
Introduction

Bentonites (rocks dominated by smectite group min-
erals) are used extensively in the making of foundry
sand, iron ore pellets, ceramic, drilling mud, barrier
for water and nuclear waste, pharmaceutical, cat lit-
ter, paint, food, rubber, perfume and plastic [1–5].
Smectite group minerals include sodium montmoril-
lonite (NaM), calcium montmorillonite (CaM),
saponite, nontronite, beidellite, and hectorite. How-
ever, the most common dominant clay minerals in
bentonites are NaM or CaM. Minor clay minerals
commonly found in bentonites is illite (I). Feldspars,
zeolites, carbonates, and silica polymorphs (quartz
and opals) may be found in bentonites in different
extent as nonclay minerals [6].

Smectite is a 2:1 layer clay mineral and has two
silica tetrahedral (T) sheets bonded to a central alu-
mina octahedral (O) sheet. The net negative charge of
the 2:1 (TOT) layers arising from the isomorphic sub-
stitution in the octahedral sheets of Fe2+ and Mg2+ for
Al3+ and in tetrahedral sheets of Al3+ for Si4+ is bal-
anced by the exchangeable cations such as Na+ and
Ca2+ located between the layers and around the

edges [7]. Basal spacing, d(001), for air dried
smectites changes from 1.26 to 1.54 nm depending on
type and valence of the exchangeable cations. The
equivalent amount of exchangeable cations in one ki-
logram bentonite or smectite is defined as cation ex-
change capacity. Furthermore, bentonites and their
dominant mineral smectites can be used selective
adsorbents, production of pillared clays, and organo-
clays, catalysts or catalysts supports, ion exchangers,
decolorizing agents, etc., depending on their surface
and ion exchange properties [8, 9].

Bentonite may be subjected to high temperatures
when used in iron ore compaction, ceramic industry,
foundry industry, powder catalysts, and preparation of
pillared clays. In addition, before construction of
bridges and buildings on smectitic soils, the ground be-
low the foundations may be heat-treated up to 600°C to
harden the clays in civil engineering [10–14]. Some
physico-chemical properties of bentonites such as swell-
ing, plasticity, cohesion, compressibility, strength, cat-
ion-exchange capacity, particle size, adsorptive proper-
ties, pore structure, surface area, surface acidity, and cat-
alytic activity as well as mineralogy are greatly affected
by thermal treatment [15–22]. Due to these effects, the
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The mineralogical composition of the Kütahya calcium bentonite (CaB) from Turkey was obtained as mass% of 60% calcium rich
smectite (CaS), 30% opal-CT (OCT), trace amount illite (I), and some non-clay impurities by using chemical analysis (CA), X-ray
diffraction (XRD), and thermal analysis (TG-DTA) data. The crystallinity, porosity, and surface area of the samples heated be-
tween 25–1300°C for 2 h were examined by using XRD, TG, DTA and N2-adsorption–desorption data. The position of the 001 re-
flection which is the most characteristic for CaS does not affect from heating between 25–600°C and then disappeared. The de-
crease in relative intensity (I/I0) from 1.0 to zero and the increase in full width at half-maximum peak height (FWHM) from 0.25
to 1.0° of the 001 reflection show that the crystallinity of the CaS decreased continuously by rising the heating temperature from 25
to 900°C and then collapsed. The most characteristic 101 reflection for opals intensifies greatly between 900 and 1100°C with the
opal becoming more crystalline.

The total water content of the natural bentonite after dried at 25, 105 and 150°C for 48 h were determined as 8.8, 5.0 and 2.5%,
respectively. The mass loss occurs between 25 and 400°C over two steps with the maximum rate at 80 and 150°C, respectively. The
exact distinction of the dehydration temperatures for the adsorbed water and interlayer water is seen almost impossible. The temper-
ature interval, maximum rate temperature, and mass loss during dehydroxylation are 400–800°C, 670°C and 4.6–5.0%, respec-
tively. The maximum rate temperatures for decrystallization and recrystallization are 980 and 1030°C, respectively. The changes in
specific micropore volume (Vmi), specific mesopore volume (Vme), specific surface area (S) were discussed according to the dehy-
dration and dehydroxylation of the CaS. The Vmi, Vme and S reach to their maxima at around 400°C with the values
of 0.045, 0.115 cm3 g–1 and 90 m2 g–1, respectively. The radii of mesopores for the bentonite heated at 400°C are distributed be-
tween 1–10 nm and intensified approximately at 1.5 nm.

Keywords: bentonite, crystallinity, porosity, smectite, thermal analysis, X-ray diffraction

* Author for correspondence: onal@science.ankara.edu.tr



investigation of the crystallinity and porosity of
bentonites and their major clay minerals smectites by
the heating temperature has a great importance. Thermal
behavior of bentonites and other clays and also their or-
ganic complexes determined by thermal analysis with
combination other instrumentation [23–28].

The empty spaces in a solid which are smaller
than 2 nm, between 2 and 50 nm, and greater than
50 nm are called micropores, mesopores, and macro-
pores, respectively [29]. The radius of a pore, as-
sumed to be cylindrical, can be taken as half of the
pore width. The volume of pores in one gram solid is
defined as the specific pore volume (V/cm3 g–1). The
area of the inner and outer walls of the pores located
within and between interparticles in one gram solid is
taken as specific surface area (S/m2 g–1).

Many studies are realized on the adsorptive and
catalytic properties of bentonites, smectites and their
products [30–34]. However, there are a few studies for
the thermal effect on these properties [18, 22, 35–37].
Therefore, the aim of this study is to investigate of the
thermal effect on the crystallinity and porosity of a
smectite.

Experimental

A white CaB sample taken from Kütahya region, Tur-
key, was used in this study. The effects of the Na2CO3

and H2SO4 treatments on some physicochemical
properties of this bentonite was previously investi-
gated [38, 39]. The natural bentonite was ground to
pass through a 0.074 mm (200 mesh) sieve. The bulk
chemical analysis of the natural bentonite after
dried 105°C for 4 h mass% is: SiO2, 70.70;
Al2O3, 13.55; Fe2O3, 0.71; TiO2, 0.07; MgO, 1.79;
CaO, 1.88; Na2O, 0.14; K2O, 0.98 and loss on ignition
(LOI), 9.95. The CEC of the natural sample deter-
mined by methylene blue method is 0.52 mol kg–1. An
orthophosphoric acid digestion at 240°C for 12 min
dissolved completely the bentonite [40–42].

Bentonite samples, each having 20 g, were heated
in 100°C intervals from room temperature to 1300°C
and were thermally treated by maintaining at each tem-
perature for 2 h. X-ray diffraction patterns of the natu-
ral and thermally treated samples were recorded from
random mounts using a Rikagu D-max 2200 Powder
Diffractometer with a Ni filter CuK� radiation.

The differential thermal analysis (DTA) and
thermogravimetry (TG) curves of the CaB samples af-
ter heating 25, 105 and 150°C were determined by an
instrument (Netzsch, Model 429) at a heating rate
of 10 K min–1. �-Al2O3 was used as an inert material.
Two repeated TG-DTA experiments were performed
for each sample. It is not seen any considerable differ-
ence between them. The adsorption and desorption iso-

therm of N2, at liquid N2 temperature, on the natural
and thermally treated samples were determined by a
volumetric adsorption instrument of pyrex glass con-
nected to high vacuum [43, 44].

Results and discussion

Mineralogy of the bentonite

XRD patterns of the natural and all thermally treated
bentonite samples were examined, and representative
ones, are given in Fig. 1. The most characteristic
XRD peaks for CaS (001), I (001) and OCT (101) are
at 1.54, 1.00 and 0.405–0.410 nm in the XRD pattern
as seen Fig. 1. The bentonite contains a calcium-rich
smectite (CaS) as major clay mineral and less amount
illite (I) as other clay mineral. The rest are a
paracrystalline silica polymorph opal-CT (OCT) in
amorphous opal-A (OA) matrix and other nonclay
mineral impurities. The amount of the CaS, OCT and
other impurities in the bentonite are estimated as 65,
30 and 5% by mass respectively, by evaluating of the
chemical analysis. While the peaks for CaS and I
change, the peak for OCT does not change by thermal
treatment temperature before 900°C. The peak for
opal intensifies greatly between 900–1100°C with the
opal becoming more crystalline [41, 42]. The increas-
ing in intensity of the opal peak may also be due to the
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Fig. 1 X-ray diffraction patterns of the natural and some ther-
mally treated bentonite samples at different tempera-
tures (S – smectite, I – illite, OCT – opal-CT)



creation of new opal-like material from the decompo-
sition of the smectite at 900°C [37].

Crystallinity change for the CaS

The position of the 001 peak shifted to right and
d(001)-value decreased from 1.50 to 0.99 nm after
heating up to 600°C, and then disappeared at 900°C,
as seen in Fig. 1. The position, intensity, and full
width at half-maximum peak height (FWHM) of
the 001 peak for CaS change greatly by the increasing
of thermal treatment temperature.

The reciprocal variations of the relative inten-
sity (I/I0) and FWHM of the 001 XRD peak for the
CaS with the thermal treatment temperature are given
in Fig. 2. Here, I0 and I represent the intensities for the
natural and heated bentonite samples, respectively.
The decreasing in I/I0 and increasing in FWHM for
the 001 peak show that the crystallinity of the CaS de-
creases by increasing of the heating temperature.

Thermal analysis

Thermal analysis in combination with other tech-
niques such as chemical and XRD analyses is suitable
for the examination of minerals [45–51]. TG and
DTA curves of the natural bentonite samples dried
at 25, 105 and 150°C for 48 h are given in the Fig. 3
for the temperature range of 25–1100°C. Two endo-
thermic and two exothermic changes are seen in the
DTA curves. The temperature interval and maximum
rate temperature of these changes are shown on the
TG and DTA curves in Fig. 3.

The first and dominant endothermic mass losses
of 8.8, 5.0 and 2.5% between 25 and 400°C for the

samples dried at 25, 105 and 150°C, respectively, are
due to the dehydration of interparticle water (W), ad-
sorbed water (AW) and interlayer water (IW). The en-
dothermic DTA peak corresponding to these changes
is twin for both samples dried at 25 and 105°C, as seen
in Fig. 3. The mass losses of 5.3 and 1.5% correspond-
ing to the first twin for the samples dried at 25 and
105°C, respectively, with the maximum rate at 80°C,
are originated from dehydration of the W. This shows
that the W can not be removed strictly by drying at
105°C for 48 h. The decrease in the mass of
5.3–1.5=3.8% is defined as moisture in the natural ben-
tonite. The mass losses corresponding to the second
twin with the maximum rate at around 150°C are 3.5%
for the samples dried at 25°C, and 2.5% for the sam-
ples dried at 150°C. These losses are originated from
the dehydration of the remained W and also AW and
IW. The exactly distinguish of the dehydration temper-
atures for the W, AW and IW is seen almost impossi-
ble. It is concluded by combination of the thermal and
XRD analyses that the AW and IW could only be re-
moved by heating the bentonite up to 400°C.

The second endothermic mass loss of 4.6–5.0%
between 400 and 800°C with the maximum rate at
668–672°C is due to the formation of dehydroxyla-
tion water (DW). The DW content does not affect
from the drying temperature up to 150°C for 48 h. The
first and second exothermic changes without mass
loss with the maximum rates at around 980 and
1030°C are due to the decrystallization of the CaS and
recrystallization of new phases, respectively. The to-
tal of the four mass losses (W+AW+IW+DW) up to
1000°C is 9.6% for the sample dried at 105°C for
48 h. This mass loss agrees well with the IOL ob-
tained by chemical analysis as 9.95%.
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Fig. 2 The variation of the relative intensity (I/I0) and full with
at half maximum peak height (FWHM) of the 001
XRD peak for the calcium smectite (CaS) with heating
temperature

Fig. 3 Thermogravimetric analysis (TG) and differential ther-
mal analysis (DTA) curves for the natural calcium ben-
tonite (CaB) and its heated samples at 25, 105
and 150°C for 48 h



Adsorption and desorption isotherms

The N2 adsorption and desorption isotherms at the liquid
N2 temperature for all heated sample were examined
and representative ones, are shown in Fig. 4. Here, p is
the adsorption and desorption equilibrium pressure, p0 is
the vapor pressure of bulk nitrogen at experimental tem-
perature, p/p0=x is the relative equilibrium pressure, and
n is the adsorption capacity defined as molar quantity of
nitrogen adsorbed on 1 g solid. According to Brunauer,
the classification of these isotherms is similar to
Type II [52, 53]. The shapes of the adsorption and
desorption isotherms indicate that the bentonite is
mainly a mesoporous solid but also contains some
micropores. The coincidence of the adsorption and
desorption isotherms over the interval 0.35<x<0 shows
that the multimolecular and monomolecular adsorption
are reversible. After multimolecular adsorption up to
x=0.35 was complete, capillary condensation began, and
all mesopores filled up to x=0.96. Bulk liquid nitrogen
forms at x=1 [54]. The liquid nitrogen outside and
within the mesopores evaporates spontaneously as soon
as the relative equilibrium pressure by desorption is low
enough, at the interval 1<x<0.96 and 0.96<x<0.35, re-
spectively. The shapes of mesopores in a solid can be
cylindrical, parallel-sides silt, wedge, cavity or cone in a
bottle. Capillary condensation begins from the narrow-
est mesopores and capillary evaporation begins from the
largest mesopores. This difference almost causes the
hysteresis between adsorption and desorption isotherms.

Porosity and surface area

The adsorption capacity as liquid nitrogen volume
which is estimated from desorption isotherm over the
interval 0.96<x<0.35 was taken as specific micro-

mesopore volume (V) for the completely full pores.
The radius (r) of the largest pore full at same x was
calculated from the corrected Kelvin equation corre-
sponding to V value [29, 53]. Furthermore, V–r plots
were drawn as pore size distribution (PSD) curves,
and representative ones, are given in Fig. 5. The spe-
cific micro- and mesopores volume (V) and specific
micropore volume were estimated from the intercepts
of the extrapolation of each PSD curve to r=25
and 1 nm, respectively, according to their definitions.
The specific mesopore volume (Vme) for each sample
was taken as the difference of V–Vmi.

The variation of the Vmi and Vme with the heating
temperature is given in Fig. 6. The Vmi value increases
rapidly to a maximum of 0.050 cm3 g–1 while the heat-
ing temperature rises to 400°C by effect of dehydration
and then decreases rapidly by effect dehydroxylation
and reaches to zero at 900°C by effect decrystalliza-
tion. After 900°C micropores closes completely by the
effect of the interparticle sintering. The Vme value not
changes considerably up to 800°C and then decreases
rapidly while the temperature increasing from 900 to
1300°C. This change is due to the collapsing of the
crystal structure of the CaS and interparticle sintering.
The specific surface area (S), were obtained from the
standard Brunauer, Emmett and Teller (BET) method
by using the adsorption data from the interval
0.05<x<0.35 [55–58]. The variation of S with heating
temperature is given in Fig. 6. The S value having ini-
tial values 42 m2 g–1 increases to its maximum of
91 m2 g–1 at 400°C and then decreases to zero at
1300°C almost in parallel with the Vmi and Vme values.
Since the Vmi and S values reach maximum at 400°C, it
can be purposed that the surface area is originated from
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Fig. 4 The adsorption and desorption isotherms of N2 at liquid
nitrogen temperature on the heated bentonite samples
at 400 and 1000°C

Fig. 5 The mesopore size distribution curves (V–r) for the heat
treated bentonite samples



the walls of micropores more than mesopores. An al-
ternative mesopore size distribution curve (dV/dr–r)
obtained as radius derivative of the V–r curve for the
sample having maximum V(Vmi+Vme) and S values is
shown in Fig. 7. As seen in this figure, the radii of
mesopores are distributed between 1 and 10 nm and in-
tensified approximately at 1.5 nm.

Conclusions

The crystallinity and porosity of smectites found in
bentonites as major clay mineral reduce greatly by
thermal treatment. The change by dehydration up

to 400°C is reversible. Such properties after heating
above 600°C reduce irreversibly. The crystal struc-
ture of the smectite collapses irreversibly at 900°C.
Before construction of buildings and bridges on
smectitic soils, the ground below the foundation may
be heat-treated up to 600°C to harden the clay in civil
engineering. The crystal structure of opal-CT found
in bentonite as nonclay mineral does not affect from
heat treatment up to 900°C.
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