted the search for cost-effective and
environmentally friendly alternative materials. Several studies have investi-
gated the use of bivalve shells (e.g., clams, mussels, and oysters) as partial or
complete substitutes for Portland cement in construction materials. The aim
of this study is to valorize Corbula trigonabivalve shells, clay, and sand for the
development of a sustainable construction material. To this end, the clay and
bivalve shells were ground to a particle size of 80 um and calcined at 700°C
and 900°C, respectively. The raw materials, together with the sand, were then
characterized to evaluate their suitability for mortar production. The charac-
terization results showed that the sand had a 0/4 particle-size distribution, a
sand equivalent value of 85%, a bulk density of 1.54 g/cm?, and a specific grav-
ity of 2.55 g/cm’. X-ray fluorescence (XRF) analysis revealed that the sand
contained approximately 95 wt.% SiO,. XRD and IR analysis show that the
clay is mainly composed of kaolinite and the TGA/TGA curve on the bivalve
shells shows that the formation of CaO from CaCO; ends at a temperature of
about 800°C, while the dehydroxylation of the clay ends at a temperature
above 600°C. These results highlight the potential of these raw materials for

future mortar design.
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1. Introduction

A wide variety of construction materials are currently used for residential build-
ings worldwide, including wood, stone, steel, clay bricks, and concrete. Consider-
able research has been devoted to improving the mechanical performance and
thermal comfort of these construction materials.

In Africa, particularly in Cote d’Ivoire, traditional construction materials are
increasingly being replaced by Portland cement-based materials. Despite the high
cost of cement and the growing number of cement manufacturing plants, domes-
tic demand remains unmet.

Portland cement is a high-quality construction material that first appeared in
the 1820s and is now one of the most widely used construction materials world-
wide. Its continuously increasing production amounts to several billion tonnes
annually. According to Folliet (2011), emerging countries account for approxi-
mately 90% of global cement consumption. Furthermore, the World Cement As-
sociation (WCA) reports that the cement industry is responsible for approxi-
mately 5% - 6% of global greenhouse gas emissions [1].

In light of these challenges, the valorization of locally available resources repre-
sents a promising approach for developing construction materials that are dura-
ble, cost-effective, and environmentally sustainable.

Several studies have investigated the use of bivalve shells as a substitute for Port-
land cement in construction materials. [2] evaluated clam shells, [3] investigated
mussel shells, while [4] studied oyster shells as alternative cementitious materials.

Corbula trigona is the most abundant bivalve species in the Ebrié Lagoon (Cote
d’Ivoire), with one of the widest geographical distributions, occupying almost the
entire lagoon and reaching population densities of up to 1700 individuals/m? [5].
Its shells are rich in calcium oxide (CaO) but contain relatively low amounts of
silicon dioxide (S§iO,), whereas clay is naturally rich in silica. The complementary
chemical compositions of these two materials make them promising candidates
for the development of sustainable construction materials.

The main objective is to characterize bivalve shells (Corbula trigona), clay and
sand for their future use in the design of mortars. Bivalve shells were collected
from Jacqueville, located in southern Cote d’Ivoire. The sand was collected from
the Ebrié Lagoon, while the clay was sampled in Bingerville, another town situated

along the lagoon in southern Céte d’Ivoire.

2. Materials and Methods
2.1. X-Ray Diffraction (XRD)

XRD analyses were performed using a Bruker D8 ADVANCE diffractometer, while
mineral identification and quantification were carried out using the FITYK software.

We released the clay minerals in an ultrasonic bath by exposing them to ultra-
sound for 5 minutes. Then, we added 10% hydrochloric acid (HCI) and gently
agitated the sample-water mixture during the treatment to accelerate the release

of these minerals. If the water in the beaker is quite cloudy, collect this cloudy

DOI: 10.4236/0jcm.2026.164008

108 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2026.164008

B. S. N'guettia et al.

water without the sediment at the bottom. However, if the water remains clear, it
is necessary to repeat the ultrasonic treatment. Rinsing is carried out using a cen-
trifuge and aims to remove the mineral salts dissolved in the water to promote
better deflocculation of the clay minerals.

To remove these salts, the sample-water mixture must be centrifuged as follows:
centrifuge at 3000 rpm for 10 minutes, then repeat the operation until a cloudy
solution is obtained. The separation aims to extract only the clay minerals from
the cloudy solution. This can be achieved by centrifugation using the following
procedure:

* Add afew drops of ammonia to accelerate deflocculation;
» Start centrifugation at 1 minute 06 seconds and 1000 rpm;
¢ Stop the machine and remove the supernatant.

Next, spread a thin layer of the clay sample onto a glass slide, dry it at 60°C, and
analyze it by XRD. After XRD analysis, impregnate the clay sample with ethylene
glycol vapors in a desiccator for at least 12 hours. Then analyze it by XRD. Finally,
heat the clay slides to a temperature of 550°C for 2 hours 30 minutes and perform

a final XRD analysis.

2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was used to characterize the
clay. This technique is particularly suitable for investigating the local environment
of molecular groups whose characteristic vibration frequencies differ significantly
from those of the crystal lattice. It complements the mineralogical information
obtained by XRD.

FTIR analysis enables the identification of functional groups present in clay
minerals. These functional groups exhibit characteristic vibration frequencies and
absorb infrared radiation when the frequency of the incident radiation matches

their natural vibration frequency, as reported by [6].

2.3. Thermogravimetric Analysis (TG/DTG)

The measuring instrument is a Perkin Elmer ATG 4000. The maximum operating
temperature is 1200°C, and the maximum heating rate is 20°C/min.

Using tongs, we place a clean, empty crucible, fitted with its metal basket (stir-
rup), onto the suspension wire.

Once the balance is correctly calibrated, position the sample holder under the
crucible and suspension wire, then carefully remove the crucible by lifting the
metal basket. Place the sample in the crucible and carefully replace the crucible

and metal basket on the suspension wire and wait for stabilization.

2.4. X-Ray Fluorescence Spectroscopy (XRF)

After grinding the samples to obtain a Blaine specific surface area of 3000 cm?*/g,
we calcined them at 950°C + 25°C to form beads using 1 g of powder + 8 g of flux

(dilithium tetraborate). After bead formation, we sent them to the spectrometer
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for oxide analysis.
XRF was performed on bivalve shell powder (Corbula trigona), calcined and

uncalcined clay, and sand.

2.5. Particle Size Distribution

Sieve analysis consisted of passing the sand sample through a series of standard
sieves arranged in descending mesh sizes. Each sieve retained particles larger than
its opening while allowing finer particles to pass through. The mass retained on
each sieve was measured to determine the particle-size distribution.

The test was conducted in accordance with [7].

2.6. Sand Equivalent Test

The sand equivalent (SE) test was used to evaluate the proportion of clean sand
relative to clay-sized particles. According to [8], two 120 g oven-dried sand sam-
ples were placed into graduated cylinders containing a standardized solution. One
cylinder was used for the visual test and the other for the piston method. The cyl-
inders were shaken for 90 + 1 cycles within 30 + 1 seconds and then allowed to
stand vertically for 20 minutes.

After sedimentation, the heights of the clay suspension and the sand layer were
measured, and the SE and visual sand equivalent (VSE) values were calculated
using the standardized equations.

According to [9], sands with an SE value of 80% or higher are classified as very

clean sands.

2.7. Bulk Density

Bulk density is defined as the mass of a material divided by the total volume it
occupies, including the voids between particles. It is commonly used to evaluate
aggregates intended for construction materials.

Bulk density measurements were performed according to [10]. A cylindrical
container of known volume was weighed empty (M,), filled with loose sand with-
out compaction, leveled, and weighed again (M,). The bulk density was then cal-

culated from the measured mass and container volume.

2.8. Specific Gravity of Sand

The specific gravity (absolute density) of the sand was determined using the pyc-
nometer method in accordance with [11].

A clean and dry pycnometer of known volume was weighed (m,), filled with
oven-dried sand, and weighed again (m,). Distilled water of known density was
then added before recording the final mass (ms). The particle volume and the spe-

cific gravity were subsequently calculated using the standard procedure.

2.9. Fineness Modulus

The fineness modulus (FM) was calculated as one hundredth of the sum of the
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cumulative percentages retained on the standard sieves with openings of 0.16,
0.315, 0.63, 1.25, 2.5, and 5 mm, in accordance with [12].

3. Results and Discussion

3.1. Sand
3.1.1. Particle Size Distribution

The particle size distribution of the sand was determined in accordance with [7].
The cumulative retained percentages obtained from the sieve analysis are pre-

sented in Figure 1.

2.5 1.25 0.63 0.315 0.16 0.08 0.063

sieve diameter (mm)

Figure 1. Particle size distribution of the sand.

The results indicate that the sand has a 0/4 grading. According to [13], this
grading corresponds to aggregates suitable for mortar production. The calculated
fineness modulus (FM) is 3.07, indicating that the material is a slightly coarse
sand. Such a grading is generally suitable for mortar production because it con-

tributes to good particle packing and satisfactory mechanical performance.

3.1.2. Sand Equivalent
The results of the sand equivalent test are presented in Table 1.

Table 1. Sand equivalent measurement.

Visual Piston Visual Piston

Tests N1 N°1 N2 N°2
h (cm) 43 43 43 43

h2 8.6 8.7

h2 9.7 10

h1 10 10.3
ES (%) ESV1 =97 ES1 =86 ESV2 =97.08 ES2 = 84.46

DOI: 10.4236/0jcm.2026.164008 111 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2026.164008

B. S. N'guettia et al.

The average visual sand equivalent (VSE) was 97%, whereas the average sand
equivalent (SE) obtained using the piston method was 85%.

According to the classification proposed by [9], sand with an SE value greater
than or equal to 80% is classified as very clean sand. Therefore, the tested sand
contains only a small proportion of clay-sized particles and is suitable for the man-

ufacture of mortars and concrete.

3.1.3. Bulk Density
The measured bulk density of the sand was 1.54 g/cm® (1540 kg/m?).

According to [10], the typical bulk density of uncompacted construction sand
ranges from 1400 to 1600 kg/m’, whereas compacted sand generally exhibits val-
ues between 1600 and 1800 kg/m’.

The obtained value therefore falls within the normal range for loose construc-
tion sand. This result indicates that the sand has a normal packing density and a
typical void ratio between particles, making it suitable for mortar and concrete

production.

3.1.4. Specific Gravity
The specific gravity of the sand was found to be 2.55 g/cm’.

Natural siliceous sands generally exhibit specific gravity values ranging from
2.6 to 2.7 g/cm’, while mixed natural sands usually range between 2.5 and 2.7
g/cm’.

The measured value therefore falls within the expected range for natural aggre-
gates commonly used in construction materials, confirming the suitability of the

sand for mortar production.

3.1.5. X-Ray Fluorescence (XRF) Analysis
The oxide composition of the sand determined by X-ray fluorescence (XRF) is

presented in Table 2.

Table 2. Oxide composition of the sand.

Oxide Na.O ALOs

SiO2 P20s K20 CaO TiO2 Cr20s Fe20s SrO Mn2Os  PAF

Mass

Percentage 0.26 1.54

(%)

95.88 0.03 0.38 0.34 0.07 0.13 1.62 0.01 0.10 0.61

The results reveal that the sand is composed predominantly of silicon dioxide
(Si0,), representing approximately 95.88 wt.% of the total oxide composition. Mi-
nor amounts of A,O3, Fe,O3, Na;O, K;0, CaO, TiO,, Cr;03, SrO, and Mn,O; were
also detected.

The high silica content indicates that the aggregate is essentially a siliceous
sand. Such mineralogical composition provides good chemical stability and me-
chanical strength, making the material particularly suitable for the production of

construction mortars.
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3.2. Clay

3.2.1. X-Ray Diffraction (XRD)
The X-ray diffraction (XRD) pattern of the clay is presented in Figure 2.

— N(dry air)
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Smectite

1 Smectite
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Figure 2. X-ray diffraction (XRD) pattern of the clay.

The XRD analysis indicates that the clay is composed predominantly of ka-
olinite, followed by illite and smectite, while quartz is present in smaller
amounts. The shift of the smectite diffraction peak from approximately 6° 20
to 4° 20 after ethylene glycol treatment confirms the swelling behavior of the
smectite phase. Heating the clay to 500°C results in the progressive destruction
of kaolinite, whereas illite and quartz remain stable under these thermal con-

ditions.

3.2.2. Thermogravimetric Analysis (TG/DTG)
The TG/DTG curves of the clay are shown in Figure 3.

An initial endothermic peak is observed between 100°C and 200°C, corre-
sponding to a slight mass loss due to the evaporation of water contained in the
sample, as demonstrated by [14]. This is followed by a strong endothermic peak
in the DTG curve (3.48%) and a significant drop in the ATG curve between 200°C
and 500°C, corresponding to the dehydroxylation of kaolinite, transforming it
into metakaolinite, as described by [15] according to the equation:

ALSi,Os (OH), > ALS,O; + 2 H,O

(Kaolinite) (Metakaolinite)

A third phase, characterized by a slight mass loss between 500°C and 700°C,
likely corresponds to the dehydroxylation of the remaining mass, followed by sta-
bilization above 700°C.
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Figure 3. TG/DTG curves of the clay.

3.2.3. X-Ray Fluorescence (XRF) Analysis
The oxide compositions of both the raw and calcined clay are presented in Table
3 and Table 4.

Table 3. Oxide composition of the uncalcined clay.

Oxide Na;O MgO ALOs SiO: P20s K:O0 CaO TiO: Cr:03 Fe:Os SOs MnO PAF
Composition
(%) 1.97 0.62 16.06 55.82 0.19 1.38 1.97 098 0.09 4.69 1.96 0.04 14.13

Table 4. Oxide composition of the calcined clay.

Oxide Na;O MgO ALOs SiO: P0Os KO CaO TiO: Cr20s Fe:0s SO3 Mn:0; PAF

Composition

(%) 0.10 0.23 28.01 63,51 0.06 1.01 0.36 1.16 0.03 3.27 0.01 0.03 2.5
0

The raw clay contains mainly SiO, (55.82 wt.%) and ALO; (16.06 wt.%), to-
gether with smaller amounts of Fe,Os, CaO, MgO, SO3, K,0, and P,O:s.

After calcination at 700°C, the chemical composition changes significantly. The
calcined clay contains 63.51 wt.% SiO,, 28.01 wt.% AlOs, and 3.27 wt.% Fe,Os,
with a loss on ignition (LOI) of 2.5 wt.%.

According to the requirements of ASTM C618-05, a pozzolanic material must
contain at least 70 wt.% of the combined oxides SiO, + ALLOs + Fe,Os and exhibit
a maximum loss on ignition (LOI) of 10 wt.%.

The calcined clay satisfies these requirements, with a combined oxide content
of 97.78 wt.% and an LOI of 2.5 wt.%. Therefore, this clay can be considered a
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pozzolanic material suitable for use as a supplementary cementitious material in

Portland cement.

3.2.4. Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectrum of the clay is presented in Figure 4.
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=
o
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20
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4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4. FTIR spectrum of the clay.

The absorption bands observed between 3700 and 3500 cm™ correspond to the
stretching vibrations of the internal hydroxyl (OH) groups characteristic of kao-
linite.

The absorption band located at approximately 1600 cm™ is attributed to the
bending vibration of adsorbed molecular water (H-O-H).

The band around 1000 cm™ is associated with the stretching vibrations of Si-O
bonds, while the absorption band between 950 and 900 cm™ corresponds to the
deformation vibrations of Al-OH groups.

Finally, the absorption band between 800 and 700 cm™ is assigned to the Si-O-
Al vibration, confirming the presence of aluminosilicate minerals in the clay.

3.3. Bivalve Shells (Corbula trigona)

3.3.1. X-Ray Fluorescence (XRF) Analysis

The shells of bivalve (Corbula trigona) were rinsed with tap water, air-dried, and
then ground for 3 hours in a ball mill. They were then sieved through an 80-mi-

crometer mesh before XRF analysis. The results are shown in Table 5.

Table 5. Oxide composition of uncalcined bivalve (Corbula trigona) shells.

Oxide NaO MgO ALOs SiO2 P:Os SOs KO CaO TiO: Fe:Os SrO Mn0Os PAF

Composition

(%) 0.23 0.01 0.60 1.86 0.04 0.10 0.02 5276 0.02 0.74 0.21 0.03 43.72
()
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The bivalve shells were first rinsed with tap water, air-dried, and then calcined
in a Nabertherm muffle furnace, with a temperature range of 200°C - 1200°C, for
2 hours at 900°C. The XRF analysis results are shown in Table 6.

Table 6. Oxide composition of bivalve (Corbula trigona) shells calcined at 900°C.

Oxide Na;O MgO ALO; SiO: P05 SO; KO CaO TiO: Fe:0s SrO Mn20Os PAF

Composition

(%) 0.26 0.01 0.78 222 0.05 011 004 7223 0.03 1.05 0.28 0.03 23.12
0

The results show that the shells are composed predominantly of CaO (52.76
wt.%), confirming their calcareous nature. Minor amounts of SiO, (1.86 wt.%),
ALOs (0.60 wt.%), Na,O (0.23 wt.%), Fe,Os (0.74 wt.%), MgO (0.01 wt.%), TiO,
(0.02 wt.%), SrO (0.21 wt.%), Mn,Os3 (0.03 wt.%), K»O (0.02 wt.%), and P,Os (0.04
wt.%) were also detected. The loss on ignition (LOI) was 43.72 wt.%.

The high calcium oxide content indicates that Corbula trigona shells constitute
a calcium-rich raw material with significant potential for use in the development

of cementitious and construction materials.

3.3.2. Thermogravimetric Analysis (TG/DTG)
The TG/DTG curves of the Corbula trigonabivalve shells are presented in Figure
5.
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Figure 5. TG/DTG curves of the Corbula trigona.

An initial mass loss occurs between 50°C and 200°C, explained by the loss of
residual water. Then, between 200°C and 500°C, a significant mass loss (ATG) is
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observed, accompanied by a strong endothermic peak in DTG of 4.75%. This cor-

responds to the decomposition of calcium carbonate, as demonstrated by [16] ac-
cording to the equation: CaCO; > CaO + CO..
Between 500°C and 800°C, a slight mass loss is observed, which may reflect the

decomposition of residual calcium carbonate [17]. Above 800°C, the sample sta-

bilizes.
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