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Abstract 

 This study explores the impact of heat treatment parameters on the dehydroxylation and amorphization processes of kaolinite-

based materials, in particular natural kaolin clays. It develops a quantitative method for estimating the amorphous phase in heat-

treated kaolinite, using differential thermal analysis/thermogravimetry (DTA/TGA), mass spectrometry, X-ray diffraction (XRD) 

and Fourier transform infrared spectroscopy (FTIR). Kaolin clays, subjected to controlled heat treatments between 600°C and 

800°C, undergo significant structural transformations. The study identifies the degree of dehydroxylation (DTG) as a crucial 

measure of kaolinite performance after heat treatment, calculated as a function of sample weight loss. The transition from a 

crystalline to an amorphous phase strongly influences pozzolanic activity, characterized by its ability to react with portlandite 

(Ca(OH)₂) in water-rich environments.The materials used, including clay from the Benslimane region of Morocco, were finely 

ground and subjected to various thermal treatments. Thermal analyses revealed characteristic patterns of mass loss and phase 

transformation. XRD and FTIR analyses provided detailed information on structural changes, confirming the amorphization of 

kaolinite after dehydro. 
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1. Introduction 

The thermal transformation of kaolinite clays, 

particularly their dehydroxylation and amorphization, plays a 

critical role in enhancing their pozzolanic performance. 

Kaolinite, a common clay mineral, undergoes significant 

structural changes when subjected to controlled heat 

treatment, leading to the formation of metakaolin, a highly 

reactive amorphous phase. This study aims to explore the 

impact of heat treatment parameters on the dehydroxylation 

and amorphization processes of natural kaolin clays, focusing 

on their implications for industrial applications such as 

cement additives [1–3]. Kaolin clays are widely used in the 

construction industry due to their ability to improve the 

mechanical properties and durability of cement-based 

composites. The pozzolanic activity of kaolin clays, which 

refers to their ability to react with calcium hydroxide 

(portlandite) in the presence of water, is significantly 

influenced by their thermal treatment. The transformation 

from crystalline kaolinite to amorphous metakaolin is 

essential for enhancing this pozzolanic activity [1,4,5]. This 

study employs a range of analytical techniques to characterize 

the structural changes in kaolinite clay during thermal 

treatment. Differential thermal analysis (DTA) and 

thermogravimetric analysis (TGA) are used to monitor the 

mass loss and phase transformations, while X-ray diffraction 

(XRD) and Fourier transform infrared spectroscopy (FTIR) 

provide detailed insights into the crystallographic and 

chemical changes. The degree of dehydroxylation (DTG) is 

quantified as a function of the sample's weight loss, providing 

a crucial measure of the kaolinite's performance after heat 

treatment [6,7]. 

Kaolin clays from the Benslimane region in 

Morocco were selected for this study. These clays were finely 

ground and subjected to various thermal treatments to induce 

dehydroxylation and amorphization. The results highlight the 

critical temperature range for achieving optimal pozzolanic 

activity, which is found to be between 400°C and 600°C. 

Beyond this range, the kaolinite structure transforms into 

metakaolin, marked by a significant increase in reactivity and 

potential for industrial application [8–11]. The findings of 

this study are expected to contribute to the development of 

high-performance materials in the construction industry. By 

understanding the thermal behavior of kaolinite clays and 

optimizing their treatment processes, it is possible to enhance 

their reactivity and effectiveness as cement additives. This 

research underscores the importance of precise temperature 
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control during heat treatment to achieve the desired structural 

transformations and improve the pozzolanic performance of 

kaolin clays [12] 

 

2. Materials and methods 

 

The kaolinite clay used in this study, referred to as 

ClyA, was obtained in bulk from the Benslimane region in 

Morocco. The raw ClyA clay was finely ground using a 

laboratory ball mill for 60 minutes, and the particle size 

distribution was determined by passing the ground clay 

through a 45 µm sieve. The finely ground clay was then 

placed in porcelain crucibles and calcined using a 

Nabertherm laboratory muffle furnace. The calcination 

temperatures were selected based on preliminary thermal 

analysis results, with each sample maintained at the 

designated temperature for a specified duration to ensure 

complete transformation. Thermal analysis of the raw clay 

was carried out using a DT-TGA instrument (DTG-60H 

TGA, Shimadzu). The heating rate was set at 10°C per 

minute, from room temperature up to 1000°C, with a nitrogen 

flow rate of 150 mL per minute serving as the purge gas. The 

chemical composition of the raw clay was determined using 

the X-ray fluorescence (XRF) technique before the 

calcination process. X-ray diffraction (XRD) measurements 

were performed using a Bruker/Siemens XRD diffractometer 

with CuKα radiation at a wavelength of 1.54060 Å. Data 

collection was conducted over a 2θ range of 5° to 65°, with a 

step size of 0.02° 2θ. Additionally, Fourier-transform infrared 

spectroscopy (FTIR) was carried out using a Shimadzu 

instrument, equipped with a LiTa03 detector and the NIOS2 

Main 00.02.0064 software. The resolution was set at 4 cm⁻¹ 

to ensure detailed identification of functional groups present 

in the clay samples. High-resolution scanning electron 

microscopy (HR-SEM) micrographs were obtained to 

observe the microstructural changes in the clay after heat 

treatment, providing further insights into the material's 

morphological characteristics. 

 

3. Results and Discussions 

 

Clay A is a type of clay sourced from the Benslimane 

region in Morocco. It was used in this study to analyze 

thermal transformations and pozzolanic properties after heat 

treatment. The chemical composition of Clay A before 

calcination, determined using X-ray fluorescence (XRF) 

technique, is as follows:  

Figure 1 presents a micrograph obtained by High-

Resolution Scanning Electron Microscopy (HR-SEM) of the 

kaolinite clay used in this study. This image allows for the 

observation of the microstructural characteristics of the clay 

before and after thermal treatment, highlighting the 

transformations it undergoes.  

 

Observations from the HR-SEM Micrograph 

Initial Structure: The image shows that the structure 

of the raw kaolinite clay is composed of well-defined, stacked 

platelets, typical of crystalline kaolinite. 

 

Thermal Transformation: After thermal treatment, a 

disorganization of the platelets is observed, indicating partial 

amorphization. The platelets appear less defined, more 

irregular, which is characteristic of the formation of 

metakaolin. 

 

Amorphous Aspect: The structure becomes 

increasingly amorphous with the rise in treatment 

temperature, corresponding to the progressive 

dehydroxylation of kaolinite and the transition to metakaolin. 

 

Crystalline-Amorphous Transition: Figure 1 

visually illustrates the transition from the crystalline phase of 

kaolinite to an amorphous phase of metakaolin, which is 

essential for enhancing the pozzolanic activity of the treated 

clay. 

Pozzolanic Applications: These microstructural 

transformations are crucial for the use of kaolinite clay as a 

cement additive, as they increase the chemical reactivity of 

the clay with portlandite (Ca(OH)₂), thereby improving the 

mechanical properties and durability of cement composites 

[13,14]. 

In summary, Figure 1 highlights the microstructural 

changes in kaolinite clay under thermal treatment, clearly 

showing dehydroxylation and amorphization, and 

underscoring their importance for improving pozzolanic 

performance. Figure 2 in the article provides the ATG-DTG 

thermogram for the kaolinite clay sample from the 

Benslimane region. This thermogram is essential for 

understanding the thermal behavior and transformations of 

the clay as it undergoes heating. The thermogram displays 

two curves: the Thermogravimetric Analysis (TGA) curve, 

which shows the mass loss of the sample as a function of 

temperature, and the Differential Thermogravimetric (DTG) 

curve, which indicates the rate of mass loss. Initially, from 

20°C to 150°C, a minor mass loss of approximately 1-2% is 

observed, corresponding to the evaporation of physically 

adsorbed water and moisture from the clay surface. The DTG 

curve shows a small peak in this range, confirming the 

gradual release of water. 

From 150°C to 400°C, the TGA curve continues to 

show a slight decline, reflecting the removal of more tightly 

bound water molecules. This stage marks the pre-

dehydroxylation phase where the clay structure begins to lose 

hydroxyl groups, but the loss is not yet significant. Between 

400°C and 600°C, a pronounced mass loss occurs, indicated 

by a steep decline in the TGA curve and a significant peak in 

the DTG curve. This stage corresponds to the 

dehydroxylation of kaolinite, where hydroxyl groups (OH-) 

are removed, resulting in the formation of metakaolin 

(Al2Si2O7). The endothermic reaction associated with this 

transformation is evident from the DTG peak. The mass loss 

is substantial, reaching up to 10%, indicating intense 

dehydroxylation. Beyond 600°C, the TGA curve flattens, 

showing minimal additional mass loss. The DTG curve also 

levels off, indicating the completion of the dehydroxylation 

process. At this stage, the kaolinite has been fully converted 

into an amorphous phase, primarily metakaolin. The lack of 

significant mass loss or DTG peaks suggests that the material 

is now stable at these temperatures. 

From 900°C to 1100°C, an exothermic peak appears 

on the DTA curve, corresponding to the formation of new 

crystalline phases such as spinel and mullite (Al6Si2O13). 

This transformation is characterized by a reorganization of 

the amorphous phase into more ordered structures. However, 

the TGA curve shows only a negligible mass loss, indicating 
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that the primary thermal transformations have already 

occurred. The thermogram confirms the critical temperature 

range for dehydroxylation (400°C to 600°C), essential for 

transforming kaolinite into metakaolin with improved 

pozzolanic activity. The significant structural changes 

indicated by the mass loss and DTG peaks highlight the 

importance of precise temperature control during the thermal 

treatment to achieve the desired amorphous phase. The 

appearance of new crystalline phases at higher temperatures 

suggests potential applications for the thermally treated clay 

in producing high-performance materials, benefiting from the 

enhanced reactivity and structural properties of metakaolin. 

In summary, Figure 2 effectively illustrates the thermal 

transformations of kaolinite clay, providing insights into the 

dehydroxylation and amorphization processes critical for 

enhancing pozzolanic performance. 

Figure 3 presents the X-ray diffraction (XRD) 

patterns of kaolinite clay samples before and after heat 

treatment at various temperatures. XRD is a powerful 

technique used to identify the crystalline phases present in a 

material by measuring the intensity of X-rays scattered at 

different angles. 

Initially, the untreated kaolinite clay shows 

characteristic peaks associated with the crystalline structure 

of kaolinite, indicating a well-ordered structure. After heating 

to 600°C, a significant reduction in the intensity of the 

kaolinite peaks is observed, indicating the onset of 

dehydroxylation, where hydroxyl groups are removed from 

the kaolinite structure. The emergence of new peaks or the 

broadening of existing peaks suggests the formation of a more 

disordered phase, likely metakaolin. As the temperature 

increases beyond 600°C, the kaolinite peaks continue to 

diminish and eventually disappear completely, marking the 

transformation of kaolinite into an amorphous phase. The 

presence of residual peaks can be attributed to stable 

impurities such as quartz and anatase, which do not undergo 

significant changes at these temperatures. The transition from 

crystalline kaolinite to amorphous metakaolin is clearly 

visible in the XRD patterns. The loss of distinct kaolinite 

peaks indicates the breakdown of the ordered crystal 

structure, leading to amorphization. The broadening of peaks 

and the appearance of diffuse scattering in the XRD patterns 

are typical signatures of an amorphous material. The peaks 

corresponding to quartz and anatase remain visible even after 

heating, highlighting their thermal stability. These phases are 

often present as impurities in natural kaolinite clays. The 

removal of hydroxyl groups during the dehydroxylation 

process is a critical step in transforming kaolinite into 

metakaolin. This process is responsible for the observed 

changes in the XRD patterns. Dehydroxylation leads to 

structural rearrangements, reducing crystallinity and 

increasing pozzolanic activity[15,16]. In conclusion, the 

XRD analysis in Figure 3 effectively demonstrates the 

thermal transformation of kaolinite clay. The reduction and 

eventual disappearance of kaolinite peaks with increasing 

temperature confirm the dehydroxylation and amorphization 

processes. These structural changes. 

 

3.2. Impact of Calcination Temperature on 

Dehydroxylation Extent 

 

The curves presented in Figures 4 and 5 illustrate the 

impact of heat treatment temperature on the degree of 

dehydroxylation of kaolinite clay. In Figure 4, the mass loss 

curves of clay A after heating at different temperatures for 5 

hours reveal three distinct regions. In Region A (20 to 

400°C), the mass loss is minimal, varying by about 1 to 2%, 

primarily due to the evaporation of physically adsorbed water 

on the surface of the clay. The degree of dehydroxylation 

(DTG) remains below 0.18, indicating very little 

dehydroxylation in this temperature range. In Region B (400 

to 600°C), the mass loss increases significantly, reaching 

approximately 10%, due to intense dehydroxylation where 

hydroxyl groups (OH) are removed from the kaolinite 

structure. The DTG rises rapidly to 0.95, indicating that 

dehydroxylation is almost complete in this temperature range. 

This transformation corresponds to the conversion of 

kaolinite to metakaolinite, a more reactive amorphous phase. 

In Region C (600 to 800°C), there is almost no further mass 

loss, suggesting that most of the dehydroxylation is already 

complete. The DTG reaches its maximum value of 1, 

indicating that the clay is fully dehydroxylated at 800°C, with 

no further mass loss detected. Figure 5 further corroborates 

these findings by showing the degree of dehydroxylation of 

locally sourced kaolin clay subjected to heat treatment at 

different temperatures. In Region A (20 to 400°C), the DTG 

remains below 0.18, indicating minimal dehydroxylation, 

similar to the observations of mass loss in Figure 4. In Region 

B (400 to 600°C), the DTG rises rapidly to up to 0.95, 

confirming intense dehydroxylation within this temperature 

range. In Region C (600 to 800°C), the DTG reaches 1, 

confirming that the clay is fully dehydroxylated at this 

temperature, with no significant further changes. In 

conclusion, the curves in Figures 4 and 5 clearly demonstrate 

that heat treatment temperature has a crucial impact on the 

degree of dehydroxylation of kaolinite clay. Dehydroxylation 

begins significantly at around 400°C, peaks between 400 and 

600°C, and is completed at 800°C. Precise management of 

the treatment temperature is essential to optimize the 

pozzolanic activity of the treated clay, thereby enhancing its 

chemical reactivity and effectiveness in industrial 

applications such as cement additives. 

 

3.3. Quantitative Assessment of the Amorphous Content 

in Heat-Treated Kaolinite Materials 

The infrared spectroscopy (IR) curves shown in the 

image display the spectra of two clay samples: the raw sample 

and the sample treated at 600°C. Here is a detailed 

interpretation of the two curves:  

Curve of the raw sample: This curve shows several 

distinct peaks, notably at wavenumbers 3695, 3668, 3651, 

and 3620 cm-1, which are characteristic of the stretching 

vibrations of hydroxyl (OH-) groups in the structure of 

kaolinite. An intense peak around 914 cm-1 is also observed, 

which is associated with the Al-OH bond, as well as peaks at 

1020, 1105, and 465 cm-1 corresponding to Si-O bonds, and 

a band at 540 cm-1 attributed to the bending of Si-O-Al. 

Curve of the sample treated at 600°C: This curve shows a 

significant reduction in the bands at 3695, 3668, 3651, and 

3620 cm-1, indicating partial dehydroxylation of the clay due 

to the thermal treatment. This is typical of the process of 

transformation of kaolinite into metakaolin. The peak at 914 

cm-1 is almost absent, suggesting an alteration of the Al-OH 

bonds.  
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Fig. 1. HR-SEM micrograph of the clay 

 

Table 1: Chemical Composition of Benslimane Clay Before Calcination 

 

Compose MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 

Clay A 0,582% 11,79% 27,168% 0,331% 2,795% 0,566% 0,94% 8,431% 
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Fig.  2.   ATG -DTG Thermogram of Ben Slimane Clay 

 

 
 

Fig. 3. DRX before and after heat treatment 
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Fig.4. Curves of Mass Loss of Clay A After 5-Hour Heat Treatment at Various Temperatures. 

 

 

Fig.5. Degree of Dehydroxylation of Kaolinite Clay After Heat Treatment at Different Temperature 
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Fig. 6. FTIR before and after heat treatment 

 

 

The other bands, especially those associated with Si-

O and Si-O-Al, also appear to be altered, although less 

drastically than the OH bands.Implications of the observed 

changes :The disappearance or reduction of the hydroxyl 

bands and the alteration of other spectral bands confirm a 

significant structural transformation of the clay, transitioning 

from kaolinite to a more amorphous structure such as 

metakaolin[12,17]. These changes are generally associated 

with an increase in the reactivity of the clay, which can be 

leveraged in various industrial applications such as cements 

and composite materials. These spectroscopic observations, 

aligned with the applied thermal treatments, provide direct 

evidence of the alteration of the chemical and structural 

properties of the clay due to the effect of temperature. 

 

4. Conclusions 

This study has highlighted the substantial 

transformation of kaolinite clay into metakaolin through 

controlled thermal treatments, a process marked by 

significant dehydroxylation and amorphization. The results 

demonstrate that the amorphous state of metakaolin is 

essentially the product of the loss of hydroxyl groups and a 

molecular restructuring that reduces the initial crystallinity of 

kaolinite, thereby increasing its pozzolanic reactivity. 

Amorphization, observable through techniques such as 

DTA/TGA, XRD, and FTIR, has proven crucial for 

optimizing the pozzolanic properties of the material. The 

dehydroxylation curve shows a clear transformation of the 

material, with a notable reduction in peaks corresponding to 

hydroxyl groups at temperatures between 400 and 600 °C, 

where metakaolin is formed. This transformation is 

corroborated by the reduction or disappearance of XRD peaks 

for kaolinite, with the emergence of more amorphous and less 

ordered phases. 

The structural modifications due to amorphization 

confer properties on metakaolin that enhance its reaction with 

portlandite in cement mixtures, illustrating its potential to 

improve the durability and mechanical strength of cement 

composites. Indeed, transitioning from a well-ordered 

crystalline structure to an amorphous structure increases the 

material's specific surface area, enhancing its pozzolanic 

activity through better chemical reactivity with cement 

components.In conclusion, the amorphous state of 

metakaolin, achieved through the dehydroxylation process, 

plays a pivotal role in enhancing the performance of cement-

based composites, offering improved structural integrity and 

chemical resistance. This deepened understanding of the 

transition from crystalline to amorphous states opens up 

prospects for the development of innovative, high-

performance materials tailored through precisely controlled 

thermal treatment processes. 
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