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Martina Kohoutková • Robert Král
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Abstract Raw material kaolin Sedlec Imperial and four

types of rehydroxylated samples were used to study the

processes of the first and second dehydroxylation of kao-

linite by thermal analysis and IR spectroscopy. Activation

energy (Ea) of these processes was calculated from DSC

curves using five isoconversional methods. IR spectroscopy

was used to compare structures of the original and rehy-

droxylated samples. It was proven that the structure of

rehydroxylated metakaolinite can closely resemble that of

the raw kaolinite under intensive hydrothermal treatment

but does not reach the original structure. The Ea values of

the second dehydroxylation reach 87–92 % of Ea values of

the first dehydroxylation.

Keywords Kaolinite � Dehydroxylation �
Rehydroxylation � Thermal analysis � Kinetics

Introduction

Kaolinite (Al2O3�2SiO2�2H2O) is a two-layer clay mineral

lying between dioctahedral 1:1 phyllosilicate. Crystals of

kaolinite are hexagonal in shape and are formed by layers

of the tetrahedral [SiO4]4- and layers of the octahedral

[Al(OH)6]9- which alternate periodically [1]. Water is

bound in the form of four hydroxyl groups in each unit cell.

The inner hydroxyl group lies between tetrahedral and

octahedral sheet, while three inner-surface hydroxyl groups

lie between adjacent kaolinite layers [2]. Characteristic

positions of kaolinite peaks in the infrared spectrum (ATR-

ZnSe crystal) are found at 3620 cm-1 for inner hydroxyl

group and at 3650, 3671 and 3695 cm-1 for inner-surface

hydroxyl groups. In case of the kaolinite structure with

lower degree of ordering, peaks at 3650 and 3671 are

replaced by one peak at the position of 3651 cm-1 [2, 3].

When kaolinite is heated, it loses any physically

absorbed water between 100 and 200 �C, i.e. dehydration

occurs. Kaolinite transforms to an unstable non-crystalline

product, metakaolinite (Al2Si2O7), after calcination at 450–

600 �C, by losing the chemically bound water molecules

[4, 5]:

Al2O3 � 2SiO2 � 2H2O ! Al2O3 � 2SiO2 þ 2H2O:

Hydroxyl groups in kaolinite structure are released in

two steps. At first, the hydroxyl groups from the surface

layer are released, and subsequently the release of inner

hydroxyl groups occurs [6]. This process is called dehy-

droxylation and is accompanied by a mass loss of

approximately 14 mass % as estimated from the theoretical

composition (46.54 mass % SiO2, 39.5 mass % Al2O3 and

13.96 mass % H2O) [1]. The process of dehydroxylation is

characterised by endothermic effect at curves measured by

thermal analysis (DTA or DSC). Exact positions of this
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effect are influenced by particle size, structure ordering of

kaolinite and also by heating rate [7, 8]. Partial dehydr-

oxylation can occur already during the processing of raw

materials containing kaolinite, e.g. dry grinding [9, 10].

Processes of rehydration and rehydroxylation are reverse to

dehydration and dehydroxylation processes of kaolinite. They

occur immediately after low-temperature calcination (below

ca. 1,000 �C) of ceramics prepared from clay raw materials by

the influence of moisture. At first, physically absorbed water,

which was lost during heating at 100–200 �C, is regained, i.e.

rehydration occurs. It is followed by rehydroxylation—

recovering of structural hydroxyl groups, during long-time

influence of moisture [11–15]. The first reaction of atmo-

spheric moisture with the fired clay is called first rehydroxy-

lation. The second dehydroxylation and subsequent second

rehydroxylation can occur when kaolinite is heated repeatedly

and then exposed to atmospheric moisture.

The kinetics of dehydroxylation can be studied by sev-

eral analytical methods (XRD, IR, TA). Thermal analysis

can proceed under isothermal or non-isothermal conditions.

Dehydroxylation of kaolinite is a reaction of

A(s)?B(s) ? C(g) type. Using thermal analysis for

studying kinetic parameters, non-isothermal conditions are

often applied. Kinetic parameters can be calculated by

simple model-free and isoconversional methods or by more

complicated methods based on the direct mechanism [16].

Kissinger method is a well-known model-free method

(Table 1) [17]. Using isoconversional methods (e.g. Kis-

singer–Akahira–Sunose, Flynn–Wall–Ozawa, Starink,

Tang (Table 1) [18–22]), activation energy is calculated

via degree of conversion, which is constant with values

from 0 to 1. The degree of conversion can be calculated

from the mass difference at TG curve or by the integration

of peak areas from DTA or DSC curves. Activation energy

values of the kaolinite dehydroxylation usually range from

140 to 240 kJ mol-1 [6, 21–23].

Table 1 Equations for the calculation of activation energy

Kissinger method

ln b
T2

m

¼ C� Ea

RTm

[17, 21]

Kissinger–Akahira–Sunose method

ln b
T2

a
¼ C� Ea;a

RTa

[18]

Flynn–Wall–Ozawa method

lnb ¼ C� 1:0518 Ea;a

RTa

[18, 22]

Starink method

ln b
T1:92

a
¼ C� 1:0008 Ea;a

RTa

[18]

Tang method

ln b
T1:894661

a
¼ C� 1:00145033 Ea;a

RTa

[19]

Tm Temperature of peak (K), Ta Temperature of the degree of con-

version a (K), b Heating rate (K min-1), R Gas constant

(8.314 J K-1 mol-1), Ea Activation energy (kJ mol-1), C Constants

Table 2 Chemical composition of the raw material [mass %]

Composition SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O

Content/mass % 49.89 46.89 1.10 0.30 0.40 0.30 1.10 0.03
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Quartz
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Fig. 1 XRD pattern of raw

material
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The aim of this work was to study the process of kao-

linite dehydroxylation using thermal analysis and to com-

pare activation energies of the first and second

dehydroxylation.

Experimental

Kaolin Sedlec Imperial (Czech Republic) in the form of well-

dried gently ground powder was used as the raw material. It

was heated in a Pt crucible in a laboratory furnace at the rate

of 10 K min-1. The choice of calcining conditions (C)—2 h

at 600 �C and 96 h at 450 �C—was based on previous

research [24]. Products of calcinations were subsequently

hydrothermally treated (HA) in laboratory autoclaves at

230 �C (2.77 MPa) for 10 and 100 h. A solid/solution ratio

of 1 g sample/20 mL water was used in the experiments. All

samples were dried until a constant mass (2 h at 105 �C) was

attained before IR and thermal analyses.
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Fig. 2 Infrared spectra of the

raw material
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Fig. 3 DSC curves of the raw

material at different heating

rates

Table 3 Values of the temperature of peak extremum for the first

dehydroxylation

Heating rate/K min-1 5 10 20 30 40

Temperature of peak

extremum/ �C

518 541 565 578 597

TG/mass % 12.08 12.10 12.09 12.09 12.10
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The chemical composition of the raw material was

determined by X-ray fluorescence analysis (Sequential

WD-XRF spectrometer ARL 9400 XP?). The particle size

distribution was evaluated by laser diffraction (Fritsch

Analysette 22 NanoTec). X-ray diffraction analysis (Dif-

fractometer PANalytical X’pert Pro) was used to identify

accessory minerals in the raw kaolin sample. The structural

ordering of the raw material and treated samples was

characterised by infrared spectroscopy (spectrometer

Nicolet IS 10, Thermo Scientific). Measured data were

evaluated using programs Omnic and Origin. Thermal

analyses were performed with a Setaram Setsys Evolution

16 system (DSC-TG) using 25 ± 0.02 mg of sample at the

heating rates of 5, 10, 20, 30 and 40 K min-1 in the tem-

perature range of 20–1200 �C in argon flow at atmospheric

pressure. DSC data were used to calculate the activation

energy of the dehydroxylation process using five methods

listed in Table 1. The degree of conversion was calculated

by the integration of endothermic peak area from the DSC

curve. The percentage of kaolinite in samples was calcu-

lated from TG curves and related to its theoretical com-

position [25].
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Fig. 4 DSC curves of the raw

material and hydrothermally

aged samples at the heating rate

of 10 K min-1
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Fig. 5 Infrared spectra of the

raw material and

hydrothermally aged samples

636 P. Zemenová et al.
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Fig. 6 Degree of conversion of

the raw material at different

heating rates
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Fig. 7 Degree of conversion of

the raw material (1) and

hydrothermally aged samples (2)

at the heating rate of 10 K min-1

Table 4 Values of the activation energy for the first and second dehydroxylation

Method 1. Dehydroxylation

activation energy/kJ mol-1
2. Dehydroxylation activation

energy/ % 600 �C (2 h)

2. Dehydroxylation activation

energy/ % 450 �C (96 h)

10 h 230 �C 100 h 230 �C 10 h 230 �C 100 h 230 �C

Kissinger 149 94.0 105.4 92.5 98.9

Kissinger–Akahira–Sunose 157 87.9 92.1 87.4 89.6

Flynn–Wall–Ozawa 162 88.1 92.3 87.7 90.0

Starink 157 88.0 92.1 87.4 89.6

Tang 159 87.3 91.6 86.5 88.9
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Results and discussion

The raw material (kaolin) is characterised by chemical

composition of the main oxides recalculated to 100 mass %

listed in Table 2 and particle mean value 3.2 lm. Raw

material contains kaolinite as the main crystalline phase

accompanied by small amount of quartz and mica (Fig. 1).

The samples contained only quartz and mica after calci-

nations at 450 �C as well as at 600 �C. IR spectrum of

kaolin with detailed positions of hydroxyl groups is shown

in Fig. 2. The band at 3620 cm-1 belongs to inner hydro-

xyl group and bands at 3654, 3668 and 3691 cm-1 belong

to inner-surface hydroxyl groups.

Figure 3 shows DSC curves of the first kaolinite dehy-

droxylation (raw material) measured at different heating

rates. The extremum of peak shifts to higher temperatures,

and the peak area increases with the increasing heating

rate. All curves are symmetric, and the initial stage of the

dehydroxylation process is very similar. The shape of the

peak corresponds to the structure ordering and the value of

the reaction order. The values of peak extremum for par-

ticular heating rates are listed in Table 3. The mass change

measured at 10 K min-1 is 12.1 mass %, which corre-

sponds to 86.9 % of kaolinite in the raw material.

Four types of rehydroxylated samples were used to study

second dehydroxylation of kaolinite. The effect of calcina-

tion conditions and hydrothermal treatment on the structure

and the amount of rehydroxylated kaolinite was monitored.

Figure 4 shows dehydroxylation DSC curves of the raw

material and the rehydroxylated samples at the heating rate

of 10 K min-1. The dehydroxylation of all rehydroxylated

samples proceeded at lower temperatures compared to the

raw material. The temperature of the extremum of peaks of

the rehydroxylated samples shifts to lower temperature with

the increasing disorder of the kaolinite structure. The curves

of rehydroxylated samples are asymmetric, which are due to

the decreasing structural order. The process of rehydroxy-

lation of the studied samples is affected especially by the

conditions of hydrothermal treatment, not by the conditions

of calcination. The amount of kaolinite in hydrothermally

treated samples was 50.7 % (C600 �C_HA10 h), 60.7 %

(C600 �C_HA100 h), 51 % (C450 �C_HA10 h) and

57.9 % (C450 �C_HA100 h).

The structure of rehydroxylated samples was studied by

IR spectroscopy (Fig. 5). It is obvious that the conditions of

rehydroxylation have a strong effect on the degree of

ordering of the kaolinite structure—i.e. on the existence

and the distance of OH bonds. The IR spectra of the

hydrothermally treated samples at 230 �C for 100 h very

closely resemble that of the raw kaolinite, but do not reach

the original structure. They show all four characteristic

positions of hydroxyl groups, but do not reach the intensity

of the raw material.

The kinetics of dehydroxylation was studied using five

methods. Figure 6 shows degrees of conversion of the raw

material at five different heating rates for the first dehydr-

oxylation. Degrees of conversion for the first and second

dehydroxylation at the heating rate of 10 K min-1 are com-

pared in Fig. 7. Calculated values of the activation energies

(Ea) of the first and second dehydroxylation are listed in

Table 4. The Ea value of the first dehydroxylation calculated

by Kissinger method was 149 kJ mol-1. Using other four

methods, the Ea value ranges from 157 to 162 kJ mol-1,

which is in good agreement with the literature data

(176 kcal mol-1 [6], 195 kJ mol-1 [23] or 178 kJ mol-1

[26]). The activation energy was calculated also for four types

of rehydroxylated samples. The Ea values of the second de-

hydroxylation are related to the corresponding Ea of the first

dehydroxylation and presented in % in Table 4. Samples

which were hydrothermally treated for 10 h at 230 �C

reached approximately the same values of Ea. In the case of

harsher conditions (100 h at 230 �C), the values of Ea were

higher and closer to the Ea values of the raw kaolinite. With

regard to the asymmetry of DSC curves for rehydroxylated

samples, the Kissinger method was found unsuitable for

comparing the first and second dehydroxylation.

Conclusions

It was proven that the process of dehydroxylation of rehy-

droxylated samples (second dehydroxylation) proceeds at

lower temperatures compared to the dehydroxylation of the

raw material (first dehydroxylation). The shift is influenced

by the degree of ordering of the kaolinite structure. Using

intensive hydrothermal treatment, the structure of the rehy-

droxylated metakaolinite resembles that of the kaolinite, but

even after 100 h at 230 �C, it does not reach the original

structure. The activation energy (Ea) value was calculated

from DSC curves using five methods. The Ea values of the

first dehydroxylation of kaolinite range from 149 to

162 kJ mol-1. The Ea values of the second dehydroxylation

reach 87–92 % of Ea values of the first dehydroxylation.

Kissinger method was found unsuitable for describing de-

hydroxylation processes in kaolinite, while the other four

methods provide comparable values.
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