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The structural changes during thermal conversion of metakaolinite into cubic spinel phase that was in
literature considered as Al-Si spinel or y-Al,03 were investigated by mid-infrared spectroscopy (FT-IR)
and differential scanning calorimetry (DSC) using medium ordered kaolin with high content of
kaolinite. Spectrum features were studied in the mid-infrared region from 4000 to 400 cm~! as
function of fractional conversion that resulted from DSC experiments. The increasing contends of Al-O
bonds in the octahedral position (AlOg) was observed during thermal transformation. The high ratio of
antisymmetric stretching of = Si-0O-Al= and =Si-0-Si= bands and bands belonging to stretching
of =— Al-0 bonds in the (AlO,4) tetrahedra and (AlOg) octahedra decreases exponentially with fractional
conversion. The antisymmetric stretching band of = Si-O-Si= bond in the (SiO4) tetrahedra becomes
more expressive due to formation of amorphous SiO, phase.

Infrared spectroscopy

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The clays are important and useful raw materials in ceramics,
chemical and food industry. Industrial meanings and utilization of
important clay minerals, such as kaolinite, smectites, palygorskite
and sepiolite were itemized in works [1,2]. Kaolinite (Al;Si;Os(OH),4
or Al,O3-2Si0,-2H,0 by oxide formula) is the main mineral
component of kaolin. From mineralogical point of view kaolin
phyllosilicate belongs to the kaolinite and serpentine group.

Structure of mineral is composed of two sheets of tetrahedrons
[Si04]*~ (“T” layer) and octahedrons [AlO3;(OH);]®~ (“O” layer or
gibbsite sheet) interconnected by apical oxygen atom [1].

Thermal transformation of kaolinite in to thermodynamic stable
phases (Egs. (1)—(4)), i.e. mullite (Alx[Als 1 24Siz _2x0x]010_x Where
O, gives the number of oxygen vacancies per unit cell and value of
x is ranging from 0.17 to 0.59, or oxide formula 3Al,05 - 2Si0;) and
cristobalite (c-SiO;), has been studied by a number of authors using
different methods [3-6,16]. The temperature sequences of thermal
transformation of kaolinite into different products are illustrated
by the following equations:

ALO3-25i0-2H,0* % “Al,05-25i0 (metakaolinite)+2H,0 (1)

* Corresponding author.
E-mail address: ptacek@fch.vutbr.cz (P. Ptacek).
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Al-Si spinel phase (20—30wt%)
Metakaolinite % Mullit (trace of weakly crystalline)
etakaolinite Aluminosilicate phase (amorphous, 30—40wt%)

SiO, (amorphous, ~ 36 wt%)

)
or
2 (Alz 03 . 25102 )‘>2A12 03 . 35102 + SIOZ (amorphous)
3(2AL,03-35i0,) 1% 2 (3A1,05-25i0,)+5 SiO,(amorphous)

3)
Si0,(amorphous) "—23 “¢-Si0, (cristobalite) )

The occurring processes and qualities of products (Egs. (1)-(4))
are strongly affected by properties of original kaolinite such as
particle shape and particle size distribution, degree of crystal-
lization and order of kaolinite structure, adsorbed and substituted
ions, presence and amount of impurities or accessory minerals of
kaolinite and conditions of thermal treatment [7-10]. Well ordered
kaolinite is transformed into less reactive metakolinite [11].
Mechanical [12,13] and ultrasound treatment [14] of well-ordered
kaolinite increase structural disorder, delamination of kaolinite
structure as well as reduction of the particle size.

Mullite is the only thermodynamically stable compound that
is formed in the alumina-silica system under atmospheric pres-
sure. Therefore, considerable interests were devoted to synthesis
of mullite [15-19]. The sol-gel process [20,21], precipitation
method [22-24], molten salt method [25,26], spray pyrolysis
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[27] and other sophisticated methods [28-31] were applied in the
fore-mentioned literature dedicated to synthesize mullite.
Formed intermediates, temperature interval of synthesis, crystal-
linity and product homogeneity depend on the applied method,
precursors, agent of mineralization and heating rate [32-34]. In
the case that raw material contains high amount of calcium or
magnesium carbonates admixtures such as calcite (CaCOs3) or
dolomite (CaMg(COs3),), the gehlenite (Ca,Al(AlSi)O), anorthite
(CaAl;Si»0g) and akermanite (Ca;MgSi,07) were formed [35,36].

Much attention was paid to transformation of transitional
cubic phase of the metakaolinite to mullite as well. Although,
the formation of y-Al,0; with the fcc (face-centered cubic)
oxygen structure is originally supposed [37] and this phase was
also identified in other works [38,39]. The material is often
described to have defective spinel structure, where Al ions is
occupying both octahedral and tetrahedral sites [40]. Thermal
decomposition of matekaoline into oxide phases (Al,Os, SiO;)
seems to be not favorable from the thermodynamic point of view.
Furthermore if the formed cubic phase is y-Al,0s, it should be
transformed into «-Al,03, nevertheless mullite was form [37].
Many of published works [3,16,41,42] support the formation Al-Si
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spinel (Si3Al404, or 2Al,03 - 3Si0,) that is one of intermediates of
mullite rising during thermal treatment of kaolinite (Eq. (2)).

Although there is great support that Al-Si spinel phase is
probably formed during treatment of kaolinite, the universal
consensus still is not be reached [37]. Pask and Tomsia [43] are
claimed that occurred processes are affected by heating rate and
formation of spinel and pseudotetragonal mullite are competitive
reactions. On the other hand, the y-Al,O3 as well as other
modifications of Al,03 is the common intermediates during
thermal synthesis of mullite using different salt and alkoxide
precursors or aluminum hydroxides (gibbsite, bayerite) and
oxide-hydroxides (boehmite, diaspore) [6,26,39,44-48].

The infrared spectroscopy may provide useful information
about phase sequence and mechanism of formation of mullite
due to sensitivity of this method towards tetrahedrally and
octahedrally coordinated aluminum atoms as well as amorphous
silica phase. The process is connected with changes of parameters
of the absorption bands located in the spectral region from 1200
to 400 cm~! [6,40,49,50].

The present paper aims to investigate the mechanism and
kinetics of cubic phase formation occurring (under) during thermal
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Fig. 1. DSC-TGA plot of kaolin (a) and detail of baseline corrected Al-Si spinel peak with fractional conversion curve (b). The position of samples used for FT-IR assessments

is highlighted.
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treatment of kaolin. The mid-infrared spectroscopy was used to
study the structural changes of samples heated to different
temperatures within metakaolinite to Al-Si spinel transition inter-
val so that different degree of conversion was reached. The changes
in the spectra were studied as the function of fractional conversion.

2. Experimental
2.1. Sample characterization

Washed kaolin Sedlec la from the region Carlsbad (Czech
Republic) produced by the company Sedlecky kaolin a.s. was used
for the study of thermal decomposition of kaolinite. This high
quality kaolin, originally mined in open-cast mine near village
Sedlec, is commercially available since 1892 and it is often allowed
to be the world’s standard. The content of kaolinite guaranteed by
producer is higher than 90% wt. with equivalent grain diameter
median in the range 1.2-1.4 um. The main impurities are mica
group minerals and quartz. The colorant oxides content — hematite
(a-Fe;03) and tetragonal TiO, (rutile) - is lower than 0.85 and
0.2% wt., respectively. The initial state, properties and chemical
composition of applied kaolin is described in work [51].

2.2. Preparation and analysis of the samples

Thermal treatment of analyzed samples was proceeded
directly in the TG-DTA analyzer (Q600, Thermal Instruments)
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Fig. 2. Baseline corrected average infrared spectra of samples treated to tempera-
ture interval of formation of Al-Si spinel.

Table 1
Changes of spectra connected with formation of spinel phase.

which works in DSC mode in order to improve the comparison
between experimental data collected by individual experimental
techniques and estimated fractional conversion or degree of
conversion (y) of the samples heated at given temperature.

Fractional conversion (please refer to Fig. 1(b)) for crystal-
lization of spinel phase was estimated from DSC results using
ratio:

y=T (5)

where I and Ip are areas of peak integrated from the beginning to
temperature T and total area under the DSC peak, respectively.

The temperatures for which value of spinel phase fractional
conversion has reached >0.1%, 25%, 50%, 75% and =>99.9%
(Fig. 1(b)) were evaluated from TG-DSC experiment over tempera-
ture region from 22 to 1200 °C using heating rate (@) 10 °C min~ .
The individual samples were heated under the equal conditions to
temperatures related to the certain value of y and next fast cooled
the temperature bellow formation interval of spinel phase
(100 °Cmin~'). All the heating experiments are three times
repeated to obtain the average results without outlier values.

Structural changes, which take place during formation of spinel
phase from thermal treated kaolinite was investigated by Fourier
transform infrared spectroscopy (FT-IR) using FT-IR analyzer Nico-
let iS10 (Thermo Scientific). The KBr pellets technique was used for
measurements of spectra. Sample was carefully weighted and
mixed with dry KBr in the mass ratio 1:100 and pellets with
weight 120 mg were hand pressed from the mixture. That enables
to keep comparable optical length of prepared pellets.

3. Results and discussion
3.1. Thermal analysis

The typical DSC-TGA pattern of thermal decomposition of
kaolin is shown in Fig. 1(a). The mass of the sample is reduced
by evaporation of adsorbed water and dehydroxylation about
0.55% and 12.59%, respectively.

The dehydroxylation is followed by combustion of organic
admixtures that are present always in clay compounds in various
degrees. This exothermic process of organic admixture combus-
tion is masked by endothermic dehydroxylation on DTA curves,
but it is evidenced by a small effect on left side shoulder of DTG
peak [52]. It must be pointed out that the position of this effect
depends on the composition of organic matter and its amount.
Both the processes interact because water vapor formed by
dehydroxylation slow down combustion of organic admixtures.
On other hand water formed by combustion of organic com-
pounds increases partial pressure of water vapor and that slow
down dehydroxylation process.

y T (°C) Vmax (cm~1)/Absorption intensity (a.u.)

<0.001 950 1089.27/0.947 804.04/0.404 560.97/0.231 464.16/0.561

0.25 982 1090.03/0.989 803.89/0.398 559.96/0.285 465.68/0.631

0.50 987 1089.66/1.063 804.94/0.431 558.00/0.364 466.20/0.711

0.75 991 1089.60/1.048 805.54/0.422 558.63/0.383 466.70/0.723

>0.999 1008 1090.50/1.036 807.38/0.410 558.24/0.390 466.46/0.721

Band assignment Vas( =Si-0-Si=) v(=AI-0) in (AlO4) v(=AI-0) in (AlOg) 3(=Si-0) in (Si04)
Vas( =Si-0-Al=)? tetrahedron octahedron tetrahedron

References [6,32,49,50] [49,50] [49,50] [49,50]

@ Shoulder of band.
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Exothermic transformation of metakaolinite into spinel phase
(Eq. (2)) takes place at 986 °C under applied heating rate 10 °C min~.
The temperatures of onset and outset of peak are 974 °C and 1001 °C,
respectively. The peak was subtracted, integrated and obtained data
were used to calculate the fractional conversion (Fig. 1(b)) according
to Eq. (5).

3.2. Infrared spectroscopy
The FT-IR spectra measured for samples heated to temperature

that is corresponding to given value of fractional conversion are
shown in Fig. 2.
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The main features in the spectra of prepared samples are listed
in Table 1. Formation of spinel phase is connected with the
changes in the position, shape and intensity of bands in the
spectra.

In existing literatures [6,32,49,50,53], bands that are located in
the spectral region from 1400 to 850 cm~! are assigned to
symmetric and antisymmetric stretching modes of =Si-0-Si=
and =Si-0-Al= bridge, respectively. The presence of tetrahed-
rally (AlO4) and octahedrally (AlOg) coordinated —AI-O bonds
provides stretching mode bands within interval ranged from 850
to 750 cm~! and from 750 to 500 cm~ !, respectively. The defor-
mation modes of (SiO4) and (AlOg) are located at wavenumber
below 500 and 440 cm ™!, respectively.
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Fig. 3. Approximation of inert structure of spectrum by Voigt functions for samples y <0.001 and y > 0.999.
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Table 2
Parameters of fitted bands in infrared spectra of samples treated to temperature interval of formation of spinel phase.
Band assignment Parameter of band Fractional conversion of sample
<0.001 0.25 0.50 0.75 > 0.999
= Si-0-Si= (antisymmetric stretching) Vmax (cm™1) 1204.9 12044 1206.5 1204.1 1202.6
W12 68.9 63.4 57.2 63.0 64.2
Height (a.u.) 0.457 0.486 0.528 0.541 0.562
= Si-0-Al= (antisymmetric stretching) Vmax (cm™1) 1080.4 1080.7 1081.1 1080.4 1080.2
W12 121.2 107.1 107.9 103.0 103.3
Height (a.u.) 0.842 0.881 0.935 0.930 0.918
=—AIl-0 in (AlO,4) tetrahedral (stretching modes) Vmax (cm™1) 882.7 886.1 888.2 889.9 892.0

—AIl-0 in (AlOg) octahedral (bending and stretching modes of AlO4 and AlOg)

=Si-0 in (SiO4) tetrahedral (bending)

Wij2 71.1 69.1 68.5 71.7 66.2
Height (a.u.) 0.149 0.145 0.159 0.160 0.154
Vinax (cm™1) 805.2 806.0 807.6 809.1 812.0
Wij2 78.7 79.6 79.3 79.4 79.7
Height (a.u.) 0.323 0.321 0.347 0.342 0.317
Vinax (cm™1) 719.0 719.3 7214 72195 7243
Wiz 56.5 57.4 58.1 58.1 59.8

Height (a.u.) 0.143 0.168 0.190 0.227 0.201
Vinax (cm™) 667.1 661.9 659.7 658.9 658.9
Wij2 51.4 51.8 52.8 53.8 53.5

Height (a.u.) 0.113 0.117 0.122 0.146 0.114
Vinax (cm™1) 6123 606.5 604.5 604.2 602.9
Wij2 60.8 58.8 59.7 64.2 64.0

Height (a.u.) 0.138 0.154 0.186 0.199 0.201
Vinax (cm™1) 558.6 556.5 554.3 553.7 553.6
Wij2 427 458 50.7 53.0 52.1

Height (a.u.) 0.117 0.153 0.197 0.211 0.202
Vinax (cm™1) 462.8 463.2 464.3 465.2 464.8

Wij2 63.2 63.7 60.1 57.6 57.8
Height (a.u.) 0.560 0.643 0.678 0.704 0.692

The wavenumber of maximum absorption intensity (Vmax) of
V,s( =Si-0-Al=) mode and its absorption intensity has increased
with fractional conversion. The shoulder of band, which is assigned
to v,s( =Si-0-Si=) of (Si04) tetrahedra becomes more expressive
during formation of spinel phase. The absorption intensity and
Vmax Of deformation mode of =Si-0 bonds in (SiO4) tetrahedra is
rising as well. The rising absorption intensity of =Si-O-Si=
linkages indicates increasing amount of amorphous silica that is
formed according to Eq. (2).

The contrary evolution of the features of bands belonging to
(AlO,4) tetrahedra and (AlOg) octahedra with temperature were
observed. While wavenumber of maximum absorption intensity is
increasing for stretching of = Al-O bond in the tetrahedral coordi-
nation, the value of v, is decreasing for octahedral coordination.
Absorption intensity of V(AlOg) increases, but v(AlO4) shows max-
imum at fractional conversion 0.5 of treated sample.

The shape of bands listed in Table 1 indicates that spectrum
(Fig. 2) contains other unresolved features. In order to obtain
more detailed results about the evolution of the absorption profile
during formation of spinel phase was region from 1500 to
400 cm~! fitted by the Voight function. The typical results of
fitting procedure are shown in Fig. 3.

The fitted spectrum show that the broad band of =—AI-0O
stretching mode in the (AlO4) tetrahedron contains two substruc-
tures with maximum absorption intensity at around 888 +5 and
723 +3 cm~'. The other two wide bands in fitted spectrum
(665+3 and 610+3 cm™!) are placed within energy region of
= Al-0 bending and stretching motion of both (AlO4) and (AlOg)
unit [53].

The parameters of absorption bands determined for all sam-
ples are listed in the Table 2. Obtained data prove observed
increasing intensity of antisymmetric stretching of =Si-0-Si=
(siloxane) bridge as the results of formation of amorphous silica

according to Eq. (2) and minimum intensity of v 5(=Si-O-Al=)
mode for y=0.5. The amorphous state of SiO, bring higher variation
of structure, i.e. higher variation of energy of =Si-O-Si= bonds,
and that leads to observed increasing of band half-width.

The height ratio of bands which belong to =Si-O-Al— and
=Si-0-Si= antisymmetric stretching (R,s) is decreasing with
fractional conversion exponentially (Fig. 4(a)). This enables to
estimate the stage of spinel formation from infrared spectrum of
thermal treated sample according to following formula:

Res = 1.91—0.06exp [— 0%] 6)

This indicates the increase of amount of =Si-O-Si= to
=Si-0-Al= bonds during transformation of metakaoline into
spinel.

The height ratio of the most expressive stretching bands of
=—AI-0 in the (AlO,4) tetrahedra and (AlOg) octahedra (Rs) with
time decreases exponentially (Fig. 4 (b)). The obtained depen-
dence respects well the equation:

Ry=1.51+126exp [—0%} 7

The amount of tetrahedrally coordinated sites is decreasing to
certain limit value that is, according to Eq. (7), equal to 1.51. The
presence of both (AlO4) and octahedrally sites (AlOg) indicates
that metakaolinite is converted into spinel. Both the dependences
in Fig. 4 show fractional conversion equal to 0.5, where reached
value of R4 and R; ratio is 1.77.

4. Conclusion
The relationship between band features and fractional conver-

sion is more expressive than that between temperature and frac-
tional conversion. Because apart from temperature, the fractional
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Fig. 4. The dependence of =Si-O-Al— to =Si-0-Si= (Rgs) and (AlO4) to (AlOg) ratio (Rs) on fractional conversion.

conversion depends also on many factors such as sample mass,
particle size distribution, heating rate, etc. that may not always
guarantee the reproducibility of the experimental measurements.

The spectrum features indicates increasing content of octa-
hedrally coordinated Al atoms during thermal transformation of
metakaoline into cubic spinel phase. The Al ions occupy both
tetrahedral and octahedral sites and that is indicating formation
the defective spinel structure of y-Al,0s.

The intensity ratio of bands belonging to stretching of (AlO4)
tetrahedra and (AlOg) octahedra decreases exponentially with frac-
tional conversion. The intensity of antisymmetric stretching band of
=Si-0-Si= bond in the (SiO,) tetrahedra increases due to forma-
tion of silica phase. The intensity ratio of antisymmetric stretching
of =Si-0-Al= and =Si-0-Si= shows increase of =Si-0-Si=
bonds during transformation of metakaoline into spinel structure.
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