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A B S T R A C T   

The influence of the removal of carbonates on the ceramic properties made of Moroccan red clay as a main 
material and tea waste as pore-forming agent, has been investigated. ATD-TG, dilatometry, dimensional changes, 
weight loss, water absorption, open porosity, bulk density, flexural and indirect tensile strengths were assessed at 
different firing temperatures within the range of 900–1150 ◦C. SEM was used to evaluate the microstructures of 
the fired samples, while XRD was used to study the phase evolution. At varying firing temperatures, the materials 
which contains the carbonate (CC) exhibit greater weight loss, water absorption, and porosity compared to the 
materials without carbonate (NCC). On the other hand, NCC materials has greater mechanical strength than that 
CC materials. The microstructural analysis conducted through SEM revealed distinct changes in the fired samples 
when comparing observations at 1100 ◦C to those at 900 and 1000 ◦C. At 1100 ◦C, there was a noticeable in
crease in particle contacts and layered structures, which can be attributed to the presence of dehydroxylated clay 
minerals (illite and chlorite), quartz particles, and pores formed during firing. Subsequently, at 1150 ◦C/ 2 h, 
further alterations in the microstructures were observed due to a higher degree of vitrification in the fired 
samples. This resulted in material consolidation, interparticle and neck contacts, leading to the formation of 
vitrified bridges. Firing has resulted in the formation of closed and open pores of varying sizes, in the vitrified 
structures associated with anorthite, hematite, and quartz, a thin crystal precipitation of small particles was 
observed. This alteration in microstructure made it possible to conclude that the flexural and indirect tensile 
strength increased during firing, reaching its pinnacle at 1150 ◦C. As a result of the firing process, the ceramic 
supports underwent heightened sintering, leading to a gradual decline in open porosity. The present inquiry 
proved to be intriguing as it led to a deeper understanding of the utilization of Moroccan red clay as a ceramic’s 
raw material.   
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1. Introduction 

Ceramic membranes possess numerous advantages in comparison to 
organic membranes. These advantages encompass elevated perme
ability, commendable chemical and thermal stability, exceptional me
chanical robustness, and prolonged durability (Rakcho et al., 2023). 
Nevertheless, a notable limitation of ceramic membranes resides in their 
elevated cost, which can be ascribed to the utilization of costly raw 
materials and the intricate sintering procedure. Commercial ceramic 
membranes are commonly manufactured using industrial oxides such as 
alumina, silica, titania, or their mixtures. These materials are known for 
their high cost and necessitate elevated sintering temperatures (Achiou 
et al., 2017; Karim et al., 2018). In recent times, there has been an 
increasing inclination towards the development of cost-effective 
ceramic membranes in order to boost their suitability for utilization in 
industrial applications. As a result, a considerable amount of research 
has been dedicated to the development of ceramic membranes utilizing 
cost-effective resources such as geomaterials and waste materials 
(Rakcho et al., 2023). A variety of geomaterials have been documented 
in the literature as being employed in the fabrication of cost-effective 
ceramic membranes. These include bentonite (Bouazizi et al., 2016), 
kaolin (Bouzerara et al., 2009), perlite (Majouli et al., 2012), pozzolan 
(Vizcayno et al., 2010), monolith (Arzani et al., 2018) and phosphate 
(Barrouk et al., 2015; Beqqour et al., 2019). It is worth noting that 
natural clays, in particular, have been extensively employed in the 
production of low-cost ceramic membranes, particularly for micro
filtration (MF) applications. 

For instance, Elomari et al.(Elomari et al., 2017) conducted a study 
where they utilized clay and corn starch to create a MF membrane. They 
examined the impact of adding starch on various properties of the 
membrane, including permeability, porosity, shrinkage, and flexural 
strength. Another study by Belbi et al.(Belibi Belibi et al., 2015) focused 
on the production of a MF membrane using natural and local Camero
nian clay, which was then employed for the clarification of clay powder 
suspensions. Due to the presence of objectionable compounds like 
calcite, dolomite, and organic matter in natural clay, the use of clays in 
the preparation of ceramic membranes is currently restricted. Although 
the presence of carbonates and organic matter can increase the mem
brane’s porosity and permeability, excessive quantities of these sub
stances can result in larger pore sizes and cracks, especially when 
preparing thinner membrane layers that are more susceptible to thermal 
treatment. Consequently, the existence of impurities in natural clay can 
significantly compromise the properties of the membrane. To overcome 
these limitations, it is crucial to emphasize the purification of natural 
clay prior to its use in membrane preparation. Purification is strongly 
believed to be a key approach for developing membranes with superior 
performance. 

The literature contains numerous studies that focus on employing 
commercially purified clays in the development of microfiltration (MF) 
or ultrafiltration (UF) membranes. For instance, montmorillonite clay 
has been utilized to enhance the permeability, thermal, and mechanical 
properties of polysulfone membranes (Rodrigues et al., 2019). A range of 
authors have reported on the use of bentonite clay to augment polymeric 
membranes for oilfield wastewater treatment applications. Ahmad and 
colleagues, for example, produced an affordable UF membrane by 
incorporating bentonite nano-clay into a polyvinyl chloride polymer, 
with the optimized membrane demonstrating effective oilfield water 
purification (Ahmad et al., 2018a). These researchers also explored the 
introduction of bentonite clay into a polyvinyl chloride UF membrane, 
with the aim of improving its hydrophilicity and antifouling capabilities 
(Ahmad et al., 2018b). In another study, a flat ceramic microfiltration 
membrane based on unpurified natural clay and Moroccan phosphate 
for desalination and industrial wastewater treatment, they found that 
the membrane demonstrated effective purification, average pore diam
eter of 2.5 µm and a satisfactory flexural strength of 17.5 MPa (Mouiya 
et al., 2018), however, these ceramic membranes are susceptible to 

cracking when subjected to high pressure during filtration. The cracking 
can occur due to various reasons, including mechanical stress, thermal 
shock, and chemical reactions. 

One of the main causes of ceramic membrane cracking during 
filtration is mechanical stress. The applied pressure can create stress in 
the membrane, leading to cracks and fractures. This stress can be caused 
by the high flow rate of the feed solution, which causes turbulence and 
pressure fluctuations in the membrane. Additionally, the presence of 
particles or impurities in the feed solution can cause abrasion and 
erosion of the membrane, leading to cracking. Chemical reactions can 
also lead to ceramic membrane cracking. The presence of aggressive 
chemicals, such as strong acids or bases, can react with the membrane 
material, leading to corrosion and weakening of the membrane struc
ture. However, there are relatively few studies in the literature that focus 
on the application of purified natural clays in the development of 
ceramic membranes. 

Given these considerations, the primary aim of this study is to 
examine the impact of alkaline earth carbonates removal from Moroccan 
red clay on the mechanical strength and porosity of ceramic supports. 
the presence of carbonates in the raw material used for manufacturing 
ceramic membranes can lead to reduced mechanical resistance, which 
limits their potential applications. To address this issue, this study will 
investigate the effect of carbonate removal on the mechanical properties 
and porosity of ceramic membranes, using red clay as the starting ma
terial. The research will involve characterization of the raw material and 
the resulting ceramic membranes, through various analytical techniques 
such as X-ray diffraction, scanning electron microscopy, mechanical 
testing and Archimedes principle test. The findings of this study could 
lead to the development of improved ceramic membranes with 
enhanced mechanical properties, and consequently, expanded applica
tions in various industrial processes. 

The second objective was to examine a wide spectrum of firing 
temperatures (900–1150 ◦C) to understand how variations in firing 
temperature impact the ceramic properties of these clays, such as me
chanical strength (flexural and tensile strength), open porosity, bulk 
density, water absorption rate. This subject has not been investigated in 
previous studies of Moroccan red clay with carbonates (CC) and without 
carbonates (NCC). 

2. Materials and methods 

2.1. Raw materials 

In this study, natural red clay sourced from the Safi region in 
Morocco, was employed as the primary material to develop ceramic 
microfiltration (MF) membranes. The clay underwent a series of pro
cessing steps, including grinding into a fine powder and sieving through 
a 50 µm mesh to ensure homogeneity. Additionally, tea waste of SINIA, a 
tea brand in morocco, was obtained from the residual accumulation of 
tea waste at home. This waste was initially purified using distilled water 
to eliminate impurities and sugar residues, then subjected to a solar 
drying process for a duration exceeding five days. Subsequently, the 
dried waste was ground and sieved to achieve a uniform particle size 
distribution, with an estimated average particle size of 50 µm. The 
natural red clay and processed tea waste were combined in specified 
ratios to fabricate a ceramic support, incorporating 20 wt% of tea waste. 

2.2. Removal of carbonates in the clay 

To compare the influence of carbonates on the properties of ceramic 
supports, a portion of the raw clay was treated to eliminate these car
bonate impurities, the fine powder was dispersed in water. An acetate 
buffer was used to keep the pH at 5.5, and an adequate volume of 0.1 M 
hydrochloric acid was added to initiate the reaction with carbonates. 
The mixture was gently agitated until no more carbon dioxide bubbles 
were observed, indicating complete decomposition of carbonates. The 
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resulting slurry was then rinsed with water and centrifuged until the 
supernatant was transparent and devoid of chlorides, as verified by the 
silver nitrate (AgNO3) test. This clay, free from carbonate impurities, 
will be referred to as non-carbonated clay (NCC). On the other hand, the 
unprocessed clay, which includes carbonates, will be designated as 
Carbonated Clay (CC). Subsequently, ceramic supports are prepared 
using both types of clay, each integrated with a 20 % weight of tea waste 
that serves as a pore-forming agent, enabling a direct comparison of the 
influence of carbonate impurities on the characteristics of the resultant 
porous ceramic membranes. 

2.3. Fabrication of flat porous ceramic 

Cylindrical supports with dimensions of 20 × 4 mm ± 0.5 mm were 
fabricated utilizing powdered samples of CC and NCC. The powders 
were combined with tea waste at a weight percentage of approximately 
20 % before to the pressing process. The cylindrical supports were ac
quired through the process of uniaxial dry pressing utilizing a laboratory 
press known as SPECAC, with an applied pressure of 95 MPa. The sup
ports underwent a process of air-drying for a duration of 24 h, followed 
by oven-drying at a temperature of 110 ◦C for a period of 24 h. The firing 
of these supports was conducted in an electric programmable furnace 
(Nabertherm) at a heating rate of 5 ◦C/min. The firing temperatures 
ranged from 900 to 1150◦ C. A set of five samples, representative of each 
temperature, were subjected to a thermal treatment process in a furnace, 
commencing from an initial condition of room temperature. Following 
this heat treatment, the fired samples were gradually allowed to cool 
within the same furnace, until they reached room temperature. Subse
quently, for conservation purposes, the samples were placed in an oven, 
where a consistent temperature of 110 ◦C was maintained. 

2.4. Thermal cycling 

Heat treatment plays a critical role in the fabrication of ceramic 
materials. In this investigation, the heat treatment process was divided 
into four distinct stages: 

1- Drying at 250 ◦C for 4 h to eliminate residual moisture. 
2- Thermally degrading TW organic matter at 450 ◦C for 1 h. 
3- Decomposing TW and dehydroxylating clay minerals at 750 ◦C for 

1.5 h. 
4- Recrystallization annealing as the final processing step. 
To prevent pellet cracking or deformation during heat treatment, a 

controlled temperature ramp rate of 5 ◦C/min was employed. The 
impact of sintering on the properties of porous ceramics was examined 
by employing four different final sintering temperatures: 900 ◦C, 
1000 ◦C, 1100 ◦C, and 1150 ◦C. 

2.5. Characterization techniques 

The analysis of the crystalline phases in the sintered specimens was 
conducted employing X-ray diffraction (XRD) with a Bruker-AXS D8 
powder diffractometer, which utilized Cu Kα radiation (λKα = 0.154186 
nm). The content of carbonate (% CaCO3) was determined by Bernard 
calcimeter. To assess the evolution of open porosity and bulk density in 
the sintered specimens, the Archimedes principle test was employed, 
using water as the immersion fluid. The microstructure of the sintered 
specimens was visualized via scanning electron microscopy (SEM) using 
a Hitachi SC 2500 instrument, with an accelerating voltage range of 10 
to 30 kV. The analysis of the alterations in the flat compact geometry 
resulting from heating was conducted utilizing a horizontal dilatometer, 
namely the Linseis L75PT model. 

Differential thermal analysis (DTA) and thermogravimetric (TG) 
analysis were conducted using a Setaram SETSYS 24 instrument, with 
α-Al2O3 employed as the reference material. The samples under inves
tigation were subjected to heating up to 1100 ◦C, with a controlled 
heating rate of 10 ◦C/min. 

The mechanical properties of the sintered specimens were examined 
using Brazilian tests and three-point flexural tests, conducted on an 
Ametek Lloyd Instruments testing system. Load-displacement curves for 
mechanical strength measurements were obtained at a loading rate of 
0.1 mm min− 1. The test cylinders featured dimensions of 19.8 mm in 
diameter and 4.5 mm in height. Indirect tensile strengths (σT) were 
calculated according to Eq.(1), and three-point flexural strengths (σF) 
were determined using Eq.(2). 

σT =
FT

S
=

2FT

πDh
(1)  

σF =
3
2

FFL
wt2 (2) 

The dimensions of the rectangular specimens are represented by w 
(width) and t (thickness), both measured in mm. Similarly, the cylin
drical specimens’ dimensions are denoted by D (diameter) and h 
(height), also in mm. The maximum loads experienced at the point of 
fracture are indicated by FF and FT, both measured in Newtons (N). The 
distance between the supports (L) has a measurement of 31 mm. 

3. Results and discussion 

3.1. Characterization of raw materials 

3.1.1. Chemical composition 
The comprehensive chemical profile of the unprocessed clay is 

detailed in Table 1. This profile predominantly encompasses silicon di
oxide (SiO2), aluminum oxide (Al2O3), calcium oxide (CaO), iron(III) 
oxide (Fe2O3), and potassium oxide (K2O), while the presence of mag
nesium oxide (MgO), sodium oxide (Na2O), titanium dioxide (TiO2), 
and phosphorus pentoxide (P2O5) is comparatively less. The highest 
concentration of oxides, namely SiO2 and Al2O3, are majorly linked with 
the composition of quartz and clay minerals, including illite, mullite, 
and kaolinite, which are ubiquitously found in clay. Furthermore, an 
elevated SiO2/Al2O3 ratio points towards a considerable presence of 
quartz and/or amorphous silica (Achiou et al., 2016). 

The quantification of calcite content was carried out employing the 
Bernard calcimeter method, which divulged that raw clay comprises 11 
wt% of calcium carbonates (CaCO3). It can be inferred that a significant 
proportion of the detected CaO content via X-ray fluorescence (XRF) 
analysis is embodied as dolomite and calcite. The recorded loss of 
ignition at a temperature of 1100 ◦C is attributable to the breakdown of 
carbonates, burning of organic substances, and removal of hydroxyl 
groups from clay minerals (Teklay et al., 2014). 

3.1.2. FTIR analysis 
The Fourier-transform Infrared (FTIR) analysis results for raw clays 

(CC), as depicted in Fig. 1, reveal distinctive bands at 470 and 535 cm− 1. 
These bands are associated with the stretching vibrations of Si-O-Mg, 
and Si-O-Al (Miyah et al., 2017). The Si-O stretching vibration ex
hibits a pronounced and well-defined band at 1036 cm− 1. Concurrently, 
Al2-OH stretching and bending bonds, intrinsic to phyllosilicates, give 
rise to a band at 3624 cm− 1 (Mudrinić et al., 2015). The FTIR band at 
3436 cm− 1 is likely attributable to –OH stretching mode. A bending 
vibration band indicative of water hydration is also visible around 1640 
cm− 1. An absorption band noted at 1425 cm− 1 is characteristic of car
bonates, and the bands at 690 and 778 cm− 1 serve as markers for quartz 
(Thuc et al., 2010). Contrastingly, the FTIR spectra for purified Clay 
(NCC), presented in Fig. 1, demonstrate the notable absence of the 
characteristic band at 1425 cm− 1. This absence strongly suggests that 
purified clays are devoid of carbonates, a finding which aligns seam
lessly with prior X-ray Diffraction (XRD) characterizations and Bernard 
calcimetry results. This concordance provides a positive indication of 
the purification’s efficacy. 

On the other hand, the FTIR spectrum of tea waste is illustrated in 
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Fig. 1. An extensive absorption band ranging from 3010 to 3705 cm− 1, 
which is often associated with the O–H and N–H stretching vibrations 
seen in polyphenols, as highlighted in previous studies (Loo et al., 2012; 
Senthilkumar and Sivakumar, 2014). Saif et al. (Saif et al., 2016) sug
gested that the substantial absorption band detected at 3310 cm− 1, can 
be linked to the presence of hydroxyl functional groups (OH), which are 
common in alcohols and phenolic compounds. 

Moreover, a prominent band at 1636 cm− 1 is recognized, typically 
corresponding to the stretching vibrations of C = C bonds in aromatic 
rings and C = O bonds in polyphenolic compounds (Dubey et al., 2017; 
Senthilkumar and Sivakumar, 2014). Vibrational bands for the C–H 
stretch in alkane and the O–H stretch in carboxylic acid are apparent at 
2926 cm− 1 and 2854 cm− 1 respectively (Dubey et al., 2017). A notable 
band at 1027 cm− 1 is assigned to the C-O stretching in amino acids 
(Dubey et al., 2017; Senthilkumar and Sivakumar, 2014). 

J.Cai et al. (Cai et al., 2015) identified similar FTIR bands across 
multiple tea types, including oolong, green, and black tea. Previous 
research has mapped the infrared bands of polyphenols in tea at 3387 
cm− 1, 1635 cm− 1, and 1027 cm− 1; these are correlated with N–H/O–H, 
C = C, and C–O–C stretches, respectively (Dubey et al., 2017; Sen
thilkumar and Sivakumar, 2014; Weng et al., 2013). The FTIR spectrum 
thus reveals that the dominant functional groups in tea residue include 
carboxylic acid, polyphenols, and amino acids. 

3.1.3. XRD analysis 
The X-Ray Diffraction (XRD) patterns for both the calcareous clay 

(CC) and the non-calcareous clay (NCC) are depicted in Fig. 2. The 
reflection spectra from the calcareous clay (CC) are attributed to the 
prevalent phases of quartz, illite, calcite, and dolomite. However, the 
XRD patterns of the purified clay (NCC) show a different composition. 
The main components of this purified clay include quartz, kaolinite, 
illite, and chlorite, indicating that these are the primary clay minerals 
present. Notably, there is an absence of any detectable peaks for calcite 

and dolomite, implying that these impurities have been fully eliminated. 
Thus, according to the XRD findings, it can be inferred that the purified 
clay exhibits an enrichment of clay minerals and a significant reduction 
in impurities such as calcite and dolomite. 

3.1.4. Thermal analysis 
The organic phases (Tea waste) must be eliminated entirely when 

sintering the green ceramic support in order to generate the necessary 
porosity ceramics without causing any flaws. ATD/TG analysis was 
performed to determine a heating schedule, and the outcome is depicted 
in Fig. 3. It presents the analysis of a mixture comprising 20 wt% of tea 
waste and 80 wt% of raw clay (CC). With escalating temperatures, a 
progressive yet uneven weight reduction is noticed, totaling a weight 
loss of 35.32 wt%. At temperatures less than 100 ◦C, there’s an initial 
weight reduction of 5.31 wt%, ascribed to the endothermic evaporation 
of unbound water. A subsequent 10.41 wt% weight loss in the temper
ature range of 100–320 ◦C may be due to the elimination of adsorbed 
water and the expulsion of volatile organic compounds. In the temper
ature bracket of 320–560 ◦C, an additional weight loss of 14.20 wt% is 
identified, which could be traced to the disintegration of remaining 
organic compounds with firmly bonded carbonyl and hydroxyl groups. 
This is also attributed to the dehydroxylation of clay minerals such as 
illite and kaolinite, and the transformation of α-quartz into β-quartz 
(Mouiya et al., 2022; Vizcayno et al., 2010). 

Around 705 ◦C, an endothermic peak is recorded alongside a 5.40 wt 
% weight reduction, suggesting the thermal decomposition of mineral 
carbonates. Post 900 ◦C, no considerable decrease in weight is discern
ible. The thermal evaluation advocates that the sintering of ceramic 
membranes should ideally occur at temperatures exceeding 900 ◦C. 

3.1.5. Dilatometric analysis 
Due to thermal agitation, heating a substance increases its internal 

energy. The expansion coefficient is a proportionality factor that cor
relates with the increase in average interatomic distances with tem
perature. Measuring a material’s expansion typically only allows us to 
characterize its linear expansion. The coefficient of linear expansion (α) 
may be calculated at each temperature using the relationship (3), where 
L is the length of the specimen. 

Table 1 
Chemical composition of raw red clay (wt%).   

SiO2 Al2O3 Fe2O3 CaO K2O P2O5 TiO2 Na2O MgO SO3 

Wt. % 56.203 15.109 9.695 6.669 4.677 1.455 1.416 0.383 1.215 0.279  

Fig. 1. FTIR spectrum of calcareous clay (CC), non-calcareous clay (NCC) and 
tea waste (TW). 

Fig. 2. DRX of calcareous clay (CC) and non-calcareous clay (NCC).  
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α =
ΔL

L0 × Δt
(3) 

The thermal expansion behaviour depicted in Fig. 4 exhibits a pro
nounced curve between heating and cooling. This graph depicts three 
noteworthy shifts in behavior as the temperature increases to 1100 ◦C. 
The initial expansion occurring between 155 and 230 ◦C can be attrib
uted to the release of loosely bound and accumulated water from the 
interlayer regions of the specimen. The significant secondary expansion 
ranging from 330 to 588 ◦C aligns with the breakdown of the organic 
components present in TW, and around 573 ◦C, a slight expansion sin
gularity highlights the α to β transition of quartz, which is the so-called 
quartz dilatometric anomaly (Mouiya et al., 2022). In addition, at this 
point clay minerals lose structural water, such as lepidocrocite (FeO 
(OH), which, following dehydration, produces hematite (Fe2O3), (Eq. 
(4)) (Morris et al., 1998) and kaolinite (Al2Si2O5(OH)4) is transformed to 
metakaolin through the so-called kaolinite network collapse, in which 
the Si–O links stay intact but the Al–O network is reorganized (Eq. (5)) 
(Kakali et al., 2001). The substantial shrinkage between 855 and 
1100 ◦C was attributed to the presence of Si site rearrangement pro
cesses that produced cristobalite (SiO2) and mullite (3SiO2Al2O3) (Eq 
(6)) (Faieta-Boada and McColm, 1993). The preceding assignments were 

validated by XRD (Fig. 5). The coefficient thermal expansion (CTE) of 
the green compact between 230 and 330 ◦C was calculated to be 5.75 ×
10-6 ◦C− 1, and 7.14 × 10-6 ◦C− 1 between 588 and 720 ◦C− 1 assuming 
linear expansion. 

2 γ − FeO(OH) ̅̅̅̅̅̅̅̅̅→
255− 500◦ C γFe2O3 +H2O (4)  

Si2O5Al2(OH)4 ̅̅̅̅̅̅̅̅̅→
450− 650◦ C 2SiO2 .Al2O3 + 2H2O (5)  

2(2SiO2 .Al2O3) ̅̅̅̅̅̅̅̅̅̅→
900− 1000◦ C SiO2 + 3SiO2 . 2Al2O3 (6)  

3.2. XRD analysis of ceramic supports 

In Fig. 5, the DRX of the ceramic supports after being fired at tem
peratures of 900, 1000, 1100, and 1150 ◦C for 2 h are presented. The 
analysis reveals significant changes in the mineral composition of the 
clay sample. The original minerals found in the clay, such as calcite, 
illite, kaolinite, and chlorite, are no longer detectable after the heat 
treatment. Instead, new phases have emerged. 

At a temperature of 900 ◦C, the presence of kaolinite 
(Al2Si2O5(OH)4) becomes undetectable as it undergoes a transformation 

Fig. 3. ATD/TG of raw red clay (CC) mixed with 20 wt% of tea waste.  

Fig. 4. Thermal expansion behavior of raw red clay containing 20 wt% of tea waste during sintering up to 1100 ◦C.  
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into metakaolinite. This transformation occurs through the removal of 
hydroxyl groups from the silicate component at temperatures exceeding 
450 ◦C (El Ouahabi et al., 2015). The mineral anorthite (CaAl2Si2O8) 
emerges as a newly formed compound at 900 ◦C, with its highest con
centration observed at 1150 ◦C. This creation of anorthite is likely a 
consequence of complex, step-by-step solid-state reactions between the 
clay matrix and carbonate compounds (El Ouahabi et al., 2015; Manni 
et al., 2019). 

Gehlenite (Ca2Al2SiO7) and spinel (MgAl2O4) are initially identified 
at a temperature of 900 ◦C, and their quantities become more discernible 
as the temperature rises to 1100 ◦C. The genesis of gehlenite occurs 
through the interaction of calcium oxide (CaO) from calcite with met
akaolinite (Manni et al., 2019). In contrast, spinel is generated via a 
reaction involving magnesia (MgO) and alumina (Al2O3). The source of 
MgO is derived from the dehydroxylation process of chlorite and dolo
mite minerals, while alumina (Al2O3) is a product of the disintegration 
of clay minerals and K-feldspar (Manni et al., 2019). 

The peaks corresponding to orthoclase are detected at a temperature 
of 900 ◦C, however, they are no longer present at a temperature of 
1000 ◦C. This disappearance is due to their contribution to the creation 
of the mullite phase (Cultrone et al., 2001). Quartz (SiO2) is the only 
primary mineral that can withstand temperatures as high as 1150 ◦C. 
The presence of quartz peaks is observed across all firing temperatures; 
however, their intensity decreases at higher temperatures due to disso
lution or transformation into smaller quantities of cristobalite (El Oua
habi et al., 2015). 

Mullite is present in minor amounts at all tested temperatures 

(900–1150 ◦C), which may be attributable to the presence of adequate 
illite content. After illite is destroyed by hydroxylation, it reacts with 
quartz, resulting in the transformation of quartz into mullite (Manni 
et al., 2019). Diopside (CaMgSi2O6) is presumably produced by the high- 
temperature reaction of CaO, MgO, and SiO2. CaO may have originated 
from calcite and dolomite, whereas MgO is likely derived from chlorite 
and dolomite. The formation of diopside is predominantly characterized 
by a sharp decrease in the proportion of quartz (El Ouahabi et al., 2015). 

Conversely, in the non-carbonate clay (NCC), orthoclase, diopside, 
and mullite were not identified, an outcome attributed to the extraction 
of carbonate from the raw clay utilized for NCC. In scenarios where 
carbonate persists in the raw clay, a chemical reaction occurs between 
calcium oxide (CaO) and silicon (Si), yielding calcium silicates like 
gehlenite and diopside, which are notably absent in the decarbonated 
clay (NCC). 

Moreover, anorthite was observed in lesser amounts in non- 
carbonate clay (NCC) compared to its significant presence in carbon
ate clay (CC) at 1150 ◦C. The quantity of quartz, however, was noted to 
decline at this peak firing temperature. While anorthite, hematite, and 
quartz remained detectable across the entire spectrum of temperatures. 

3.3. Ceramic properties 

3.3.1. Weight loss, size and color variation caused by sintering at different 
temperatures 

Table 2 provides a comprehensive analysis of weight losses and 
dimensional variations (diameter and thicknesses) in pressed ceramic 

Fig. 5. XRD diagrams of CC and NCC samples fired at (a) 900 ◦C, (b) 1000 ◦C, (c) 1100 ◦C and 1150 ◦C.  
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supports derived from CC and NCC samples, which were subjected to 
increasing firing temperatures ranging from 900 ◦C to 1150 ◦C. The 
results demonstrate significant changes in weight losses for the CC 
sample as the firing temperature escalates. The experimental data 
showcases a range starting from 19.3 ± 0.45 wt% at 900 ◦C / 2 h and 
reaching a maximum value of 33.73 ± 0.18 wt% at 1150 ◦C /2h. 
Comparatively, the weight losses observed in the NCC sample are 
slightly lower than those of the CC sample. The weight loss values 
exhibit a similar trend, with a minimum of 17.88 ± 0.27 wt% at 900 ◦C 
/2h and a maximum of 31.03 ± 0.22 wt% at 1150 ◦C / 2 h. As shown in 
Fig. 3 (ATD-TG), the observed weight variations in the fired ceramic 
supports can be predominantly ascribed to the removal of organic sub
stances, dehydroxylation of clay minerals such chlorite and illite, and 
decarbonation of calcite within the CC sample. 

Fig. 6 displays a collection of chosen test specimens obtained from 
the samples that underwent firing from 900 to 1150 ◦C for a duration of 
2 h. The firing process induces noticeable changes in dimensions, 
accompanied by a color transition from red to a deep shade of dark red. 
This color alteration can be attributed to the presence of Fe2O3 in the 
samples, as indicated by the chemical analysis presented in Table 1. The 
color transformation in ceramics is a multifaceted process influenced by 
various physico-chemical and mineralogical factors (Raigón-Pichardo 
et al., 1996). In a recent study by Harrati et al. (Harrati et al., 2022), 
Clayey samples including kaolinite, illite, quartz, calcite and chlorite 
were studied. The authors suggested that a higher content of Fe2O3 (>3 
wt%), similar to the conditions in our study, could result in a reddish 
coloration after firing. This observation aligns with the visual exami
nation of the ceramic supports derived from CC and NCC samples, as 
depicted in Fig. 6. 

3.3.2. Bulk density, open porosity and water absorption 
Open porosity and bulk density analyses, is showed in Fig. 7, were 

conducted on two supports ceramic samples: one incorporated carbon
ate (CC) while the other (NCC) was devoid of this component. A series of 
tests were conducted at varying temperatures, unveiling intriguing 
correlations and dependencies on the presence of carbonates. 

At 900 ◦C, the density of the carbonate-inclusive sample (CC) was 
1.39 g/cm3, contrasted by a slightly higher 1.47 g/cm3 in the carbonate- 
free sample (NCC). Concurrently, the open porosity in the carbonate- 
bearing ceramic was 48.51 %, compared to 41.82 % in the sample 
devoid of carbonates. This disparity points to the potential role of car
bonates in fostering greater porosity, possibly by contributing to the 
formation of pores during the thermal treatment. 

At 1000 ◦C and 1100 ◦C, the presence of carbonates corresponded 
with a lower density and a higher porosity compared to the carbonate- 
free counterpart. At 1000 ◦C, the carbonate-inclusive sample showed a 
density of 1.48 g/cm3 and a porosity of 43.3 %. In contrast, the sample 
without carbonates displayed a density of 1.53 g/cm3 and a porosity of 
38.44 %. Similarly, at 1100 ◦C, the densities were 1.55 g/cm3 (car
bonate-inclusive-CC) and 1.59 g/cm3 (carbonate-free-NCC), with po
rosities of 39.35 % and 33.15 % respectively. These trends suggest that 
carbonate presence may be influencing the ceramic microstructure, 
thereby affecting the porosity and density. 

However, at 1150 ◦C, a dramatic divergence was observed. Both 
samples experienced a significant increase in density (carbonate-inclu
sive: 2.01 g/cm3, carbonate-free: 2.09 g/cm3) and a corresponding 
decrease in open porosity (carbonate-inclusive-CC: 18.87 %, carbonate- 
free-NCC: 17.11 %). It suggests a substantial structural transition 
potentially due to a phase transformation, sintering progressively at 
higher temperatures results in the production of a denser ceramic body 
(see SEM, in Fig. 9-D). This densification is achieved through the crea
tion of a glassy phase that effectively fills the material’s pores. According 
to Semiz’s study (Semiz, 2017), it is probable that the rise in bulk density 
during firing is linked to the development of a prominent glassy phase. 
This leads to an increase in the formation of a liquid phase and conse
quently a reduction in the material’s porosity. The carbonate-inclusive 
sample still maintained lower density and higher porosity than the 
carbonate-free one. 

These findings underscore the significant impact of carbonates on the 
density and open porosity of supports ceramic. The presence of car
bonates seems to enhance the porosity and reduce the bulk density at 
lower temperatures, while even at high temperatures where densifica
tion occurs, carbonates appear to limit this densification to an extent. 
The exact mechanisms by which carbonates influence these properties 
would be a compelling subject for further exploration. 

It should be noted that the influence of carbonate content on the pore 
size in ceramics, and consequently on their potential as filtration media, 
presents a complex interplay of benefits and potential drawbacks that 
need to be evaluated critically. The presence of carbonates has been 
observed to increase open porosity, which in turn increases pore size. 
While at first glance this might seem advantageous for filtration appli
cations, as larger pores would allow for higher flow rates, this effect 
should not be considered in isolation. 

The size and distribution of pores in a filter medium directly affect its 
performance. Larger pores might indeed facilitate greater flow rates, 
reducing the pressure needed for filtration and increasing the filter’s 
overall capacity. However, they could also compromise the filter’s 
ability to capture and retain small particles, thus reducing the filter’s 
efficiency in terms of particle removal. If the aim is to filter out micro
scopic contaminants, an increase in pore diameter induced by carbon
ates might not be beneficial, but rather detrimental to the performance 
of the filter. 

Furthermore, increased porosity and larger pores could lead to 
decreased mechanical strength, as larger pores can act as stress con
centrators, leading to premature failure under mechanical or hydraulic 
pressure. This is a crucial factor for ceramic filters, which often operate 

Table 2 
Weight losses and changes in dimensions (diameter and thickness) of ceramic 
supports derived from powdered samples CC and NCC as firing temperatures 
increased.  

Sample Firing 
temperature (◦C) 

Weight loss 
(wt. %) 

Variation in 
thickness (%) 

Variation in 
diameter (%) 

CC 900 19.3 ± 0.45 0.48 ± 0.04 1.10 ± 0.05 
1000 21.10 ±

0.21 
0.97 ± 0.06 2.30 ± 0.08 

1100 25.17 ±
0.54 

2.88 ± 0.05 6.90 ± 0.31 

1150 33.73 ±
0.18 

4.69 ± 0.14 9.41 ± 0.28 

NCC 900 17.88 ±
0.27 

0.42 ± 0.07 1.04 ± 0.06 

1000 20.92 ±
0.49 

0.85 ± 0.08 2.23 ± 0.09 

1100 24.93 ±
0.09 

2.74 ± 0.12 6.79 ± 0.15 

1150 31.03 ±
0.22 

4.57 ± 0.17 9.20 ± 0.24  

Fig. 6. Image depicting the ceramic supports manufactured from the samples 
CC and NCC at various temperatures. 
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under significant pressure differentials. 
in addition, the water absorption capacity is a useful metric for 

analyzing the densification process and the quality of ceramic supports, 
which is determined by the volume of open pores that can absorb water 
in the fired specimens. The water absorption capacities for CC and NCC 
samples in Fig. 8 show that the former’s capacity declines from 33.2 ±
0.51 % at 900 ◦C for 2 h to 23.6 ± 0.48 % at 1100 ◦C for the same 
duration. It further drops sharply to 12.9 ± 0.40 % at 1150 ◦C for 2 h. 
The NCC samples demonstrate a similar trend. A variation of approxi
mately 20 % in the water absorption capacity is recorded for both 
sample types when heated from 900 to 1150 ◦C/2h. In a study conducted 
by Semiz et al. (Semiz, 2017), the water absorption capacity of illi
te–smectite-kaolinitic clays varied from 20 % at 700 ◦C to 2 % at 
1200 ◦C. They posited that this shift is likely associated with the 
emergence of a glassy phase. 

Furthermore, the results illustrated in Fig. 8 demonstrate that the 
presence of carbonates in CC samples leads to an increase in the water 
absorption of ceramic supports, independently of firing temperature. 
This enhancement is to be expected, as the carbonates present in the raw 
clay (CC) decompose into CO2 as the firing process proceeds, the open 
porosity of the ceramic support samples increases (Arslan et al., 2021; 
Ngayakamo et al., 2020; Njeumen Nkayem et al., 2016). 

3.3.3. SEM microstructural analysis of fired samples 
The SEM analysis focused on investigating the changes in micro

structure of NCC samples after firing. Fractured surfaces were examined 
to observe these microstructural variations. In this section, we provide 
specific SEM micrographs of NCC samples that have been subjected to 
firing within the temperature range of 900 to 1150 ◦C. The SEM evo
lution of the NCC samples is illustrated in Fig. 9. Initially, up to a tem
perature of 900 ◦C/ 2 h, the microstructure of the material remains 
unaltered. This can be attributed to the fact that the pressed and fired 
samples still retain the layered structure of clay minerals (particularly 
illite and chlorite), which remains discernible. However, the illite un
dergoes dehydroxylation, while the chlorite decomposes. This observa
tion aligns with previous studies and SEM investigations on the thermal 
treatment of clay minerals (Sanchez-Soto and Perez-Rodriguez, 1989). 
Moreover, the micrographs reveal the presence of a porous structure, 
with an open porosity of 41.82 % (as depicted in Fig. 7). This porosity is 
a consequence of the dehydroxylation process occurring in the clay 
minerals. Additionally, the presence of compact crystalline formations 
of varying sizes in the fired samples can be linked to quartz grains that 
are integrated within the matrix. 

When subjected to a temperature of 1000 ◦C for a duration of 2 h, the 
early phases of the vitrification process become. This process manifests 
in the formation of minute pores, along with the potential merging of the 
layered structures, such as dehydroxylated illite and decomposed chlo
rite. Despite this coalescence, layered structures remain identifiable on 
the fracture surface. The sample’s open porosity is approximately 38.44 
%, lower than the porosity observed in the sample fired at 900 ◦C/2h. 

At a temperature of 1100 ◦C for a duration of 2 h, a significant change 
occurs in the SEM of the fracture surface of the fired samples. This 
change is characterized by a reduction in the size of pores, indicating a 
diminution in porosity. The open porosity of the samples shows a slight 
decrease (33.15 %, Fig. 7) compared to samples fired at lower temper
atures of 900 ◦C/ 2 h and 1000 ◦C/2h (as shown in Fig. 7). Moreover, the 
matrix contains small crystalline particles, specifically associated with 
quartz. 

At a temperature of 1150 ◦C maintained for 2 h, the degree of 
vitrification in the fired sample is higher and more widespread, resulting 
in a distinct microstructure compared to earlier observations (as seen in 
Fig. 9, the SEM of samples fired from 900 to1100 ◦C for 2 h). Indeed, the 
existence of alkaline and alkaline-earth oxides plays a significant role in 
developing the vitreous phase, which becomes liquid at high tempera
tures and is discernible in the SEM of the samples generated through 
firing. SEM reveals a more intricate microstructure. Additionally, there’s 
a decrease in open porosity to around 17.11 % (as depicted in Fig. 7) and 
an increase in the bulk density (~2.09 g/cm3, as shown in Fig. 7). 

Fig. 7. Open porosity (A) and bulk density (B) results for CC and NCC fired samples.  

Fig. 8. Water absorption results for CC and NCC fired samples.  
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3.3.4. Mechanical strength 

3.3.4.1. Flexural and indirect tensile strength. The outcomes pertaining 
to the flexural and tensile strength of both fired samples, namely CC and 
NCC, are illustrated in Figs. 10 and 11 correspondingly. In the case of the 
CC sample, the highest flexural strength value recorded is 42.47 ± 3.24 
MPa, achieved through firing at 1150 ◦C for 2 h. Similarly, for the NCC 
sample, a similar trend is observed, with the flexural strength reaching 
44.84 ± 2.86 MPa under the same firing conditions of 1150 ◦C for 2 h. 
Broadly speaking, the results indicate that subjecting the samples to 
firing temperatures higher than 900 ◦C for 2 h leads to an elevation in 
their flexural strength. This enhancement is attributed to the gradual 
development of a glassy phase, effectively filling the minute pores 
within the samples. This finding aligns with the SEM (Fig. 9-D), which 
exhibits a substantial, compact surface area characterized by the com
plete absence of tiny pores. The presence of crystalline solid phases 
(diopside and anorthite) contributed to the enhancement of flexural 
strength. In the case of samples sintered at 900 and 1000 ◦C (depicted in 
Fig. 10-B), a linear progression with heightened elasticity prior to failure 
was observed, attributed to their exceptional elasticity. However, when 
examining the tensile load–displacement curves of the supports sintered 
at 1150 ◦C, two distinct behaviors emerged. Initially, the material 
exhibited limited plasticity, succeeded by a substantial increase leading 
to sudden failure. This crucial observation underscores that the elasticity 
of the red clay material diminishes beyond 1150 ◦C during high- 
temperature sintering. 

On the other hand, the results reveal that the flexural strength values 
increase significantly in the decarbonized samples (NCC) at all sintering 
temperatures. This increase can be explained by a slight reduction in 
open pores, as shown in Fig. 7, due to the absence of carbonates, which 
leads to a considerable increase in flexural strength. 

Fig. 10 illustrates the plot of the indirect tensile strength values for 
the sample CC, the indirect tensile strength is 5.03 ± 1.1 MPa at a firing 
temperature of 900 ◦C for 2 h, which represents the minimum value. As 
the firing temperature increases, the indirect tensile strength values also 
increase, reaching a maximum of 17.66 ± 2.75 MPa at 1150 ◦C for 2 h. 
At this maximum point, the water absorption capacity is 12.9 ± 0.64 % 
(Fig. 8) and the open porosity is 18.87 ± 0.56 % (Fig. 7). The most 
significant change in indirect tensile strength occurs starting from 
1100 ◦C for 2 h and continues at higher firing temperatures. 

For the sample NCC in Fig. 11, the values of indirect tensile strength 
increase almost linearly, starting from 6.65 MPa at a firing temperature 
of 900 ◦C for 2 h and reaching similar values at 900–1100 ◦C for 2 h. 
Beyond 1100 ◦C for 2 h, the indirect tensile strength of the sample ex
hibits a swift growth, peaking at 19.52 MPa at a temperature of 1150 ◦C, 
over a duration of 2 h. At this pinnacle, the water absorption capacity 
stands at 12.1 ± 0.36 % (as shown in Fig. 8), while the open porosity 
reaches 17.11 ± 0.51 % (as depicted in Fig. 7). Nevertheless, the 
maximum value recorded for the samples NCC on the same firing tem
perature (19.52 ± 0.81 MPa) better than that achieved by the samples 
CC (17.66 ± 0.53 MPa). Hence, the decline in open porosity (as illus
trated in Fig. 7) and the reduction in water absorption capacity (as 

Fig. 9. SEM micrographs of sample NCC fired at 900 ◦C (A), 1000 ◦C (B), 1100 ◦C (C) and 1150 ◦C (D).  
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depicted in Fig. 8) starting from 1100 ◦C for a duration of 2 h actively 
supports the augmentation of indirect tensile strength. Pérez-Villarejo 
et al. (Pérez-Villarejo et al., 2015), in their examination of typical clays 
and the integration of waste materials into clay bricks, proposed that the 
elevation in indirect tensile strength within their fired specimens might 
be ascribed to the decrease in porosity. 

3.3.4.2. Relationship between indirect tensile strength and porosity of 
supports ceramic. Initially, the focus was on exploring the potential as
sociations between mechanical strength, specifically indirect tensile 
strength, and porosity. This correlation was assessed in the heat-treated 
specimens of this red clay by employing the Ryshkevitch-Duckworth 
equation (RYSHKEWITCH, 1953) as indicated by equ (7). 

σ = σ0.e− bp (7) 

In this equation, σ denotes the indirect tensile strength and σ0 sig
nifies the indirect tensile strength when porosity is zero. The constant b 
stands for the preexponential constant, indicative of the bonding ca
pacity, whereas P is a measure of porosity. This formula has been suc
cessfully utilized across an extensive array of porous materials, 
including but not limited to ceramics. Therefore, porosity is inversely 
proportional to the logarithm of indirect tensile strength, allowing an 

extrapolation of the indirect tensile strength when porosity is zero. In 
this specific study, the values σ and P were experimentally measured and 
reported as averages from three separate measures (refer to Fig. 7,10 
and 11). If the parameters σ0 and b are given, then one can predict the 
indirect tensile strength for a powdered, fired, compacted specimen. 
Fig. 12 illustrates the Ryshkevitch-Duckworth graphical interpretation 
for the CC and NCC samples examined in this study. The observed 
relationship between open porosity and indirect tensile strength under 
these experimental conditions is apparent. The resulting straight lines 
suggest that indirect tensile strength correlates with open porosity. 
Nevertheless, this correlation is stronger for the NCC sample, as indi
cated by the higher correlation coefficient (R2 = 0.9302), when 
compared to the CC sample (R2 = 0.9117). The constant b and indirect 
tensile strength at zero porosity (σ0) can be extrapolated from these 
findings. 

To start with, the observed discrepancies from the linear trend in 
accordance with the Ryshkevitch-Duckworth equation (7) for both CC 
and NCC samples could be attributed to factors such as irregular shapes, 
defects, and imperfections related to open pores, as suggested in a prior 
study (Martínez-Martínez et al., 2022). An essential factor to consider, is 
the potential existence of closed pores in the fired samples resulting from 
progressive sintering at elevated temperatures commencing at 1100 ◦C. 

Fig. 10. Indirect tensile and Flexural strengths of fired sample CC.  
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Such a presence could negatively impact the indirect tensile strength. 
Indeed, reviewing the indirect tensile strength data featured in Fig. 12 
reveals two distinct patterns: (i) the first pattern falls within the 
900–1100 ◦C temperature range (refer to Figs. 10 and 11), where the 
experimental points cluster, demonstrating a nearly linear relationship 
between indirect tensile strength and porosity; (ii) the second pattern 
becomes evident from 1100 to 1150 ◦C/2h, where a rapid divergence in 
the values of indirect tensile strength and open porosity can be observed, 
signaled by a change in the slope of the theoretical straight line (high
lighted in Fig. 12). This shift takes place when the fired samples have 
undergone more extensive sintering (see Figs. 7 and 8). This conclusion 
is corroborated by the SEM image. 

4. Conclusions 

The impact of alkaline earth carbonates on the mechanical properties 
and microstructure of ceramic supports made from Moroccan red clay 
was investigated, with different firing temperatures (900–1150 ◦C). By 
analyzing the results, the main objective of the study was successfully 
achieved. Table 3 presents a summary of the key findings, including 
diametric shrinkage, color changes, bulk density, open porosity, water 
absorption, flexural and indirect tensile strength. 

Fig. 11. Indirect tensile and Flexural strengths of fired sample NCC.  

Fig. 12. Relationship between indirect tensile strength (results presenteded in 
Figs. 10 and 11) and porosity (Fig. 7) of the samples CC and NCC based on the 
Ryshkewitch-Duckworth equation. 
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At varying firing temperatures, the CC materials exhibit greater 
weight loss, water absorption, and porosity compared to the NCC ma
terials. This difference is likely attributed to carbonate decomposition 
and the consequent CO2 degassing that occurs in the CC materials, while 
both groups undergo dehydroxylation of clay minerals. Nevertheless, 
both materials are suitable as ceramic supports, although ceramic sup
ports made from NCC would offer higher quality. As the firing temper
ature increases, shrinkage also increases, leading to a reduction in water 
absorption and porosity. This behavior can be attributed to the pro
gressive development of vitrification. These findings highlight the lim
itations of firing at the highest temperature. 
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