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Abstract 
This work aims to characterize and determine the dehydroxylation enthalpy 
variations of two natural Moroccan clays from the Nador region (denoted K1) 
and the Settat region (denoted by K2). The variations of dissolution enthalpies 
were determined by dissolving clays in hydrofluoric acid. They have a mini-
mum value for dehydroxylation of clays made between 600˚C and 700˚C. The 
analysis of the two clays shows that they consist of kaolinite in significant 
proportion. The optimum calcination parameters, for which dehydroxylation 
is total, are 700˚C with a heating time of 6 H. The conversion of the kaolinite 
to metakaolinite was confirmed by IR analyses of the starting and thermally 
treated kaolin samples. The result confirms previous observations about ob-
taining metakaolinite with optimum reactivity when hydrated with calcium 
hydroxide as chemical activator. 
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1. Introduction 

Development of construction materials which offers technical and environmen-
tal benefits is the main challenge of the new millennium. One of such materials 
is metakaolin (MK), pozzolanic addition, which is classified as a new generation 
of supplementary cementitious material. Supplementary cementitious materials 
(SCMs) are finely ground solid materials that are used to replace part of the clinker 
in a cement or cement in a concrete mixture. Use of metakaolin in cement-based 
systems, provides, beside technical [1] [2], significant environmental benefits [3]. 
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Metakaolin is unique in that it is not the by-product of an industrial process, nor is 
it entirely natural; it is derived from a naturally occurring mineral, and is manufac-
tured specifically for cementing applications. Metakaolin is usually produced by 
thermal treatment, i.e., calcination of kaolin clays within a definite temperature 
range. Metakaolin, pozzolanic additive, may be obtained by calcination of kaolin 
clay. The optimal conditions of the thermal treatment are: calcination temperature of 
650˚C and heating time of 90 min [4].  

During a thermal treatment in air, the clay minerals are the subject of a num-
ber of successive structural transformations involving the dehydroxylation of the 
solid, then the formation of phases which are being called high-temperature 
phases [5]. Some clays lead by dehydroxylation at intermediate or transitional 
phases with very marked state of disorganization of the crystal lattice. This phe-
nomenon concerns in particular the kaolinite and halloysite, antigorite and 
chrysotile, the montmorillonite, talc, chlorites and some vermiculite [6]. 

These phases of crystallographically disorganized structure generally have a 
high chemical reactivity and in particular they exhibit a certain pozzolanic pou-
voir (consolidation and curing after mixing with water and the calcium hydrox-
ide acting as a chemical activator). 

The semi-quantitative analysis of the state of disorganization of the crystalline 
lattice, therefore of the reactivity, the intermediate phases and the natural and 
artificial pozzolans can make use of numerous experimental techniques includ-
ing X-ray diffraction [7], IR [8], or other reactivity tests such as monitoring fixa-
tion kinetics of calcium hydroxide in an aqueous medium [9], conductimetry 
[10] or calorimetry [11]. 

The latter method [12] has been used to determine pozzolanic activity of dif-
ferent solids, including the metakaolinite, by studying the evolution of dissolu-
tion heat when dissolved in a mixture of hydrofluoric acid and nitric acid and 
determining the insoluble residue.  

Finally, our results are in perfect agreement with those found in a previous ar-
ticle by Karym et al. [13]. 

We have used this calorimetric method to try to characterize the amorphiza-
tion state of the metakaolinite by measuring the enthalpy of dissolution in hy-
drofluoric acid and thus the correlate data and pozzolanic activity shown of solid 
according to its temperature dehydroxylation.  

In this work, the influence of thermal treatment on the structure of two natu-
ral Moroccan clays from the Nador region (denoted K1) and the Settat region 
(denoted by K2) was studied, using infrared spectroscopy and dissolution calo-
rimetry. 

The aim of our work is to try to characterize and compare the amorphization 
state of the two metakaolinites by measuring their dissolution enthalpies in hy-
drofluoric acid and to deduce the enthalpies of dehydration and thus establish 
the correlation between these data and the pozzolanic activity exhibited by the solid 
as a function of its preparation temperature by dehydroxylation of kaolin. 
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2. Experimental 
2.1. Solution Calorimeter 

The Parr 1455 Solution Calorimeter is used for to measure the heat evolved or 
absorbed by chemical reactions in a liquid media. Measurements were made at 
room temperature (20˚C) and atmospheric pressure. At the start of a test in this 
calorimeter, one liquid is held in a glass Dewar while, the other reactant, solid, is 
held in a Teflon rotating cell sealed which is immersed in the first liquid. After 
both reactants come to thermal equilibrium, the operator starts the reaction by 
depressing a push rod to drop the contents of the cell into the surrounding liq-
uid. The reaction then proceeds to completion under the vigorous stirring action 
of the rotating cell. Throughout the test, temperatures in the calorimeter are 
sensed by a thermistor and read from a microprocessor based thermometer 
which is built into the calorimeter case. Digital readings are shown on an LED 
display and fed to outputs for printer or computer. There is also an analog out-
put for a strip chart recorder to produce a thermogram showing the temperature 
change produced by the reaction. Data from the thermogram or computer 
memory can then be used to compute the change in enthalpy. 

The calorimetric technique that we used is clear that if the dissolution is fast 
enough. Otherwise, the end of the post reaction period is very difficult to deter-
mine, and it is virtually impossible to measure the thermal effect correctly (un-
certainty can exceed 10% of the value found). That is why several dissolution 
tests were initially carried out in different medium to determine the optimum 
conditions. The nature of the studied aluminosilicate prompted us to choose so-
lutions containing hydrofluoric acid. Following these tests, the solutions were 
performed in hydrofluoric acid 14.4 mol∙l−1 obtained by diluting commercial ac-
id (Carlo Erba) to 48% by weight of half.  

The two clays used in this work are noted K1 (region of Nador Morocco) and 
K2 (region of Settat Morocco). The enthalpies of dissolution for the two clays are 
measured under the same conditions. 

2.2. Infrared Spectrometry 

Spectra were recorded in the range 4000 - 400 cm−1 with a Perkin-Elmer IR 983G 
spectrophotometer, using samples dispersed in spectroscopically pure KBr pellets. 

2.3. Fluorescence X 

The basic chemical analysis of the materials used was carried out with an XRF 
Bruker S8 Tiger device. According to Table 1, the results indicate that the predo- 

 
Table 1. X-ray fluorescence analysis. 

 H2O SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O P2O5 TiO2 

K1 12.4 47.07 36.49 0.97 0.29 0.46 0.15 2.067 0.184 0.123 0.114 

K2 13.61 42.62 35.32 4.34 1.49 0.17 0.26 0.08 0.02 0.57 0.64 

% theor 13.95 46.51 39.53 - - - - - - - - 
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minant constituents are Silica and Alumina, this indicates the presence of Kaoli-
nite (Al2Si2O5(OH)4). 

3. Results and Discussions 
3.1. Enthalpy of Dissolution 

First of all, from a qualitative point of view, for each clay, the variation of the 
dissolution enthalpy as a function of the treatment temperature is predictable: 
the dissolution of a crystalline anhydrous compound is always more exothermic 
than that of the hydrate corresponding. The first part of each curve (temperature 
below 700˚C) corresponds to this case. The decrease in the exothermicity of the 
dissolution corresponds to a start of recrystallization of the product for temper-
atures above 700˚C. In addition, significant differences are obtained for the 
starting kaolinites, the dissolution being all the more exothermic as the product 
is less organized. 

The values of the dissolution enthalpies of the clays treated at different tem-
peratures (denoted MK1 and MK2) are reported in Table 2. Figure 1 represents the 
variation of the enthalpy of dissolution as a function of the calcination tempera-
ture. The maximum of the curve does not correspond to the same temperature 
for the two clays (K1 and K2). K2 very disorganized, leads rapidly to a weak  

 
Table 2. Variation of enthalpy of dissolution in HF of the two kaolinites (J.g−1). 

Temp (˚C) 400 500 600 700 800 900 

0
1diss MKH−∆  (J∙g−1) 2242.16 2570.81 2924.76 2977.6 2953.45 2691.3 

0
2diss MKH−∆  (J∙g−1) 2338.96 2747.65 3124.88 2326.86 1194.36 871.12 

 

 
Figure 1. Enthalpy of dissolution in hydrofluoric acid depending on the treatment tem-
perature. 
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maximum, the dissolution enthalpy of K1 varies very little for samples prepared 
between 500˚C and 900˚C. The gap between the maximum dissolution enthalpy 
of metakaolin (MK1 and MK2) and that of kaolin (K1 and K2) also seems to 
vary as the degrees of crystallinity of the starting material, which confirms the 
collapse of the network at its dehydroxylation. 

Note that we performed several tests and we observed that the uncertainty on 
the results obtained does not exceed 1.5%. 

3.2. Enthalpy of Dehydration 

Since the clays studied consist of major kaolinites in addition to other constitu-
ents such as Fe2O3, CaO, MgO, Na2O and K2O, the formula of the raw kaolinite 
starting can be expressed by: Al2O3, 2SiO2, 2H2O + I. I being all the other consti-
tuents. 

The dissolution reaction of kaolinite (K) in hydrofluoric acid is: 

( ) ( ) ( ) ( ) ( )2 3 2 2 2 6 3 6 2Al O ,2SiO ,2H O s 24HF aq 2H SiF aq 2H AlF aq 9H O aq+ → + +  
Assuming anhydrous metakaolin for firing temperatures in the region of 

700˚C, the dissolution reaction of metakaolin (MK) in hydrofluoric acid is: 

( ) ( ) ( ) ( )2 3 2 2 6 3 6 2Al O ,2SiO 24HF aq 2H SiF aq 2H AlF aq 7H O aq+ → + +  
The variation of the dehydration enthalpy is calculated by first assuming the 

pure products. Indeed: 

( ) ( ) ( ) ( )( )0 0 0 0
2K MK K 2 H O gdehydr f f fH H H H∆ = ∆ −∆ + ∆         (1) 

likewise that,  

( ) ( ) ( )( ) ( ) ( )0 0 0 0 0
2K MK 2 H O aq K MKdiss diss f f fH H H H H∆ −∆ = ∆ −∆ + ∆   (2) 

Note that in the expression ( ) ( )0 0K MKdiss dissH H∆ −∆ , the thermal effect due 
to I (all other constituents) vanishes from where: 

( ) ( ) ( ) ( )0 0 0 0
2K 2 H O K MKdehydr vap diss dissH H H H∆ = ∆ + ∆ −∆         (3) 

Table 3 gives the values of the dehydration enthalpy variation of the two kao-
linites studied. The starting materials being impure, these values are expressed in 
J.g−1.  

These heats of dehydration can only be given as an indication. In reality the 
impurities of kaolinite modify the real value. During dehydration there is dis-
ruption of the network whose thermal effect is also measured. In addition, if the 
metakaolinite is heated to higher temperatures, recrystallization occurs (recrys-
tallization noted by decreasing the exothermic effect of the dissolution). That is 
why we used the anhydrous reference state as the baking temperature, which  

 
Table 3. Variation of enthalpy of dehydration of the two kaolinites. 

Clay ( )0 1J gdiss KH −− ⋅∆
 ( )0 1J gdiss MKH −− ⋅∆

 ( )0 1J gdeh H −∆ ⋅
 

K1 2029.52 2977.60 (700˚C) 873.68 

K2 2251.36 3124.88 (600˚C) 778.57 
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corresponds to a maximum heat of dissolution. 

3.3. Infrared Spectroscopy 

IR Besides XRD measurements, IR spectroscopy was applied to confirm kaoli-
nite transformation during calcinations. IR spectra obtained for starting clay and 
thermally treated samples are presented in Figure 2. The results of IR spectros-
copy of starting clay (Figure 2(a) & Figure 2(c)) show the characteristic bands 
of kaolinite [14]: OH− at 3695, 3668, 3651 and 3620 cm−1; Al-OH at 914 cm−1; 
Si-O at 1020, 1105, 465 cm−1 and Si-O-AlVI at 540 cm−1. Absence of the detecta-
ble Al-O-H bands at 914 cm−1, and the doublet at 3707 and 3622 cm−1, is evident 
from Figure 2(b) & Figure 2(d).  
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Figure 2. Starting K1 (a) and thermally treated at 700˚C (b), Starting K2 (c) and treated 
at 700˚C (d).  

 
Figure 2(c) shows the absence of the bands at 3695, 3668 and 3651 cm−1 for 

the starting clay (K2), which suggests that the compound K2 is more disorga-
nized than K1. This result is in perfect agreement with the enthalpies of dehy-
dration calculated in the preceding paragraph. 

4. Conclusion 

In this work, we studied by calorimetry the dissolution in hydrofluoric acid of 
two kaolinites and metakaolinites. The variation of the dissolution enthalpies as 
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a function of the thermal activation conditions (6 h) made it possible to specify 
in each case the optimum temperature for obtaining a solid in the state of max-
imum crystalline disorganization. A beginning of crystallization of the metakao-
linite is always demonstrated by a decrease in the exothermicity of the reaction 
as soon as the calcination temperature reaches a temperature of about 800˚C. 

The infrared spectra recorded for the two kaolinites confirm that kaolinite K2 
is more disorganized than K1 (absence of bands at 3695, 3668, 3651 and 3620 
cm−1). From the previous measurements, we have shown that the enthalpy of 
dehydration of a kaolinite increases with its degree of crystallinity. This result is 
confirmed by Koffi et al. [15] who showed that at 700˚C, the most crystalline 
kaolin yields a 64% dehydroxylated metakaolin and partially amorphous while 
the less crystallized kaolin leads to a 88% dehydroxylated metakaolin and totally 
amorphous. 

If certain disadvantages (use of hydrofluoric acid for example) would tend to 
neglect this method, which until then was little used to determine the state of 
disorganization of metakaolins, there are many advantages that it possesses. It is 
very reliable and much faster than conventional methods of studying the hy-
draulicity of pozzolanic materials. 
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