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Abstract: The aim of this work is to valorize fired clay brick debris (grog, CH) by using egg and coconut shells in the
production of eco-friendly compressed earth bricks for sustainable building materials. Samples were cured at ambient
temperature (23 + 3 °C) and prepared by varying different percentages of calcined eggshell (CO) and coconut shell (CN)
at 13%, 26%, and 40%, respectively. Additionally, another mix design incorporated both calcined eggshell and coconut
shell together into the grog powder. Comprehensive physico-mechanical properties such as water absorption (WA), bulk
density (BD), apparent porosity (AP), moisture content (MC), compressive strength (o), and elastic modulus (EM) were
evaluated. Chemical composition, X-ray diffraction (XRD) analysis, Fourier-transform infrared spectroscopy (FTIR),
Energy Dispersive X-ray (EDX) analysis, and Scanning Electron Microscopy (SEM) were also performed. Results show
an increase in compressive strength with increasing percentages of calcined eggshell: for 87CH-13CO, 74CH-26CO, and
60CH-40CO, compressive strengths were 1.38, 2.70, and 3.88 MPa, respectively. For 87CH-13CN, 74CH-26CN, and
60CH-40CN, coconut shell addition similarly showed an increase in compressive strength. Bulk density decreased with
increasing percentages of calcined eggshell and coconut shell as the percentage of grog decreased. Linear correlation
equations between mechanical properties and mix proportions were determined. SEM micrographs revealed a dense
microstructure with some agglomerations. These results indicate an improvement in engineering properties due to the
addition of eggshell waste, making these enhanced properties suitable for sustainable eco-friendly building materials.
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1. Introduction

Recently, the global construction industry has been faced with several environmental issues,’ due to the excessive
use of cement and non-renewable natural resources such as aggregates (sand, gravel and pozzolan).” The production of
these cements includes the release of carbon dioxide (CO,) which leads to global warming.*’ It has been shown that for
every 1 ton of cement used in construction, more than 900 kg of carbon dioxide (CO,) is released into the environment,”
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and also that the energy needed to produce cement comes from non-renewable resources that produce a lot of CO,.” The
building sector is extremely energy-intensive, consuming more than 40% of the world’s energy,” with the concerns
of environmental impact and climate change.” Building requires the use of different types of building materials such as
concrete, fired earth bricks, compressed earth bricks, cement bricks, geopolymers bricks, pavements, etc. The fired clay
bricks presented good pozzolanic activity”'’ and alkaline activation.'*"

Today, some researchers agree that by 2,060, sand and gravel consumption will have almost doubled worldwide."
It is therefore crucial to find alternative solutions for building in a sustainable, economical and environmentally friendly
way.”" Similarly, other researchers have shown that most demolition waste from construction and other industrial
wastes can be used to replace cement, sand and gravel'® and therefore require natural aggregates’ to produce lightweight
concrete.'” These include fired clay bricks debris, eggshells and coconut shells, whose properties are similar to those
of cement.'®" Durability, low cost, and better strength are very important characteristics of fired bricks.” The waste
from fired bricks are recycled, preserving new clay deposits and protecting them from the rapid deterioration of
the environment.. However, the need for a solution on how to manage these burnt waste bricks is a call of concern.
The eggshell and coconut shells (agro waste) are valorized to ensure environmental sustainability by minimizing
environmental pollution.

Eggshell, an agro bio-waste material obtained from farmers and found in abundance worldwide is dumped in
landfills without any pretreatment thus causing environmental pollution.”' It contains calcium oxides (carbonate).
However, it is applied in domains, such as cement replacement,””” 1,7
removal of ionic pollutants and fertilizers.”” According to standard ASTM specification for limestone,” it has good
radiation protection properties.”’ Eggshells can be incorporated in cement alongside other materials such as silica fume
(SF),” rice husk ash (RHA),” rice straw ash (RSA),” glass powder,” palm oil fuel ash (POFA),”""” bagasse ash® and to
contributed to the formation of C-S-H gel.”*”

The coconut shell was used as aggregate in the mix composition. Thus, the coconut tree is a very abundant, and
renewable resource of energy. The shells are then burnt into ashes in a furnace at a very high temperature to produce
the coconut shell ash. It has uniform quality and good resistance to water and fungal attacks. Coconut shell powder is
a sustainable building material®”” and an eco-friendly alternative to synthetic materials.” Coconut shells can be used
as materials for making coconut charcoal briquettes, fully biodegradable, low cost, activated charcoal. Coconut shells
which is an inexpensive, fully biodegradable activated carbon can be used to make coconut charcoal briquettes. Coconut
shells can be replaced or incorporated into cement, such as coconut shell ash (CSA),” soil stabilizer,” bagasse ash,”'
fine aggregate,” ™" coarse aggregate,"* and lightweight concrete.”' ™

This approach to waste management is fully in line with the concept of sustainable development, linked to the
circular economy. It could also reduce energy consumption in buildings by 17% and CO, emissions by 30%” and
comply with European Union Directive 2008/98/EC, which sets a recycling target for construction waste of at least
70% by 2020.* The circular economy approach therefore remains an innovative solution for providing a sufficiently
sustainable raw material with the guarantee of a healthy, waste-free environment.®

This study seeks to valorize waste fired bricks used to synthesize ecological compressed earth bricks by using
calcined eggshells and coconut shells. It also investigates the mechanical properties such as compressive strength test (o),
water absorption (WA), bulk density (BD), apparent porosity (AP), moisture content (MC) and elastic modulus (EM).
Analysis such as Energy Dispersive X-ray analysis (EDX) is used to determine elemental composition and chemical
characterization of raw materials and formulated samples. Scanning Electron Microscopy (SEM) is used to determine
the morphology of samples, and X-Ray diffraction (XRD) and Fourier Transformed Infrared spectrometry (FT-IR)
analysis were carried out to determine the different crystallographic amorphous phases and chemical bonds formed or
transformed.

materials for biodiese and adsorbent in the

2. Materials and methods

2.1 Collection and processing of raw materials
2.1.1 Grog

The fired clay bricks debris (CH) (Figure 1 (a)) was obtained from the central region of Cameroon, Mfoundi
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Division, more precisely in the locality of Nkolbisson at the artisanal fired clay bricks production unit of the Local
Materials Promotion Authority (MIPROMALO). Then they were crushed in a ball mill sieved through a 2 mm sieve and
packaged in sealed bags for further analysis. The physical characteristics of grog in this study were carried out on bulk
density, effective density, moisture content, porosity, compactness, voids index and fines modulus, respectively. Figure
1 shows the point of collection of raw materials. Figure 1 (a) shows the dumping of grog into the environment; Figure
1 (b) and Figure 1 (c) show eggshells and coconut shells waste. Figure 1 (d) and Figure 1 (f) show the crushing and
grinding of coconut shell into coconut shell powder while Figure 1 (e) shows the pretreatment by washing the eggshell
and removing all unwanted debris.

2.1.2 Egg shells

The egg shells (Figure 1 (b)) were collected from a bakery in the city of Yaounde, Mfoundi Division, in the locality
of Etoug-Ebe, Cameroon. Firstly, they were washed in normal water for 15 min to remove any impurities and any
unwanted debris from the membrane. It was then sun-dried for 5 days at room temperature (23 + 3 °C). The egg shells
were then oven-dried at 105 £ 5 °C for 2 hrs to remove moisture content from the samples. Raw materials were crushed
and sieved at 300 um to eliminate coarse particles and obtain fine particles. It was later sieved at 75 um and packaged
in hermetically sealed bags. Finally, the white powder obtained was calcined in an electric oven at 900 °C for 2 hrs and
noted CO. Its specific gravity used was 2.07-2.50, and the fines modulus is about 1.80.

2.1.3 Coconut shells

Coconut shells were collected from coconut sellers on the Yaounde-Douala trunk road at Carrefour Boumnyebel,
located in the centre region, Nyong et Kelle Division and Ngog Mapubi district. They were firstly stripped off their
fibers, and then crushed using a hammer. Then, they were oven-dried for 24 hrs at 105 + 5 °C, then crushed and sieved
through a 250 um sieve and finally packaged in a bag and noted CN for further analysis. The specific gravity is 1.33 and
the water absorption used is 23%.

Normal tap water was used in all formulations. Precisely the water came from the Cameroon Water Utilities
Corporation (Camwater). Its quality complies with the requirements of the Cameroonian standard on compressed earth
blocks NC 102-115: 2007.* The water is used to bind the matrix components together in paste form and promotes a
quick hydration reaction. It must also be pure and free of impurities. The physical properties of raw materials are shown
in Table 1.

Table 1. Physical properties of raw materials

Properties Fired clay bricks debris (CH) Coconut shells (CN)  Calcined eggshells (CO) References
Bulk density (g/cm’) 1.10 0.83 2.07-2.50 Ngayakamo et al.*
Effective density (g/cm’) 2.60 -
Moisture content (%) 1.55 10.57
Water absorption (%) - 23 - Lavanya et al.”
Porosity (%) 57.66 -
Compactness (%) 42.34 -
Voids index (%) 1.36 -
Finess Modulus 3.67 - 1.80 Muthusamy et al.”
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Figure 1. Raw materials (a) Collection of grog (b) eggshell (¢) coconut shell (d) crushed coconut shell (e) washing of eggshell (f) grinding of raw materials

2.1.4 Production of mortar samples

Figure 2 shows formulated samples and preserved samples for further analysis. The earth mortar of dimensions
20 x 20 x 20 mm in size was produced and was obtained from the mixing procedure of water to earth ratio of 2:10. A
mass of 360 g was used to make the samples per formulation, as shown in Table 2. The sum of 3 samples was used per
formulation and the averages were taken for the calculation of standard deviation.

Figure 2. Samples (a) packaged dry samples (b) formulated samples (c) preservation of samples

Table 2. Different mortar formulations

Ne CH(g) CO900°C(g) CN250um(g) Label Code
1 360 0 0 100CH A
2 313 47 0 87CH 13CO B
3 313 0 47 87CH 13CN C
4 266 94 0 74CH 26CO D
5 266 47 47 74CH 13CO 13CN E
6 266 0 94 74CH 26CN F
7 216 144 0 60CH 40CO G
8 216 97 47 60CH 27CO 13CN H
9 216 47 97 60CH 13CO 27CN I
10 216 0 144 60CH 40CN J
11 313 23.5 23.5 87CH 6.5CO 6.5CN K
12 241 94 25 67CH 26CO 7CN L
13 241 25 94 67CH 7CO 26CN M
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2.2 Methods
2.2.1 Energy dispersive X-ray analysis (EDX)

This analysis enables the various chemical elements present in each inorganic material to be determined
quantitatively to determine their chemical composition. An accelerating voltage of 7.5-10 kV was applied during the
EDX analysis so that the depth of interaction volume of the electron beam found in the sample is limited. In order to
increase the conductivity of the sample (also known as a non-conductive sample) it leads to charging artifacts. A silver-
gold coating was applied and images were taken using a backscattered electron detector. 10 images were taken at
different positions of each sample and the results obtained were analyzed as averages.

2.2.2 X-ray diffraction analysis (XRD)

The XRD is used to qualitatively identify the various crystalline compounds that are present in a material, as well
as their crystallographic forms. Ex-situ XRD data was collected on an STOE Stadi-p X-ray powder diffractometer
(STOE & Cie GmbH, Darmstadt, Germany) with Cu Kal radiation (A = 1.54056 A; Gemonochromator; flat samples) in
transmission geometry with a DECTRIS® MYTHEN 1K detector (DECTRIS, Baden-Daettwil, Switzerland).

2.2.3 Fourier transform infrared spectroscopy (FT-IR)

It is a technique used to assess the nature of molecules in a material as well as impurities. It is based on the
absorption phenomenon that occurs when the infrared radiation passes through the matter. This is then selectively
observed to depend on the exciting vibrations of the samples, and given that each molecule or group of molecules
making up the material has vibration levels corresponding to precise energies. The measurements of infrared
spectroscopy are carried out in transmittance and can be an absorbance mode by a spectrometer.

In order to measure the FTIR. A Bruker Vertex 80v having KBr was applied by using 1g of each sample mixed
with 200 mg of KBr and pressed at 100 kN using a hydraulic press (ENERPAC P392, USA) to get each pellet. At the
range of 400-4,000 cm ™' Infrared spectrum of each pellet was recorded at a resolution of 2 cm™' with 32 scans. Samples
were recorded using OPUS Spectroscopy software.

2.2.4 Scanning electron microscopy (SEM)

The surface of samples was investigated with equipment ZEISS AVO 40 (Carl Zeiss AG, Oberkochen, Germany).
After 28 days of curing, the SEM of five samples of mortar coded D (74CH 26CO), E (74CH 13CO 13CN), I (60CH
13CO 27CN), G (60CH 40CO) and F (74CH 26CN) were presented together with XRD and IR data. The samples were
examined under an FE-SEM (Nova Nano FE-SEM FEI 450) equipped with an energy dispersive X-ray spectrometer
(EDX) and a mapping facility that ran at 15.0 kV in order to evaluate the microstructure. Before examination, tiny
fragments of less than 10 mm in size were removed from the center of the samples and dried for 24 hrs in an oven with
a temperature control of 50 °C. Following gold coating, fractured surfaces of electrically non-conductive specimens
were employed for analysis.

2.2.5 Mechanical properties of earth mortars

The various tests carried out on the earth mortars were carried out after 28 days of curing at ambient temperature
(23 £ 3 °C). These mechanical properties include bulk density, moisture content, water absorption, apparent porosity,
compressive strength and elastic modulus.

2.2.5.1 Bulk density

The test consists of weighing each test piece of each sample and calculating the bulk density. In this study,
3 samples of 20 x 20 x 20 mm earth mortar for each formulation were used to determine the average density in
accordance with ASTM C642-13.” This value is calculated using the formula.
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Bp="1 (M

With BD-bulk density in g/cm’; m,-initial mass of sample after 28 days of curing in g; v-volume of sample in cm’.

2.2.5.2 Moisture content

It is carried out on samples from 28 days of curing after 24 hrs in an oven at 105 £ 5 °C. It was used to assess the
amount of water evaporated from an average of three samples and can be summarized as shown in equation 2 below:

mc="1""2 100 @)
my

Where by m,= initial mass of sample after 28 days of curing in g;
m, = dry mass after 24 hrs in an oven in g.

2.2.5.3 Water absorption

It is used to determine the quantity of water retained by a material once it has been soaked in water for 24 hrs in
accordance with ASTM standard C642-13,” and also gives an idea of the stability of the material in water. The latter is
evaluated by the following formula and was determined on an average of three samples:

"M 100 3)
my

WA =

Where by m, = dry mass after 24 hrs in an oven in g;
m, = wet mass after 24 hrs in water in g.

2.2.5.4 Apparent porosity

It reveals the porous nature of the material used and provides information on all the voids inside the material. It
was determined on an average of three samples using the following formula.

’"3—’"2)(

Pe XV

AP = 100 4

p.-density of water (1 g/cm’); v-volume of sample in cm’; m,-dry mass after 24 hrs in an oven in g; m,-wet mass
after 24 hrs in water in g.

2.2.5.5 Compressive strength and elastic modulus

The compressive strength corresponds to the maximum load per unit area above which a material, subjected to
this stress under specific conditions and at ambient temperature, can resist before breaking. It was assessed on mortar
samples after 28 days of curing and the average was calculated on six samples. While the Elastic modulus provides
information on the elasticity and degree of deformation of a material. As with compression strength, the latter was
determined at 28 days on an average of 3 samples. It is linked to compressive strength by Hooke’s law, which is
expressed by the following formula:

o=cEM Q)

with o-compressive strength in MPa; EM-elastic modulus in MPa; ¢-stretching or displacement.
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In this research, the mechanical characteristics (compressive strength and elastic modulus) were obtained from
tests carried out on a manual extensometer, each time taking a video during the test. Each video was then transformed
into images using the Total Video Converter software, and finally, the various points were recorded to plot the curve.

3. Results and discussion
3.1 X-ray diffraction of raw materials and mortar samples
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Figure 3. XRD pattern of (a) raw materials (b) mortar samples

20 (degre

)

Figure 3 shows the X-ray diffraction peaks of grog, coconut shells, and calcined eggshells powder at 900 °C, and

mortar samples.

In Figure 3 (a) the characteristic of the grog peak is Quartz (SiO,) with minor peaks consisting of Halite (NaCl),
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Hematite (Fe,O5) and Corundum (Al,O,). The coconut shell shows no peak while the calcined eggshell powder consists
mainly of Calcite (CaCO,) which shows that decomposition by calcination has not been complete and that organic
matter is still present in the final product. It observes one more phase as Calcite. As for Figure 3 (b) the samples D, E,
I, G and F are all identical, as predicted by EDX analysis. There was no formation of intermediates in any of the five
samples as shown below in the XRD spectra:

3.2 Fourier transform infrared spectroscopy (FT-IR) of raw materials and mortar samples
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Figure 4. Infrared spectrum (a) raw materials (b) mortar samples
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Figure 4 show the IR spectra of the raw materials (grog, coconut shell powder and calcined eggshell powder) and
mortar samples (D, E, I, G and F) mentioned above.

According to the work of Amadou,” the CH (Figure 4 (a)) infrared spectrum shows a broad, centered main band in
the 1,416 cm™ wavenumber region and other bands at 533 cm™ which indicates the vibration of the Si-O-Al group in the
material. The region between 1,416 and 1,031 cm”, the hydroxyl group O-H identified is attributed to the presence of
the water molecule due to the humidity of the initial material. In the 1,006 and 913 cm™ regions, the functional groups
present are attributed to the Si-O bond in the disordered tetrahedron structure. The band in the region between 913 and
533 cm’ is attributed to the Si-O-Si bond, indicating the presence of quartz in the material.

The IR spectrum of CO (Figure 4 (a)) showed peaks at 3,642 cm™, 1,792 cm™, 1,386 cm™, 871 cm™ and 711 cm™,
revealing the presence of organic matter.”* More precisely, the peaks at 1,386 cm™, 871 cm™ and 711 cm™ correspond
to the characteristic peaks of calcite obtained after calcination of eggshells at 900 °C.> The peak at 1,792 cm™ indicates
the presence of C = O carbonyl bonds resulting from calcination while the peak at 3,642 cm™ corresponds to the water
(H-O-H) absorbed by the eggshell particles.™

As for the IR spectrum of CN (Figure 4 (a)), there is a very broad peak at 3,328 cm™ which indicates the presence
of O-H hydroxyl bonds, the peaks at 1,732 cm™, 1,594 cm™ and 1,239 cm™ are characteristic of C = C bonds, while the
peak at 1,033 cm™ corresponds to Si-O bonds which confirms the presence of silica in the material” as mentioned in
the previous X-ray spectrum. The peak at 1,373 cm™ is attributed to the C-H bonds.’® The IR spectra of samples D, E, I,
G and F (Figure 4 (b)) are all identical in terms of the results obtained. XRD and FTIR results show no compositional
chemical differences between the mortar samples,”” and confirm the formation of identical phases of samples after
curing time.” These results show the possibility of chemical properties of the crystallinity due to the addition of raw
materials.”’ Indeed, XRD and FTIR results revealed that after curing time, crystalline phases initially present in the raw
materials were also found in the chemical properties of mortar products justifying their partial formation into the process

mixture.”

3.3 Microstructural characterization of raw materials

EDX and SEM results show the enhancement of the compressive strength, due to the reinforcement of the matrice
of mortar synthesized.”"** Figure 5 shows the SEM micrograph and EDX spectrum of raw materials such as grog, and
coconut shell, as well as eggshell powder calcined at 900 °C. The EDX is a technique that is used for chemical analysis
and is associated with the electron microscope based on certain generations of X-ray characteristics that reveal the
presence of elements found in the samples.

Figure 5 (a and b) show the EDX and SEM images of grog and presents the chemical components of a higher
quantity of Oxygen (51.9%), Silicon (22.8%) and Aluminium (20.7%), moderate quantity of Iron (4.3%) and minor
fraction of Sodium (0.4%), respectively. The SEM morphology was carried out at 10, 10, and 10 pm, respectively for
grog, calcined eggshell powder and coconut shell, respectively. This was carried out to show the morphology of the
agglomerated powder and the irregular shape of the unreacted raw materials found in the matrice. The microstructure
showed the major irregular quartz (SiO,) particles and the unreacted and undissolved particles which are visible around
the agglomeration.

Figure 5 (c and d) show the EDX and SEM images of calcined eggshells powder at 900 °C and presents the
chemical components as follows: a higher amount of Calcium (61.5%), Oxygen (33.6%) and adequate amount of
Carbon (4.9%), respectively. The SEM structure reveals that the eggshell matrices are sponglike in nature. It shows
visible pores and calcite irregular shaped particles with porous structure. The microstructure shows a non-uniform size
distribution and an irregular shape and indicates the presence of CaCO,. The matrice shows low viscosity which can be
explained by the fact that there is low reactivity in the matrice of the raw materials thus causing other raw materials to
react slowly since only water was used to activate the formulations.

Figure 5 (e and f) show the EDX and SEM images of coconut shell powder and presents the chemical components
of higher quantity of Oxygen (59.7%) and Carbon (36.9%), and moderate quantity of Potassium (3.5%), respectively.
The microstructure showed an angular, and fibrous structure. It shows the discrete cell pores and porous nature texture.

Figure 6 shows the SEM images and EDX spectra of the mortar samples that were formulated. Observations show
that all these samples are virtually identical and most of them contain Carbon, Oxygen, Sodium, Silicon, Aluminium,
Iron and Calcium in varying percentages as shown below in Table 3. Another chemical element, titanium present in only

Sustainable Chemical Engineering 538 | Liyong Luc Arnold, et al.



one sample, had no particular influence on the phase change of the materials after transformation, as confirmed by the
XRD spectra of the five previous samples. Figure 6 (b, d, f and j) show that the particles are more or less agglomerated,
unlike the particles in Figure 6 (h), which are fractured.
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Figure 5. (a, b) EDX spectrum and SEM micrograph of grog (c, d) EDX spectrum and SEM micrograph of calcined eggshells powder (e, f) EDX
spectrum and SEM micrograph of coconut shell powder

Figure 6 (a and b) show the EDX and SEM images of D (74CH 26CO) and present the chemical components as
follows: higher quantity of Oxygen (47.6%), Silicon (22.8%), Aluminium (11.4%) and Calcium (10.7%), moderate
quantity of Iron (6.2%) and minor fractions of Titanium (1%) and Sodium (0.3%), respectively. The SEM structure
shows a more compact and homogeneous microstructure.

Figure 6 (c and d) show the EDX and SEM images of E (74CH 13CO 13CN) and presents the chemical
components of higher amount of Iron (41.1%), Oxygen (29.9%) and Carbon (10.8%), adequate amount of Aluminium
(8.6%) and Silicon (7.3%) and minor fractions of Calcium (1.9%) and Sodium (0.5%), respectively. The SEM structure
was carried out to show a dense microstructure and small pores.

Figure 6 (e and f) show the EDX and SEM images of I (60CH 13CO 27CN) and presents the chemical components
as follows: higher quantity of Oxygen (43.4%), Carbon (29.5%) and Silicon (12%), moderate quantity of Aluminium
(7.8%) and Iron (5.1%) and minor fractions of Calcium (2%) and Sodium (0.3%), respectively. The SEM structure
showed a fibrous microstructure.

Figure 6 (g and h) show the EDX and SEM images of G (60CH 40CO) and presents the chemical components
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of higher amount of Oxygen (50.3%) and Silicon (46%), minor fractions of Aluminium (1.8%), Calcium (1.5%)
and Sodium (0.5%), respectively. The SEM structure was carried out to show a fractured microstructure and minor
agglomeration.

Figure 6 (i and j) show the EDX and SEM images of F (74CH 26CN) and presents the chemical components as
follows: higher quantity of Oxygen (47.5%), Silicon (26.2%) and Carbon (17.6%), moderate quantity of Aluminium
(5.5%) and minor fractions of Iron (3%) and Sodium (0.2%), respectively. The SEM structure showed a porous and an
agglomerated microstructure. EDX analysis of formulated samples is shown below in Table 3.

5.2 6.5
mC

65

O
I Na
WA
=3Si
Bl Ca

45.95%

1.5%

Figure 6. EDX spectrum and SEM micrograph of D (a, b), E (c, d), I (e, f), G (g, h) and F (i, j), respectively
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Table 3. EDX analysis of some mortars (formulated samples)

Chemical components (%)

Samples
C (6] Na Si Al Fe Ca Ti Total
D - 47.6 0.3 22.8 11.4 6.2 10.7 1 100
E 10.8 29.8 0.5 7.3 8.6 41.1 1.9 - 100
I 29.5 433 0.3 12 7.8 5.1 2 - 100
G - 50.2 0.5 46 1.8 - L5 - 100
F 17.6 475 0.2 26.2 5.5 3 - - 100

While the EDX analysis of various raw materials are represented on Table 4 as shown below.

Table 4. EDX analysis of raw materials

Chemical components (%)

Raw materials

C O Na Si Al Fe Ca K Total

Grog - 46.2 0.3 25.3 24.1 3.7 - - 100
Calcined eggshell 4.9 33.6 - - - - 61.5 - 100
Coconut shell 36.86 59.64 - - - - - 3.5 100

3.4 Mechanical properties of earth mortars

Table 5. Physical and mechanical properties of mortar samples

Formulations Moisture content ~ Water absorption ~ Apparent porosity Bulk deqsity Compressive strength  Elastic modulus

(%) (%) (%) (g/enr) (MPa) (MPa)
A 19.354 0 0 2.3125 1.545 10.897
B 18.75 29.166 58.333 2.375 1.384 8.416
C 21.068 44.220 87.500 2.395 1.522 9.468
D 15.365 29.218 58.333 2.3125 2.701 9.743
E 17.589 40.681 77.083 2.229 1.307 9.749
F 20.229 49.386 91.666 2.229 2.010 8.466
G 13.844 26.579 52.083 2.229 3.885 5.854
H 16.344 34.802 66.666 2.229 0.730 4.955
1 15.708 49.386 91.666 2.145 1.342 9.054
J 18.939 55.559 104.116 2.229 1.342 5.725
K 15.412 40.681 77.083 2.1875 1.166 7.117
L 15.098 34.397 66.666 2.229 0.745 4.394
M 20.191 47.279 87.500 2.229 0.296 3.254
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The physical and mechanical properties of samples are represented in Table 5 below while the mechanical
properties of earth mortars, in particular, bulk density, moisture content, water absorption, apparent porosity,
compressive strength and elastic modulus were determined in this study and presented in Figure 7. Recent studies have
reported increased strength in geopolymers containing a large volume of fly ash when cured under high temperatures.
Contrarily, few studies show the effects of drying and humidity during the curing process on compressive strength.”
The properties will be improved by choosing the right mix design for specific applications.”*
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Figure 7. Average curves of mechanical properties (a) moisture content, (b) water absorption, (c) apparent porosity, (d) bulk density, (e) elastic
modulus, (f) compressive strength

Figure 7 (a) shows moisture content. For 87CH 13CO, 74CH 26CO and 60CH 40CO, their moisture content
includes 18.75, 15.365 and 13.844%, respectively. While for 87CH 13CN, 74CH 26CN and 60CH 40CN are 21.068,
20.229 and 18.939%, respectively. And finally for 74CH 13CO 13CN, 60CH 27CO 13CN, 60CH 13CO 27CN, 87CH
6.5C0O 6.5CN, 67CH 26CO 7CN, 67CH 7CO 26CN and 100CH, their moisture content includes 17.589, 16.344, 15.708,
15.412, 15.098, 20.191 and 19.354%, respectively.

Figure 7 (b) shows that with the increase in the percentage of calcined eggshell at 900 °C, and a decrease in the
percentages of grog, the water absorption test slightly increases and decreases. For 87CH 13CO, 74CH 26CO and 60CH
40CO the water absorption test increases from 29.166 to 29.218%, and decreases from 29.218 to 26.579%, respectively.
While on the other hand, there is an increase in water absorption with an increase in the percentage of coconut shells
than an increase from above mentioned formulations for 87CH 13CN, 74CH 26CN and 60CH 40CN with values as
44.220, 49.386 and 55.559%, respectively.
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As concerns the mix design of both calcined eggshell and coconut shell the different formulations are given
below with their corresponding water absorption for 74CH 13CO 13CN, 60CH 27CO 13CN, 60CH 13CO 27CN,
87CH 6.5CO 6.5CN, 67CH 26CO 7CN, 67CH 7CO 26CN and 100CH there water absorption includes 40.681, 34.802,
49.386, 40.681, 34.397 and 47.279%, respectively. They are greater than 20% and also do not comply with the Draft
Cameroonian Standard (less than 20%) for products likely to be exposed to adverse weather conditions, which is
justified by the porous nature of the base materials used.

Figure 7 (c) shows apparent porosity. So for 87CH 13CO, 74CH 26CO and 60CH 40CO, their apparent porosity
includes 58.333, 58.333 and 52.083%, respectively. While for 87CH 13CN, 74CH 26CN and 60CH 40CN are 87.500,
91.666 and 104.116%, respectively. And finally, for 74CH 13CO 13CN, 60CH 27CO 13CN, 60CH 13CO 27CN,
87CH 6.5CO 6.5CN, 67CH 26CO 7CN and 67CH 7CO 26CN, their apparent porosity includes 77.083, 66.666, 91.666,
77.083, 66.666 and 87.500%, respectively.

Figure 7 (d) shows bulk density. So for 87CH 13CO, 74CH 26CO and 60CH 40CO, their density includes 2.375,
2.3125 and 2.229 g/cm’, respectively. While for 87CH 13CN, 74CH 26CN and 60CH 40CN are 2.395, 2.229 and 2.229
g/em’, respectively. And finally for 74CH 13CO 13CN, 60CH 27CO 13CN, 60CH 13CO 27CN, 87CH 6.5CO 6.5CN,
67CH 26CO 7CN, 67CH 7CO 26CN and 100CH, their bulk density are 2.229, 2.229, 2.145, 2.1875, 2.229, 2.229 and
2.3125 g/em’, respectively. However, these values are greater than 1 g/cm’ and comply with EN 771-1: 2011 standard
for protected constructions.”

Figure 7 (e) shows elastic modulus. So for 87CH 13CO, 74CH 26CO and 60CH 40CO, their elastic modulus
includes 8.416, 9.743 and 5.854 MPa, respectively. While for 87CH 13CN, 74CH 26CN and 60CH 40CN are 9.468,
8.466 and 5.725 MPa, respectively. And finally for 74CH 13CO 13CN, 60CH 27CO 13CN, 60CH 13CO 27CN, 87CH
6.5CO 6.5CN, 67CH 26CO 7CN, 67CH 7CO 26CN and 100CH, their elastic modulus are 9.749, 4.955, 9.054, 7.117,
4.394, 3.254 and 10.897 MPa, respectively.

Figure 7 (f) shows an increase in the percentage of calcined eggshell at 900 °C, with a decrease in the percentages
of grog, as the compressive strength increases. For 87CH 13CO, 74CH 26CO and 60CH 40CO the compressive strength
test increases to 1.384, 2.701 and 3.885 MPa, respectively. While on the other hand, there is an increase in compressive
strength with an increase in the percentage of coconut shells than a decrease from above mentioned formulations for
87CH 13CN, 74CH 26CN and 60CH 40CN with values as 1.522, 2.010 and 1.342 MPa, respectively.

As concerns the mix design of both calcined eggshell and coconut shell, the different formulations are given below
with their corresponding compressive strength for 74CH 13CO 13CN, 60CH 27CO 13CN, 60CH 13CO 27CN, 87CH
6.5CO 6.5CN, 67CH 26CO 7CN, 67CH 7CO 26CN and 100CH there strength include: 1.307, 0.730, 1.342, 1.166,
0.745, 0.296 and 1.545 MPa, respectively. The strength starts to increase than later reduces until the last value. The three
values of 2.701, 2.010 and 3.885 MPa are higher than the Cameroonian® standards (which sets compressive strength
at 2 MPa). Thus two of three values 2.701 MPa and 3.885 MPa are higher than the Netherland NEN 3835 standard®
(which sets compressive strength and falls within the range limit of 2.5-5 MPa). These improved compressive strengths
can contribute to the creation of environmental friendly building materials, and promote a circular economy as stated
by Nayem,” Shivakumar,” and also achieve sustainable development of building materials.” On the other hand, these
results are applied to building and construction materials and decoration as stipulated by Sun et al.”

Figure 8 shows the different correlations between mechanical properties (water absorption, apparent porosity, bulk
density, moisture content, compressive strength, and elastic modulus) in this study. On the other hand, the correlation
coefficients and range limits between properties are shown in Table 6 below.
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Table 6. Correlation coefficients and range limits between properties

Apparent porosity (AP) ~ Water absorption (WA)  Moisture content (MC) Elastic modulus (EM) Bulk density (BD)

Code R’ Range Code R’ Range Code R’ Range Code R’ Range Code R’  Range

Csﬁfelggﬁs(‘;f aAP 0.58484 0.4-0.6 bWA 0.61373 0.6-0.8 cMC 0.69854 0.6-0.8 dEM 0.66557 0.6-0.8 eBD 0.84998 0.8-1

‘Water
absorption a AP 0.99477 0.8-1 - - - bMC 0.81464 0.8-1 cEM 0.85724 0.8-1 - - -
(WA)

Moisture
content aAP 0.77631 0.6-0.8 - - - - - - bEM 0.95589 0.8-1 - - -
(MC)

Elastic
modulus AP 0.8246 0.8-1 - - - - - - - - - - - -
(EM)

Bulk
density aAP 0.62937 0.6-0.8 b WA 0.61717 0.6-0.8 c¢MC 0.73358 0.6-0.8 dEM 0.67182 0.6-0.8 - - -
(BD)
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Figure 8. Linear Correlation curves of mechanical properties (a) compressive strength, (b) bulk density, (c) water absorption, (d) moisture content, (e)
elastic modulus

Figure 8 shows the linear correlation curves of variation between different mechanical properties such as
compressive strength (o), bulk density (BD), water absorption (WA), moisture content (MC) and elastic modulus (EM).
The porosity of different samples was determined by Eq. (4). Figure 8 (a) shows a linear increase in AP, WA, MC, EM,
BD with an increase in compressive strength. The correlation coefficients of AP, WA, MC, EM and BD are as follows:
0.58484 (AP), 0.61373 (WA), 0.69854 (MC), 0.66557 (EM) and 0.84998 (BD) respectively. 0.58484 (AP) shows
strong correlation and falls between 0.4-0.6. While 0.61373 (WA), 0.69854 (MC) and 0.66557 (EM) show very strong
correlation and falls within the range limit of 0.6-0.8 and finally 0.84998 (BD) shows a perfect correlation and falls
between the range limit of 0.8-1.

The water absorption of different samples was determined by Eq. (3). Figure 8 (b) shows a linear increase in AP,
WA, MC, EM with an increase in bulk density. The correlation coefficients of AP, WA, MC and EM are as follows:
0.62937 (AP), 0.6717 (WA), 0.73358 (MC) and 0.67182 (EM) respectively. 0.62937 (AP), 0.6717 (WA), 0.73358 (MC)
and 0.67182 (EM) show very strong correlation and fall within the range limit of 0.6-0.8.

The moisture content of different samples in this study was calculated by Eq. (2). Figure 8 (c) shows a linear
increase in AP, MC, EM with an increase in water absorption. The correlation coefficient of AP, MC and EM are as
follows: 0.99477 (AP), 0.81464 (MC) and 0.85724 (EM) respectively. 0.99477 (AP), 0.81464 (MC) and 0.85724 (EM)
show perfect correlation and falls within the range limit of 0.8-1.

The density of different samples was determined by Eq. (1). Figure 8 (d) shows a linear increase in AP, EM with an
increase in moisture content. The correlation coefficients of AP and EM are as follows: 0.77631 (AP) and 0.95589 (EM)
respectively. 0.77631 (AP) shows very strong correlation and falls between the range limit of 0.6-0.8. While 0.95589
(EM) shows perfect correlation and falls within the range limit of 0.8-1.

The elastic modulus of different samples in this work was determined by Eq. (5). Figure 8 (e) shows a linear
increase in AP with an increase in elastic modulus. The correlation coefficient of AP is as follows 0.8246 (AP), its
shows perfect correlation and falls between 0.8-1.

Linear correlation curves were engaged by other researchers. Ardakani et al.”' who worked on “The relation
between particle density and static elastic moduli of lightweight expensed clay aggregates” and established a
linear correlation between elastic modulus and bulk density, and their results showed a correlation coefficient of
0.96 indicating a perfect correlation. On the other hand, Shen et al.”” determined more linear correlations between
compressive strength and apparent porosity with different moisture contents. They also obtained a correlation coefficient
of 0.90 for all relationships which is a perfect correlation. However, Cobirzan et al.”” showed a correlation coefficient
between compressive strength and bulk density of 0.89564 and it’s a perfect correlation which is also in agreement with
the above study.
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4. Conclusion

The aim of this work was to valorize fired clay brick waste (grog) used to produce ecological compressed earth
bricks by using calcined eggshells and coconut shells for sustainable building. The results showed that the compressive
strength increases with an increase in the percentage of calcined eggshells at 1.38, 2.70, and 3.88 MPa, respectively.
Moisture content decreases with an increase in the percentage of calcined eggshell and coconut shell. Water absorption
and elastic modulus slightly increase and decrease with an increase in the percentage of calcined eggshell. Apparent
porosity and bulk density were decreased with the percentage of calcined eggshell increase. The microstructure analysis
shows an agglomerated structure and a dense microstructure due to the presence of calcium silicate hydrate (C-S-H) gel
formation that leads to high compressive strength. The chemical composition shows that all samples are identical. This
work shows that the addition of different percentages of calcined eggshell and coconut shell has greatly improved the
physico-mechanical and engineering properties of samples.
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