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Abstract

The roentgen-amorphous delaminated and dehydroxylated phase was prepared applying intensive milling procedure and subsequent thermal
treatment of talc. Due to the similarity in properties and in thermal behavior of this material with roentgen-amorphous delaminated and
dehydroxylated kaolinite phase, i.e. meta-kaolinite, the name meta-talc was suggested for this material. The properties and the behavior during
thermal treatment were investigated using thermal analysis, x-ray diffraction analysis, infrared spectroscopy and scanning electron microscopy.
The suggested procedure changes the activation energy of dehydroxylation, the behavior during thermal treatment and the phase composition of
the product. The kinetics and thermodynamics of the thermal transition were evaluated using Kissinger equation and Eyering law.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Talc is a mineral of hydrous magnesium silicate with the
composition given by formula 3MgO � 4SiO2 �H2O or
Mg3Si4O10(OH)2. It is widely used due to its properties such as
chemical inertness, softness, whiteness, high thermal conductiv-
ity, adsorption properties, etc. in numerous industrial applications,
e.g. production of ceramics, as the filler for paper, paints, rubber
and polymers [1–4]. Mineralogy classifies talc as the monoclinic
magnesium-rich phyllosilicate from the group of talc and
pyrophyllite (Al2Si4O10(OH)2). The structure of talc consists of
tri-octahedral (brucite) sheets of magnesium octahedra (O) which
are each interplayed between two sheets of silicon tetrahedra (T)
forming so called T–O–T complex or 2:1 layer complex. The
T–O–T sheets hold together by weak van der Waals forces [5].

The endothermic dehydroxylation of talc (Eq. (1)) takes
place at 870–1050 1C resulting in the weight loss of about 4%.
The recrystallization of the enstatite (MgO �SiO2) product
phase is virtually immediate and accompanied by the separa-
tion of a silica-rich phase that recrystallizes to cristobalite
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under further heating [4].

3MgO⋅4SiO2⋅H2O⟹
T

3MgO⋅SiO2 þ SiO2 ðamorphousÞ þ H2O ðgÞ
ð1Þ

The kinetics of the dehydroxylation of talc was investigated
by Ward [6] who found that the reaction follows the first-order
kinetics. The enthalpy of activation was found to be
423717 kJ mol−1, and the entropy of activation was found
to be 67717 J � (mol K)−1.
The delamination and the loss of crystalinity caused by the

tangential strain induced by the mills of different types was
observed by many authors [1,7–10], but subsequent thermal
treatment of the fully delaminated talc phase provides an option
to prepare the delaminated and dehydroxylated roentgen-
amorphous phase. This material (mechanicaly and thermally
activated talc) can be analogical with delaminated and dehy-
droxylated roentgen-amorphous metakaoline termed as meta-talc.
This work deals with the preparation procedure, properties and
behavior during thermal treatment of meta-talc. The activation
energy of endothermic dehydroxylation and exothermic transfor-
mation into enstatite and the frequency factor were calculated via
Kissinger kinetics approach.
ghts reserved.
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2. Experimental procedures

2.1. Sample, sample treatment and characterization

The sample of talc powder with the median of particle size
of 5.9 μm (Particle size analyzer Helos, Sympates) was used in
this work. The sample was milled by stainless steel vibratory
mill for different time periods (0, 10, 20, 30, 60, 90 and
120 min) and the behavior of the material under thermal
treatment was investigated. The samples which were mechani-
cally treated for longer time periods were milled in 30 min
intervals to avoid their heating to the temperatures higher than
60 1C.

The state of the sample after the treatment was characterized
by the x-ray diffraction analysis (X'pert Empyrean, PANana-
lytical) using Cu(Kα) radiation at 40 kV and current 40 mA.
The high temperature chamber HTK 16 (Anton Paar) was used
to investigate high temperature transformations via HT-XRD
analysis. The XRD pattern was collected with the step of
25 1C. The Fourier transform infrared spectroscopy (FT-IR)
was applied with FT-IR analyzer Nicolet iS10 (Thermo
Scientific) using KBr pellets technique. The sample was
carefully weighted and mixed with dry KBr in the mass ratio
1:100 and the pellets weighing 120 mg each were hand pressed
from the mixture using the force of 80 kN. The infrared
spectrum was collected with the resolution of 8 cm−1 using
128 scans. The texture analyses of samples of kaolin treated at
different time intervals were performed by means of scanning
electron microscopy (SEM) using Field emission electron
microscope Jeol JSM-7600F.

2.2. Kinetics and thermodynamics background

The non-isothermal kinetics experiments were performed
with TG-DTA analyzer SDT Q600 (Thermal instruments). The
sample of 30 mg was inserted into the platinum cup and heated
with the heating rates (Θ) from 2 to 20 1C min−1 up to
1100 1C. The apparent activation energy (Ea) and the fre-
quency factor (A) of investigated process were evaluated by
the mechanism-free method based on the Kissinger kinetics
approach [11]:

ln
Θ

T2
m

� �
¼ ln

AR

Ea
nð1−αÞn−1�− Ea

RTm
¼ const:−

Ea

RTm

�
ð2Þ

where Θ is the heating rate, n is the empirical reaction order
(kinetic exponent), α is the conversion degree (fractional
conversion) and R is the universal gas constant. The constant
term is equal to ln (AR/Ea) for the first-order type and pseudo
first-order type of reaction.

The crystallization mechanism was estimated from the shape
of DTA peak. The peaks' parameters of TA curves enable to
determine the value of kinetic exponent (n) which is related to
the empirical order of reaction [11]. The exponent can be
calculated from the equation [12,13]:

n ¼ 2:5RT2
m

w1=2Ea
ð3Þ
where w1/2 is the half-width (width at half high) of peak. The
value of kinetic exponent is typical for various mechanisms of
the investigated process [14].
The correlation between kinetic and thermodynamic para-

meters of the activated complex results from the combination
of Arrhenius equation with Eyring or Wertera and Zenera laws
related to the temperature dependence of the rate constant
(k(T)) [15]:

kðTÞ ¼ A exp −
Ea

RT

� �
¼ kBT

h
exp

ΔS#
R

� �

exp
−ΔH#

RT

� �
¼ ν exp

−ΔG#
RT

� �
ð4Þ

where kB, h and ν¼kBT/h are the Boltzmann constant, the
Plank constant and the vibration frequency, respectively. The
thermodynamic parameters of activated complex, including
Gibbs energy (free enthalpy) (ΔG#), enthalpy (ΔH#) and
entropy (ΔS#) of the process were calculated using Eyring
equations [15–18]:

ΔH# ¼ Ea;α−RTα ð5Þ

ΔS# ¼ R ln
hAα

kBTα

� �
−1

� �
ð6Þ

ΔG# ¼ ΔH#−TαΔS# ð7Þ
The thermodynamic parameters are often calculated using

the peak temperature Tm so that the values ΔG#, ΔH# and ΔS#

are related to the highest rate of the process [18].

3. Results and discussion

The milling procedure leads to the gradual disappearing of
crystalline structure of talc as was shown in Fig.1. The results
of quantitative XRD Rietveld analysis indicate pure clay with
the content of talc of 100%. The interlayer distance for applied
talc was calculated from the structure refinement of XRD data
to the length of 9.40 Å.
The sample is completely amorphous after 60 min of

milling, but the time necessary for complete destruction of
crystalline structure depends on the kind of mill and milling
procedure as well. Therefore it is necessary to identify the
structural parameter in order to characterize the state of
material. The diffraction lines related to [001] planes vanish
the fastest due to the layered structure of mineral while the
features in [−111] direction are the most persistent [1,9].
In this work the Delamination and Amorphization Index

(DAI) was derived from the structure of talc cell in order to
evaluate the degree of delamination, i.e. destruction of layered
structure of talc, and amorphization, i.e. the gradual disappear-
ing of crystalline structure during milling procedure. The DAI
index is defined as follows:

DAI ¼ I020
I004 þ I−111 þ I110

ð8Þ

where Ixyz denotes the intensity of diffraction line according to
Fig.1. The index value is close to one for untreated sample of
well crystalline structure. The values higher than one are



Fig. 1. The changes of XRD pattern with time of milling.

Table 1
The influence of time of treatment on the delamination and amorphization index.

Time [min] 0 10 20 30 60 90 120

DAI 1.04 0.83 0.79 0.47 0.22 DAI-0
DAI-0.8, the sample is fully delaminated.

Amorphous sample

Table 2
The effect of milling procedure on the median of particle size and the specific surface of talc.

Treatment [min] 0 10 20 30 60 90 120

SS [m2 g−1] 6.28 2.20 1.97 1.53 2.07 1.97 3.33
x50 [μm] 5.87 1.97 3.82 2.62 5.11 14.45 1.15
mp 8.62 1.94 1.22 1.10 1.22 0.93 1.02
ma — 19.44 19.13 11.16 10.27 9.95 9.72
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reached in case that preferred orientation of lamellar talc
particles takes place. The index decreases by gradual
delamination of talc structure and the value close to 0.8 was
assessed for fully delaminated sample. The diffraction line
[004] disappears at the same time. The destruction of
crystalline lattice leads to further decreasing of DAI to the
limit value of zero for fully amorphous sample. The changes of
DAI index during the treatment of talc are introduced in
Table 1.

Table 2 and Fig. 2 introduce the changes in morphology,
specific surface (SS), median of cumulative distribution
function (x50) of particle size and in mode of density
distribution curve for primary particles (mp) and aggregates
(ma) of talc during treatment.
Large clusters of talc sheets (a) are ground to the small plate-

like particles (b) which are subjected to fast delamination
(please refer to Fig. 1). Primary particles form aggregates
bound into large spherical clusters by weak van der Walls
interactions. The mode of particles size decreases in the initial
stage of process (approximately first 20 min) only, nevertheless
the mode of size of aggregates keeps decreasing till the end of
amorphization (∼60th minute of milling process) where only



Fig. 2. SEM picture of talc mechanically treated for different time intervals.

Fig. 3. Infrared spectrum of mechanically treated talc (a) and the results from
thermal analysis (b).
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irregular particles can be recognized (d). Further mechanical
treatment does not cause the reduction of the size of particles
and aggregates but hammers the sample to the side of mill.
The destruction of T–O–T structure of talc implies also from
the results of infrared spectroscopy (Fig.3). The strain stress
induced by milling procedure leads to the decrease of intensity
and to broadening of spectral features. The destruction of
brucite sheet is related to disappearing intensity of Mg–OH
stretching (3678 cm−1), deformation (669 cm−1) band and
Mg–O bond (535 cm−1). The intensities of Si–O stretching
(1018 cm−1), Si–O–Mg stretching (449 cm−1) and Si–O defor-
mation (424 cm−1) decrease as well. With the time of treat-
ment, the intensity of stretching and the deformation bands of
water which are located at 3553 cm−1 and 1650 cm−1 increase.
The TG-DTA plot of original sample shows endothermic

dehydroxylation of talc at the temperature of 906 1C. The mass
of sample decreases by 4.8 wt% during this process. The peak
temperature increases with increasing time interval of mechan-
ical treatment. The milling process shows opposite effect
through the sharp exothermic peak of formation of enstatite
phase at average temperature of 840 1C. The mechanical
treatment also intensifies the effects related to the initial
evaporation of water (drying) and dehydration of formed
amorphous phase which take place in the temperature range
from 300 to 650 1C.
The treatment also causes changes in the thermal behavior

and the phase composition of product (Fig.4). Original talc (a)
is transformed into orthorhombic enstatite from 850 to
1050 1C, while the mixture of enstatite and monoclinic
clinoenstatite crystalizes from the amorphous sample (b).
The kinetics of dehydroxylation was evaluated using the

temperature of DTG peak and plotting ln [Θ/Tp2] vs. reciprocal
temperature as the slope of Kissinger plot (Fig.5). The
intercept with y-axis and the kinetic exponent calculated from
Eq. (3) were used for the calculation of value of frequency
factor from the Kissinger equation.
The overview of determined values of kinetic triplet and of

thermodynamic data is given in Table 3. The influence of
treatment on the kinetics of dehydroxylation implies from



Fig. 4. HT-XRD analysis of original talc (a) and talc treated for 120 min (b).
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Fig. 5. The Kissinger plot of dehydroxylation of original sample of talc (a) and
of crystallization of enstatite from treated sample (b).
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these data while the crystallization of enstatite is not signifi-
cantly affected.

The average value of apparent activation energy of dehy-
droxylation for untreated and fully delaminated sample
increases from 40474 to 483711 kJ mol−1, respectively.
The assessed value of kinetic factor of dehydroxylation
(1.170.2) shows that the process is limited by the rate of
growth of plate particles. The average apparent activation
energy which relates to the crystallization of enstatite phase is
75579 kJ mol−1. The value of kinetic factor is 2.870.3.
Therefore the crystallization of enstatite is driven by instanta-
neous nucleation of a new phase, i.e. the process limited by
zero nucleation rate takes place.

4. Conclusion

The dehydroxylation of talc requires the apparent activation
energy of 40474 kJ mol−1. This value rises to 483711 kJ
mol−1 for delaminated product. The average value of empirical
reaction order of 1.170.2 indicates the first order kinetic
process. While the mechanism of dehydroxylation is not
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affected by the mechanical treatment, the behavior and the
phase composition of sample during the thermal treatment is
different form original talc. The mixture of orthorhombic
enstatite and monoclinic clinoenstatite crystallizes from the
amorphous phase at the temperatures higher than 800 1C. The
Ea of the process was determined 75579 kJ mol−1. The value
of kinetic factor of 2.870.3 indicates the instantaneous
nucleation of new phase.

The fully delaminated and amorphized talc treated to the
temperature lower than 800 1C remains roentgen-amorphous,
hence amorphous delaminated as well as dehydroxylated phase
can be prepared. This phase can be termed as meta-talc
analogically to the relationship between kaolinite and meta-
kaolinite.
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