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Abstract 
Calcined clays, emerging as one of the most promising supplementary ce-
mentitious materials (SCMs), have gained global attention as key contributors 
to low-carbon cement production. This study investigates the potential use of 
two clays from different regions of Togo as SCMs. The clays were calcined be-
tween 700˚C and 900˚C to evaluate the influence of calcination temperature on 
their physicochemical properties. Their characteristics were analysed through 
XRF, XRD, FTIR, and TGA analyses. In addition, their pozzolanic reactivity 
was assessed using the TGA-based R3 test to quantify their calcium hydroxide 
consumption. Results showed that one clay was rich in kaolinite and the other 
in quartz. XRD and FTIR analyses suggested that 700˚C was sufficient to in-
duce optimal transformation in both clays, while TGA analysis indicated that 
the kaolinite-rich clay achieved better results at 750˚C. For the clay rich in 
quartz, the ideal calcination temperature remains unclear due to its complex 
thermal properties. However, the R3 test confirmed the effectiveness of both 
clays as SCMs, with the kaolinite-rich clay exhibiting significantly higher re-
activity than the other clay. 
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1. Introduction 

The cement industry accounts for approximately 7% of global CO2 emissions, 
mainly due to clinker production, a key component of Ordinary Portland Cement 
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(OPC) [1]. During clinker production, the calcination of limestone (CaCO3) re-
leases significant amounts of CO2, making it a major issue for decarbonization 
efforts. To address these challenges, there is a growing focus on reducing the clinker 
factor in cement through its substitution with alternative materials called supple-
mentary cementitious materials (SCMs). These materials have been shown to ef-
fectively contribute to reducing the carbon footprint of OPC, while improving its 
performance and durability. 

Based on their chemical composition, SCMs can be classified into hydraulic 
and pozzolanic materials [2]. Among existing pozzolanic materials, calcined clays, 
particularly kaolinitic clays, have emerged as highly promising due to their 
global availability, low cost, and proven reactivity when properly activated. Their 
activation generally involves heating to temperatures up to 800˚C. During this 
process, the kaolinite in clays undergoes a transformation into metakaolinite, 
an amorphous phase that reacts with calcium hydroxide (Ca(OH)2), a by-prod-
uct of the cement hydration reaction. This reaction leads to the formation of 
additional cementitious phases, such as calcium silicate hydrates (C-S-H), which 
contribute to improving the mechanical properties and durability of cementi-
tious systems [3]. This makes calcined clays an interesting option for reducing 
the reliance on clinker.  

Despite this proven advantage of calcined clays, their application remains un-
derexplored in some regions, including Togo, where the available clay resources 
are not yet fully exploited for this purpose. However, investigative efforts carried 
out in several other countries have demonstrated the significant potential of cal-
cined clays as SCMs [4]. This advancement surrounding calcined clays is a collec-
tive international effort, with various countries contributing to different aspects 
of research and application. However, collaborative studies conducted by research 
groups of K. Scrivener in Switzerland and F. Martirena from Cuba have signifi-
cantly driven global focus, particularly through the development of cement blends 
incorporating calcined clays and limestone known as Limestone Calcined Clays 
Cement (LC3) [4]-[7]. These blends have been shown to reduce the clinker con-
tent down to 50% while maintaining similar mechanical properties and enhancing 
durability [4]. Later joined by India, these three countries have been actively in-
volved in research and pilot projects for the implementation of this technology 
[8]-[10]. Through ongoing efforts to expand it to other countries, Colombia be-
came the first to establish permanent industrial production and commercializa-
tion [8] [11]. 

Besides that, other countries have also been focusing their research on the use 
of calcined clays for sustainable cement production. In Africa, countries such as 
Malawi, Kenya, South Africa, Nigeria, Ghana, Burkina Faso, and a few others have 
conducted relevant research on the use of locally available clay resources as SCMs, 
confirming their potential to contribute to the development of low-carbon cement 
and reduce the environmental impact of cement production [12]-[17]. Further-
more, some companies on the Ivory Coast and Cameroon have started commer-
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cializing LC3 cements [11]. In Togo, the government has recently initiated the 
development of national standards for cement production, aiming to ensure ce-
ment quality and safety by regulating raw materials, manufacturing processes, and 
final product characteristics [18]. Although these standards do not mainly cover 
the use of calcined clays, they may promote their adoption in the future, with the 
ambition to eventually establish national standards for the production of LC3 ce-
ments. In support of such initiatives and global efforts to decarbonize the cement 
sector, investigating the potential use of Togolese clay resources as SCMs appears 
relevant. Moreover, as the effectiveness of clays as SCMs is highly dependent on 
their mineralogical composition, which can vary significantly based on their geo-
logical origin, assessing their mineralogical composition is crucial when consid-
ering their utilisation. 

This study focuses on the characterisation and pozzolanic reactivity of two clays 
from Togo in order to evaluate their potential as SCMs. Advanced analytical tech-
niques, including X-ray fluorescence (XRF), X-ray diffraction (XRD), Fourier 
transform infrared (FTIR) spectroscopy, and thermogravimetric analysis (TGA), 
were used to investigate their chemical, mineralogical, and thermal properties. 
These techniques are widely recognised for their effectiveness in assessing the suit-
ability of clay resources for use as SCMs [19]. 

A previous study by Anove et al. [20] explored the characterisation and use of 
the same clays, calcined at 750˚C, for geopolymer synthesis. In the present work, 
the investigation was extended to a wider calcination temperature range (700˚C - 
900˚C) to better understand their thermal activation process. Additionally, TGA 
results were further exploited to estimate the kaolinite content of the clays and to 
monitor their dehydroxylation process.  

Most importantly, their pozzolanic reactivity was assessed using a TGA-based 
R3 test. Recent studies have, in fact, highlighted the relevance of the R3 test for eval-
uating the pozzolanic reactivity [21] [22]. This approach provides new insights into 
the suitability of these clays as SCMs. The outcomes of this study are expected to 
contribute to the growing body of knowledge on the use of locally sourced mate-
rials in sustainable construction. By identifying their optimal calcination condi-
tions and evaluating their reactivity, this research aims to support the develop-
ment of sustainable cementitious materials that can contribute to reducing the 
environmental impact of the cement industry.  

2. Materials and Methods 
2.1. Sampling and Pre-Processing 

Two clay samples were obtained from a previous sampling conducted by Anove 
et al. [20] in distinct quarries located respectively at Afagnan (6˚29'39"N; 1˚37'56"E, 
southern Togo) and Bandjeli (9˚25'05"N; 0˚37'12"E, northern Togo). The samples 
were hermetically sealed and stored until their use in the present study. 

The raw clays were subjected to grinding in a Rocklabs RM 1000 vibratory disc 
mill and were sieved to 63 µm using an AS400-Retsch sieve shaker to ensure com-
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parable particle size for both samples. The sieved samples were then calcined for 
2 h in alumina crucibles at the following temperatures: 700˚C, 750˚C, 800˚C, 
850˚C, and 900˚C. These temperatures were chosen based on preliminary studies 
and literature review indicating the temperature range of kaolinite transformation 
into metakaolinite between 600˚C and 900˚C [23]-[25]. However, it has been shown 
that calcination temperatures slightly higher than 600˚C provide better reactivity 
[26]. Calcination was carried out under ambient atmospheric conditions with a 3 
h heating ramp in an electric muffle furnace (LE 0611P300, Nabertherm). The final 
processed samples, both raw and calcined, were stored at room temperature in 
airtight polypropylene containers until analysis.  

2.2. Characterisation Techniques 

A series of instrumental techniques, including XRF, XRD, FTIR, and TGA, was 
used to characterise both raw and calcined clays.  

2.2.1. X-Ray Fluorescence (XRF) Analysis 
The chemical composition of the raw clay samples was determined by X-ray flu-
orescence (XRF).  

Sample preparation: The initially stored clay samples were prepared as pressed 
pellets in aluminium cups. The clay powders were manually mixed with a wax 
binder (Licowax micropowder) in a ratio of 10/0.5. The mixture was then pressed 
at 25 tons into pellets using an xrPress MT25 hydraulic press. The binder was used 
to enhance the cohesion and mechanical stability of pellets, preventing cracking 
during high-pressure pressing and ensuring a smooth, homogeneous surface for 
analysis.  

Measurement and data collection: The prepared pellets were analysed using a 
Bruker S6 JAGUAR XRF spectrometer, and the data were processed with SPEC-
TRA ELEMENTS software.  

2.2.2. X-Ray Diffraction (XRD) Analysis 
XRD was employed to identify the crystalline phases present in the raw clays and 
to observe their transformations during calcination.  

Sample preparation: As with XRF analysis, proper sample preparation is es-
sential prior to conducting measurements. The initially stored clay samples were 
placed in poly(methyl methacrylate) sample holders and pressed with a polished 
glass slide to ensure a smooth and uniform surface.  

Measurement and data collection: XRD measurements were conducted using 
a Bruker D8 Advance diffractometer in the Bragg-Brentano horizontal θ-θ geom-
etry. The equipment was operated at 40 kV and 40 mA with a Cu Kα radiation 
source (λ = 1.5406 Å). X-ray diffractograms were collected over a 2θ range of 5˚to 
70˚. 

Qualitative phase identification: The obtained diffraction patterns were ana-
lysed with Malvern Panalytical HighScore Plus 5.2 software. Powder Diffraction 
Files (PDF-2) from the International Centre for Diffraction Data (ICDD) and the 
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Crystallographic Open Database (COD) were used to identify mineral phases.  

2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR analysis was performed to identify the functional groups present in the clay 
samples and to assess the chemical changes induced by calcination.  

Measurement and spectra acquisition: The samples were analysed using a Ni-
colet iS50 FTIR spectrometer (Thermo Fisher Scientific) fitted with an Attenuated 
Total Reflectance (ATR) module. For each measurement, the clay powders were 
placed directly on the surface of the instrument’s ATR crystal and pressed against 
it with a pressure applicator. The IR spectra were recorded in absorbance mode 
over the mid-infrared region (4000 - 400 cm−1). The measurements consisted of an 
accumulation of 32 scans with an optical resolution of 2 cm−1 in 2 min. The back-
ground corrections were made with an air spectrum.  

Qualitative analysis: Spectra were processed and analysed using OMNIC Spec-
tra 9 (Thermo Fisher Scientific) software.  

2.2.4. Thermogravimetric Analysis (TGA) 
TGA was used to study the thermal behaviour of the clays and to calculate their 
kaolinite content.  

Sample measurement: The samples were analysed using a Netzsch TG 209 F1 
Libra thermal analyser. Approximately 10 - 12 mg of sample were placed in alu-
mina crucibles, chosen for their thermal stability and inertness. The samples were 
then heated in the apparatus from 30˚C to 1000˚C at a heating rate of 10˚C/min 
under a nitrogen atmosphere to prevent oxidation.  

Data analysis: After measurement, the weight loss as a function of temperature 
was recorded. The data were then analysed with Netzsch Proteus Thermal Analy-
sis software to identify the different temperature ranges at which significant weight 
loss occurred.  

Quantitative analysis: The weight loss between 400˚C and 600˚C, associated 
with the dehydroxylation of kaolinite [27]-[29], was used to quantify the kaolinite 
content in both raw and calcined clays. This was done according to equations (1) 
and (2), using the tangent method, previously described by [30]. This method min-
imises the influence of other mineral phases by focusing on the dehydroxylation 
temperature range. To check the reproducibility, two repetitions were carried out 
for each sample to calculate the mean value and the standard deviation (SD). Cal-
culations were performed using Excel 2019 software.  

,  ,  % %
2

kaolinite
kaolinite raw kaol OH raw

water

M
Wt Wt

M− ×=                  (1) 

( )  ,   
  ,  ,  

 

100 % 
% %  

 2 100
kaol OH calkaolinite

kaolinite cal kaol OH cal
water

WtM
Wt Wt

M
−

−

−
×= ×        (2) 

where 

,  %kaolinite rawWt  refers to the weight of kaolinite (%) in the raw clays.  

,  %kaolinite calWt  refers to the weight of kaolinite (%) in the calcined clays, indi-
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cating the portion of unreacted kaolinite during calcination.  
%kaol OHWt −  represents the weight loss due to kaolinite dehydroxylation.  

 kaoliniteM  (258.16 g∙mol−1) and  waterM  (18.02 g∙mol−1) are the molecular weights 
of kaolinite and water, respectively.  

As explained by [29], for calcined clays, due to the evaporation of water during 
calcination, the total mass of calcined clays differs from that of the raw clays. 
Therefore, the amount of remaining kaolinite after calcination has to be adjusted 
based on the residual water content, as indicated in Equation (2).  

The calcined kaolinite content (  %calcined kaoliniteWt ), representing the amount of 
reacted kaolinite during calcination, was then obtained according to Equation (3).  

  ,  ,  % % %calcined kaolinite kaolinite raw kaolinite calWt Wt Wt= −               (3) 

Beyond kaolinite quantification, the thermogravimetric (TG) spectra of the raw 
clays were also used to determine their moisture content and loss on ignition 
(LOI).  

2.3. Pozzolanic Reactivity Test (TGA-Based R3 Method) 

The pozzolanic reactivity of the clays was evaluated using the TGA-based R3 
method described by Sivakumar et al. [31], which relies on the quantification of 
calcium hydroxide (Ca(OH)2) consumption through TGA analysis. No reference 
pozzolan, such as pure metakaolin, was tested for comparison.  

Preparation of R3 pastes: The R3 pastes were prepared following the recom-
mendations of the ASTM C1897-20 standard [32] by mixing 10 g of clay with 30 
g of calcium hydroxide and 5 g of calcium carbonate (CaCO3). The dried powders 
were homogenised manually and then mixed with 54 mL of a potassium solution 
(4 g KOH and 20 g K2SO4 in 1 L of deionised water), both preconditioned at 40˚C. 
The pastes were stirred at 1600 rpm for 2 min, sealed, and cured in an oven at 
40˚C for 7 days.  

Hydration stoppage: After the 7-day curing period, 3 g of the hydrated hard-
ened pastes were crushed to between 1 and 3 mm using a mortar and pestle. The 
crushed sample was then immediately immersed in 50 mL of isopropanol for 15 
min to stop the hydration process. The suspension was stirred for 2 min, then 
filtered under vacuum using a fritted funnel. The retained solid was then collected, 
dried at 40˚C for 8 min, and stored in a desiccator until analysis.  

Ca(OH)2 consumption: Ca(OH)2 consumption was quantified by TGA analy-
sis, performed under a nitrogen atmosphere at a heating rate of 10˚C/min from 
30˚C to 950˚C. The mass loss between 400˚C and 500˚C, corresponding to the 
dehydroxylation of Ca(OH)2, was used to determine its residual content according 
to Equation (4). 

( )
2

2

H O
Ca OH , 

950

18.02
100

74.09residual

m
m

m
∆

= ×                  (4) 

Finally, the amount of Ca(OH)2 consumed by the pozzolanic reaction was cal-
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culated as indicated in Equation (5) and expressed as grams of Ca(OH)2 per 100 g 
of SCM (g/100g SCM).  

( )
( ) ( )2 2

2, 

0, Ca OH 0,Ca OH , 
Ca OH

0, 

   
100

consumption

residual

SCM

m m
m

m

−
= ×            (5) 

where:  

2H Om∆  refers to the mass loss corresponding to Ca(OH)2 dehydroxylation 

from the TG curve. 

950m  is the mass of the sample at 950˚C. 
74.09 and 18.02 are the molecular masses of calcium hydroxide and water, re-

spectively.  

( )2Ca OH , residualm  is the amount of unconsumed calcium hydroxide in the sample 

after curing.  

( )20, Ca OHm  is the initial mass of calcium hydroxide in the R3 paste mixture.  

0, SCMm  is the initial mass of SCM.  

3. Results and Discussions 
3.1. Visual Examination of Raw and Calcined Clays 

Figure 1 shows the visual appearance of both raw and calcined clays. Significant 
color changes were observed after calcination, suggesting possible chemical and 
structural transformations occurring during the process. However, for the cal-
cined clays, the color remained unchanged over the entire calcination temperature 
range. Therefore, only one sample is illustrated in the figure as a representative of 
the calcined clays for each clay type. 

 

 
Figure 1. Illustration of clay samples: (a) raw clay A; (b) ground clay A; (c) calcined clay A; (d) raw clay B; (e) ground clay B; (f) 
calcined clay B. 

3.2. XRF Results 

The chemical composition of the two clays, determined by XRF, is presented in 
Table 1. The primary oxides identified are silica (SiO2), alumina (Al2O3), and iron 
oxide (Fe2O3). Clay A contains both a significant proportion of silica (54.10%) and 
alumina (39.23%), while clay B is predominantly rich in silica (71.80%) with a 
lower alumina content (16.90%). These results suggest that both clays are predom-
inantly aluminosilicate-based materials with minor contents of other oxides such 
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as Fe2O3, CaO, K2O, and TiO2. In addition, the SiO2/Al2O3 ratio provides valuable 
insights into the potential mineralogical composition of these clays. In fact, the 
SiO2/Al2O3 ratio of 1.38 for clay A, typical of the 1:1 SiO2-Al2O3 structure of kao-
linite, suggests its potential presence in this clay. On the other hand, clay B exhib-
its a higher SiO2/Al2O3 ratio of 4.25, suggesting the prevalence of silicate phases 
such as quartz or other aluminosilicate phases.  

Concerning the suitability of these clays as SCMs, their chemical composition 
was evaluated based on the ASTM C618 requirements [33], which define the cri-
teria for pozzolanic materials. As shown in Table 2, the sum of the oxides’ amounts 
(%) (SiO2 + Al2O3 + Fe2O3) in both clays exceeds the minimum requirement of 
70%, with clay A achieving 97.56% and clay B 91.50%. This conformity to the 
chemical composition requirement of ASTM C618 for class N pozzolan highlights 
their chemical suitability as SCMs. Additionally, both clays meet the standard lim-
its for moisture content (≤3%), with values of 1.25% and 1.26% for clay A and clay 
B, respectively. However, the loss on ignition (LOI) of clay A, at 15.16%, exceeds 
the limit of 10%, likely due to the presence of organic matter in the raw clays, 
which should undergo decomposition during the calcination process to obtain 
calcined clays normally intended for use in cementitious systems. Similar values 
have been reported for raw kaolinitic clays [34]-[36], while lower values were ob-
served for calcined samples [29] [37], reflecting the effect of calcination in reduc-
ing this property.  

To further illustrate the suitability of the studied clays as SCMs, their position 
on the CaO-SiO2-Al2O3 ternary diagram (Figure 2) provides a visual confirmation 
of their pozzolanic potential. Both clays are located within the pozzolanic region, 
as established by Pontikes and Snellings [38]. Clay A, especially, is situated within 
the metakaolin domain of the diagram, further confirming the earlier suggestion 
of kaolinite’s predominant presence in this clay. 

 
Table 1. The chemical composition of the raw clays was measured by XRF. 

 Oxides composition (%) 

Raw clays SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 

A 54.10 39.23 4.23 0.15 0 0 0.16 1.74 0.12 

B 71.80 16.9 2.80 0.16 1.33 1.27 4.63 0.80 0 

 
Table 2. Chemical requirements. 

Composition (%) ASTM C618 requirements Clay A Clay B 

SiO2 + Al2O3 + Fe2O3 ≥70 97.56 91.5 

Sulfur trioxide (SO3) ≤4 0 0 

Loss on ignition at 1000˚C (LOI) ≤10 15.16 6.63 

Moisture content at 105˚C ≤3 1.25 1.26 
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Figure 2. CaO-SiO2-Al2O3 (%) ternary diagram showing clay A and clay B, respectively, in 
the metakaolin and natural pozzolan domains, as proposed by Pontikes and Snellings [38]. 
For graphical representation, oxide mass fractions were normalised to 100 before plotting. 

3.3. XRD Results 

As intended, the XRD analysis allowed identification of the crystalline phases pre-
sent in the clays and facilitated tracking their transformation upon calcination. 
The diffraction patterns of both raw and calcined clays are presented in Figure 3. 
A detailed examination of these patterns reveals key differences in the mineralog-
ical composition of the two clays.  

Clay A is predominantly composed of kaolinite (K), along with anatase (A) and 
hematite (H). In contrast, clay B is mainly composed of quartz (Q), muscovite (M), 
and a minor amount of kaolinite (K). These findings are consistent with the chem-
ical composition obtained from XRF analysis. The previous findings from this 
analysis are confirmed by the abundant presence of kaolinite in clay A, while the 
presence of anatase and hematite is validated by the significant proportions of 
TiO2 and Fe2O3 previously identified in this clay. For clay B, the dominance of 
quartz is confirmed by the high SiO2 content, while its prominent K2O content 
among the secondary oxides supports the presence of muscovite in the clay.  

The card numbers of the powder diffraction files (PDF) corresponding to the 
identified minerals are provided in Table 3 and have also been referenced in other 
studies.  

 
Table 3. Crystalline phases with their corresponding chemical formulas and PDF numbers. 

Mineral name Chemical formula PDF number Supporting References 

Kaolinite Al2Si2O5(OH)4 96-900-9231 [39]-[41] 

Anatase TiO2 96-901-5930 [42] 

Hematite Fe2O3 96-900-0140 [43] 

Quartz SiO2 96-901-3322 [40] [44] 

Muscovite KAl2(AlSi3O10)(OH)2 96-900-5188 [45] 
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As shown by the diffraction patterns of clay A (Figure 3(a)), the most signifi-
cant peaks of kaolinite (K) appear at 2θ = 12.3˚, 19.83˚, 24.86˚, 38.45˚, 45.55˚, and 
62.24˚. For clay B (Figure 3(b)), the few reflections associated with kaolinite are 
observed at similar positions at 2θ = 12.33˚ and 19.70˚. These peak positions align 
with those reported by [46]-[50], who also identified kaolinite at the same, or ap-
proximately the same, diffraction angles, confirming the reliability of these find-
ings.  

Comparing these results with those of Anove et al. [20], who previously inves-
tigated clay samples obtained from the same quarries, both studies found kaolinite 
as the major mineral in clay A and as a minor component in clay B. However, the 
present study also detected hematite in clay A, which was not observed in the ear-
lier study. This presence of hematite, a well-known iron oxide (Fe2O3), may ex-
plain the slight reddish-brown colour observed in the calcined clay (Figure 1(c)). 
In fact, the ambient environment in the furnace during calcination may contribute 
to further oxidation of this mineral. This phenomenon aligns with a previous 
study by Martirena Hernàndez et al. [51], where XRD analysis confirmed the pres-
ence of hematite in red calcined clays obtained in an oxygen-available environ-
ment, contributing to their reddish hue, while black calcined clays showed traces 
of magnetite (Fe3O4) under atmospheric control conditions. Similarly, the reddish 
color observed in the calcined clay A in this study could be attributed to the pres-
ence of hematite, confirming the influence of this mineral on the coloration of 
calcined clays. For clay B, while both studies found quartz as the dominant com-
ponent, the earlier study by Anove and co-workers [20] reported illite instead of 
muscovite, which is identified in the present study. These differences could be 
attributed to various factors such as geological variations, sample processing, and 
the employed methods, particularly the databases used for mineral identification. 
In fact, the previous study used the COD database, while the current study relied 
on both COD and ICDD powder diffraction files (PDF-2) databases. This varia-
tion in databases could contribute to differences in mineral identification, as they 
may provide different details and precision in XRD data. Additionally, similar dif-
fraction peaks are often attributed to both minerals in the literature [52]-[55]. 

Regarding the crystallinity of the clays, clay A exhibits a predominance of the 
kaolinite phase, which contributes to its overall crystallinity. However, the pres-
ence of less intense and broader peaks suggests that portions of the structure may 
be poorly crystallized. In contrast, clay B demonstrates higher crystallinity, as in-
dicated by the sharper and more defined peaks associated with quartz and mus-
covite.  

The calcination process at different temperatures ranging from 700˚C to 900˚C 
led to noticeable changes in the mineralogical composition of both clays, particu-
larly in the kaolinite phases (Figure 4). As calcination progresses, there is a nota-
ble reduction in the intensity of the kaolinite peaks, whereas the intensity of ana-
tase and hematite in clay A, and muscovite and quartz in clay B, remains relatively 
unchanged.  
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These observations suggest that while kaolinite (Al2Si2O5(OH)4) undergoes a 
significant transformation into metakaolinite (2SiO2Al2O3), an amorphous and 
more reactive phase, the other minerals in the clays are largely unaffected and do 
not undergo significant structural changes within the studied temperature range. 
This transformation of kaolinite has important implications for the overall reac-
tivity of the clays in cementitious systems. The formation of amorphous me-
takaolinite is critical for enhancing their pozzolanic reactivity, as its reactive sites, 
produced by heat treatment, enable effective interaction commonly leading to the 
formation of additional cementitious compounds, such as calcium silicate hy-
drates (C-S-H) and calcium aluminate hydrates (C-A-H), which contribute to the 
overall strength and durability of the cementitious material [3]. This being so, the 
more amorphous structure obtained for clay A after calcination could make it a 
more reactive pozzolan, potentially enhancing its suitability for use as supplemen-
tary cementitious material (SCM). However, the presence of stable and unreactive 
phases like quartz and muscovite in clay B may not directly influence the pozzolanic 
reactivity of the clays but could have other effects, either favourable or damaging, 
on the overall performance of cement.  

Turning to the effects of varying calcination temperatures, it is observable for 
both clays that increasing the calcination temperature above 700˚C does not pro-
duce significant changes in the diffraction patterns. The structural transformations 
induced by the calcination process remained similar as the temperature increased. 
This finding aligns with the stability of the color observed in the calcined clays 
within the calcination temperature range and could suggest that calcination at 
700˚C for 2 h may be sufficient to induce the desired phase transformation in the 
clays.  

Additionally, it has been shown that calcination between 700˚C and 900˚C ef-
fectively induces the formation of a reactive amorphous metakaolin phase, which 
is essential to enhance the pozzolanic properties of kaolinitic clays. However, be-
yond 900˚C, the risk of over-calcination increases [56] and may lead to the devel-
opment of more stable and non-reactive phases, which reduce the overall reactiv-
ity [57] [58]. 

 

 
Figure 3. XRD patterns of raw materials: (a) clay A and (b) clay B. 
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Figure 4. XRD patterns of (a) raw and calcined clay A; (b) raw and calcined clay B. 

3.4. FTIR Results 

To further investigate the structural and chemical characteristics of the clays, 
FTIR analysis was also conducted to examine the functional groups present in the 
raw clay samples and to evaluate the chemical changes induced by the calcination 
process.  

The FTIR spectra of the raw clays (Figure 5) display distinct absorption bands 
that align with the mineral phases identified by XRD analysis. In clay A, kaolinite 
exhibited three absorption bands in the OH stretching region at 3690, 3648, and 
3620 cm−1, characteristic of its structure [59]-[61]. Three additional bands, also 
typical of the kaolinite structure, were observed in the range of Si-O stretching 
vibrations at 1115, 1025, and 995 cm−1 [62]. The absorption band at 909 cm−1 is 
related to the Al-OH deformation within the octahedral layer of kaolinite, while 
the bands at 526 cm−1 and 452 cm−1 correspond, respectively, to the Si-O-Al and 
Si-O-Si deformations [60], further confirming the presence of kaolinite in this 
clay. Additionally, the band at 526 cm−1 could also be associated with the presence 
of hematite [63], while the one at 640 cm−1 is often assigned to Si-O vibrations in 
quartz or kaolinite [60]. Furthermore, the doublet at 746 and 790 cm−1 is typically 
attributed to the symmetric stretching vibration of Si-O-Si bonds in quartz [64] 
or Si-O-Al vibrations in kaolinite [65]. However, as quartz was not identified in 
this clay, these vibration bands are more likely attributable to kaolinite. Concern-
ing the band at 526 cm−1, which could correspond either to kaolinite or hematite, 
further examination of the FTIR spectra of the calcined clays could help confirm 
its origin, as the decomposition of kaolinite during calcination would alter its 
characteristic bands, while that of hematite would remain unchanged or only 
slightly modified. Clay B, on the other hand, shows distinct absorption bands that 
could initially be associated with its three mineral phases identified by the XRD 
analysis. The bands at 3628 and 909 cm−1, corresponding respectively to the stretch-
ing vibration of OH groups and the deformation of Al-OH and Si-O-Al groups, are 
characteristic of both muscovite and kaolinite. Their low intensity reflects the fact 
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that these two minerals were identified as secondary phases. The other bands at 
998, 694, 648, 516, and 457 cm−1, indicative of Si-O, Si-O-Si, and Si-O-Al vibra-
tions, suggest the presence of silicate and aluminosilicate structures that could 
correspond to quartz, muscovite, and kaolinite. However, since quartz was iden-
tified as the dominant mineral in this clay, it is probable that these bands corre-
spond to quartz. For this clay also, an examination of the FTIR spectra of the cal-
cined clays would be necessary to confirm this, as the stability of quartz over the 
calcination temperature range would not induce any alteration of these bands. 
The same suggestions are applicable to the doublet at 796 and 778 cm−1.  
 

 
Figure 5. FTIR absorbance spectra of raw materials: (a) clay A and (b) clay B. 

 
Regarding the effects of calcination, the FTIR spectra of calcined clays (Figure 

6) reveal significant modifications in the absorption bands compared to the raw 
clays, particularly for clay A. For this clay, the characteristic OH stretching bands 
of kaolinite at 3690, 3648, and 3620 cm−1, as well as the Al-OH deformation band 
at 909 cm−1, completely disappeared upon calcination, indicating the dehydrox-
ylation of kaolinite. Similarly, the absence of the bands at 1115 and 1025 cm−1, 
associated with Si-O stretching vibrations, indicates the destruction of the kaolin-
ite framework. Additionally, the band initially observed at 995 cm−1 shifted to a 
broader band, suggesting the formation of a new silicate structure, likely amor-
phous silica. Moreover, the absence of the 526 cm−1 band supports the earlier sug-
gestion that this band originates from kaolinite, as hematite would not completely 
disappear under the applied calcination conditions. Furthermore, the doublet at 
746 and 790 cm−1, previously attributed to Si-O-Si of quartz or Si-O-Al vibrations 
in kaolinite, shifted to a single broad peak, reflecting a structural reorganization 
linked to kaolinite. These observations confirm that the transformations in clay A 
are mainly due to the decomposition of kaolinite, which is in agreement with the 
findings of [62] and [66], where similar modifications were observed for kaolinitic 
clays. For clay B, fewer transformations were observed. The disappearance of the 
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OH stretching band at 3628 cm−1 and the Al-OH deformation band at 909 cm−1 
indicates the loss of hydroxyl groups of kaolinite or muscovite. However, the per-
sistence of the other bands, including the doublet at 796 and 778 cm−1, across the 
calcination temperature range suggests that these vibrations are associated with 
quartz, the dominant mineral in this clay.  

Moreover, as revealed by the XRD results and the color examination, for both 
clays, changing the calcination temperature did not lead to significant variations 
in the FTIR spectra of the calcined clays, supporting the suggestion that a calcina-
tion temperature of 700˚C would be sufficient to achieve reactive metakaolin. 
 

 
Figure 6. FTIR spectra of (a) raw and calcined clay A and (b) raw and calcined clay B. 

3.5. TGA Results 

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves 
shown in Figure 7 and Figure 8 illustrate the thermal behavior of the clays.  

For both clays, two major mass loss stages were observed. The first stage, oc-
curring below 200˚C, corresponds to the release of physically absorbed water, 
which is typical for clay minerals. For clay A, the second stage, occurring between 
400˚C and 600˚C, is attributed to the dehydroxylation of kaolinite, leading to the 
formation of metakaolin. The quantification of this dehydroxylation process from 
the TG curve revealed a mass loss of 11.42% ± 0.13%, which is close to the theo-
retical value of 13.95% commonly reported for pure kaolinite [67] [68]. This ex-
perimental TG mass loss corresponds to a calculated kaolinite content of 81.80% 
± 0.94%, confirming the predominance of kaolinite in its composition. The DTG 
curve, showing a characteristic peak at 524.9˚C, provides additional information 
on the dehydroxylation of kaolinite in this clay. This peak value is also close to 
that reported for similar kaolinite content in clay samples.  

For clay B, the mass loss observed during the second phase continues beyond 
600˚C, suggesting that the overall loss could be associated with the decomposition 
of hydroxyl groups from both kaolinite and muscovite. However, the quantifica-
tion of TG mass loss within the kaolinite decomposition range was found to be 

https://doi.org/10.4236/msce.2025.139003


D. D. Babakoua et al. 
 

 

DOI: 10.4236/msce.2025.139003 45 Journal of Materials Science and Chemical Engineering 
 

2.58% ± 0.08%. This corresponds to a calculated kaolinite content of 18.53% ± 
0.61%. These values, significantly lower than those obtained for clay A, go with 
the minor presence of kaolinite observed in this clay through XRD and FTIR anal-
yses. On the DTG curve of this clay (Figure 8(b)), two peaks were observed be-
tween 400˚C and 600˚C. While the peak at 571.5˚C is likely attributable to kaolin-
ite transformation into metakaolinite, the more intense one at 478.9˚C may reflect 
an early-stage dehydroxylation of muscovite. This suggestion is supported by the 
previous analyses, which indicate a greater presence of muscovite than kaolinite 
in this clay. Moreover, muscovite is known to undergo complete dehydroxylation 
between 700˚C and 900˚C [69] [70]. However, no characteristic DTG peak was 
observed in this temperature range, despite its confirmed presence by XRD anal-
ysis. This absence of thermal signal, combined with the presence of two DTG peaks 
within the kaolinite transformation range, suggests that muscovite may have be-
gun dehydroxylation earlier than expected or may have undergone partial dehy-
droxylation, overlapping with kaolinite. Such interference could contribute to an 
overestimation of the kaolinite content, as the method used relies on the mass loss 
between 400˚C and 600˚C. This phenomenon has been reported by Mañosa et al. 
[71] and Alujas et al. [28] for clays containing kaolinite and other mineral phases 
like muscovite, illite, and montmorillonite. Alujas et al. [28] have also mentioned 
this phenomenon as one of the main factors affecting the accuracy of this estima-
tion method. These findings highlight the complexity of the thermal behaviour of 
clay B and emphasize the need, in such cases, to use complementary techniques 
such as Rietveld refinement of XRD data to confirm the estimated content of each 
phase.  

For calcined clays, TGA analysis was conducted to assess the calcination effi-
ciency by quantifying their remaining kaolinite content after calcination (Figure 
9). In fact, a significant residual mass loss between 400˚C - 600˚C would suggest 
incomplete dehydroxylation of kaolinite, thereby indicating insufficient calcina-
tion. For clay A, the results show nearly complete dehydroxylation of kaolinite, 
with a decrease in its residual content as calcination temperature increases. At 
700˚C, only 3.72% ± 0.12% of kaolinite remains, indicating that most of the kao-
linite has undergone dehydroxylation, with 78.08% ± 0.18% reacted during calci-
nation. Between 750˚C and 900˚C, the residual kaolinite content varies from 
1.61% ± 0.10% to 1.47% ± 0.13%, with the calcined kaolinite content stabilizing 
around 80%, suggesting that calcination is nearly completed at 750˚C. The slight 
fluctuation observed at 800˚C could be due to experimental uncertainty. For clay 
B, two distinct phases of transformation were observed. The first occurs between 
700˚C and 750˚C, where the residual kaolinite content initially reaches 1.47% ± 
0.04% at 700˚C but then increases to 5.80% ± 0.03% at 750˚C. The second stage 
occurs between 800˚C and 900˚C, with a gradual decrease in the residual kaolinite 
content from 4.69% ± 0.01% at 800˚C to 0.43% ± 0.02% at 900˚C. This unexpected 
observation supports the earlier suggestion of a possible overlap of the dehydrox-
ylation signals of kaolinite and muscovite, both present in this clay. This could 
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explain its less predictable thermal evolution.  
 

 
Figure 7. TG curves of raw and calcined clay A (a) and DTG curves of raw and calcined clay A (b). 

 

 
Figure 8. TG curves of raw and calcined clay B (a) and DTG curves of raw and calcined clay B (b). 

 

 
Figure 9. Kaolinite content evolution during calcination, measured from TGA analysis: (a) clay A and (b) clay B. 
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Overall, the TGA analysis revealed ongoing thermal modifications across the 
entire calcination temperature range for both clays, a fact that was less observable 
in XRD and FTIR results. In fact, while these two previous analyses suggested that 
calcination at 700˚ was sufficient, TGA provides more precise information, indi-
cating that slight thermal transformations continue beyond this temperature. For 
clay A, the rate of kaolinite transformation becomes less significant beyond 750˚C, 
making it an ideal temperature for calcination. For clay B, its thermal complexity 
makes the determination of an optimal calcination temperature more challenging. 

3.6. Results of the R3 Test 

To further evaluate the reactivity of the clays, a TGA-based R3 test was performed 
to quantify their calcium hydroxide consumption. In cementitious systems, poz-
zolanic materials have the ability to react with calcium hydroxide to form addi-
tional hydrated compounds that enhance the mechanical properties and the du-
rability of the cement matrix [72]. The amount of Ca(OH)2 consumed by a mate-
rial during the R3 test is therefore an indicator of its pozzolanic reactivity. The 
more calcium hydroxide it consumes, the more reactive it is considered. Accord-
ing to the literature, a material is considered pozzolanic if its Ca(OH)2 consump-
tion is at least 660 mg per gram of pozzolan [73]-[75], which corresponds to 66 g 
per 100 g of pozzolan. The results are summarised in Table 4, and values are ex-
pressed as mean ± standard deviation.  

In their raw state, the two clays showed relatively low Ca(OH)2 consumption. 
However, even before thermal activation, both exceeded the minimum value of 66 
g/100g, which is indicative of good pozzolanic reactivity. Raw clay A consumed 
(76.17 ± 6.46) g/100g, while raw clay B consumed (111.07 ± 14.90) g/100g.  

Upon calcination, a significant improvement in reactivity was observed, partic-
ularly for clay A. At 700˚C, its Ca(OH)2 consumption increased to (202.44 ± 2.64) 
g/100g, nearly three times higher than that of the raw clay. However, increasing 
the calcination temperature up to 900˚C did not significantly affect the reactivity, 
as the Ca(OH)2 consumption varied between (202.44 ± 2.64) and (205.72 ± 3.60) 
g/100g (Table 4). This relatively constant value indicates that the clay achieved 
almost maximum pozzolanic reactivity around 700˚C - 750˚C. This aligns with 
the previous analyses, which showed a nearly complete transformation of kaolin-
ite over the same temperature range. Calcination also improved the reactivity of 
clay B, but less significantly than for clay A. With increasing temperature, the 
Ca(OH)2 consumption gradually increased from (129.05 ± 20.25) g/100g at 700˚C 
to (153.60 ± 14.27) g/100g at 900˚C. Unlike clay A, clay B showed no constancy in 
its reactivity. Its continuous increase up to 900˚C is consistent with the gradual 
dehydroxylation signals observed in TGA analysis. Clay B reached its maximum 
pozzolanic reactivity at 900˚C. However, even at this temperature, its Ca(OH)2 
consumption remained significantly lower than that of clay A.  

The lower reactivity of clay B compared to clay A can be explained by its lower 
kaolinite content with a higher proportion of quartz, a non-reactive phase. A part 
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of its reactivity during calcination could come from the possible transformation 
of muscovite, which is less reactive than metakaolinite [71]. This explains why its 
reactivity improved slowly without reaching that of clay A, even though, in their 
raw state, it showed the best reactivity.  

In summary, the R3 test confirmed that both clays are reactive, especially after 
calcination. Clay A reached a level of reactivity far above the 66 g/100g minimum 
required for pozzolanic materials. It therefore appears to be a promising poz-
zolanic material. Clay B, although less reactive than clay A, also showed significant 
reactivity after calcination. These results confirm the potential of the two clays to 
be used as SCMs in blended cement.  

 
Table 4. Calcium hydroxide consumption of raw and calcined clays A and B, based on the 
R3 test. 

 Samples 

Temperatures Clay A (g Ca(OH)2/100 g SCM) Clay B (g Ca(OH)2/100 g SCM) 

Raw 76.17 ± 6.46 111.07 ± 14.90 

700˚C 202.44 ± 2.64 129.05 ± 20.25 

750˚C 204.06 ± 4.40 138.68 ± 4.88 

800˚C 203.32 ± 4.95 145.08 ± 3.86 

850˚C 204.34 ± 4.34 151.57 ± 1.21 

900˚C 205.72 ± 3.60 153.60 ± 14.27 

4. Conclusions 

This work investigated the characterisation and the pozzolanic reactivity of two 
Togolese clays to assess their potential as SCMs. Through a series of instrumental 
techniques, including XRF, XRD, FTIR, and TGA, the physicochemical properties 
of the clays were examined. The findings revealed that clay A is predominantly com-
posed of kaolinite, making it suitable for calcination into metakaolinite, a highly 
reactive pozzolanic phase in clays.  

The clays subjected to different calcination temperatures ranging from 700˚C 
to 900˚C showed significant transformations, particularly clay A, in which kao-
linite was effectively converted into metakaolinite. For this clay, while XRD and 
FTIR analyses suggested that calcination at 700˚C for 2 h is sufficient to achieve 
the desired phase transformation in both clays, TGA results indicated that, for 
clay A, 750˚C might be more optimal. In contrast, clay B, which is rich in quartz 
with a minor amount of kaolinite, exhibited complex thermal behavior, making its 
optimal calcination temperature less predictable. Despite these differences, both 
clays met the ASTM C618 chemical requirements for pozzolanic materials, with 
the combined content of SiO2, Al2O3, and Fe2O3 exceeding 70%.  

Moreover, the pozzolanic reactivity assessed through the TGA-based R3 test 
further confirmed the effectiveness of both clays as SCMs, with clay A exhibiting 
notably higher reactivity compared to clay B. However, further studies could also 
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focus on evaluating the performance of these clays in cement mixtures to fully 
investigate their potential in sustainable construction applications. 
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