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a b s t r a c t

Preparation of nanocomposite kaolinite/TiO2, using hydrolysis of titanyl sulfate in the presence of kaolin
was addressed. A variable (kaolin)/(titanyl sulfate) ratio has been used in order to achieve the desired
TiO2 content in prepared nanocomposites. Calcination of the composites at 600 ◦C led to the trans-
formation of the kaolinite to metakaolinite and to origination of metakaolinite/TiO composites. The
vailable online 1 February 2011
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prepared samples were investigated using X-ray fluorescence spectroscopy, X-ray powder diffraction,
Fourier transform infrared spectroscopy, scanning electron microscopy, thermogravimetry and diffuse
reflectance spectroscopy in the UV–VIS region. Structural ordering of TiO2 on the kaolinite particle surface
was modeled using empirical force field atomistic simulations in the Material Studio modeling environ-
ment. Photodegradation activity of the composites prepared was evaluated by the discoloration of Acid
Orange 7 aqueous solution.
. Introduction

Nanosized titanium dioxide (TiO2) is the most frequently stud-
ed photocatalyst currently. The surface and structural properties
f TiO2 were summarized in detail by Diebold [1]. Titanium dioxide
ay occur in three modifications according to ambient conditions
anatase, brookite and rutile. Among these modifications, the

natase form is a material with promising properties due to its
igh photocatalytic activity. The principle of the photodegradation

echanism of TiO2 can be found in the review article published by

arp et al. [2].
Many techniques are utilized for TiO2 nanoparticles syn-

hesis and the article published by Xiabo and Mao [3] offers

Abbreviations: Ead, adhesion energy [kcal]; Etot, total energy of the nanocom-
osite [kcal]; Etot,KLT, total energy of the kaolinite substrate [kcal]; Etot,TiO2

, total
nergy of the TiO2 nanoparticle [kcal]; K, kaolin; K6, kaolin calcined at 600 ◦C;
ATI, titanium oxide nanoparticles/kaolinite nanocomposite; KATI12, composite
ried at 105 ◦C and containing 20 wt.% of TiO2; KATI14, composite dried at 105 ◦C
nd containing 40 wt.% of TiO2; KATI16, composite dried at 105 ◦C and containing
0 wt.% of TiO2; KATI62, composite calcined at 600 ◦C and containing 20 wt.% of
iO2; KATI64, composite calcined at 600 ◦C and containing 40 wt.% of TiO2; KATI66,
omposite calcined at 600 ◦C and containing 60 wt.% of TiO2; KLT, kaolinite; M, mus-
ovite; MKLT, metakaolinite; MS, Accelrys Materials Studio modeling environment;
, quartz; QEq, charge equilibration method; TiO2(1), pure TiO2 powder dried at
05 ◦C; TiO2(6), pure TiO2 powder calcined at 600 ◦C; UFF, universal force field.
∗ Corresponding author.
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their overview. The sol–gel procedure is among the most
frequently used methods and the common precursors are tita-
nium(IV) alkoxides, mainly titanium(IV) tetraisopropoxide, and
titanium(IV) n-butoxide (or titanium(IV) tert-butoxide) [4,5]. In
spite of numerous advantages connected with these precursors, the
unquestionable fact is that they are too expensive to be employed
for preparation of large scale samples. Consequently a large effort
has been devoted towards use of low cost intermediates: mainly
titanylsulfate (TiOSO4) [6] and titanium tetrachloride (TiCl4) [7],
which are obtained during the sulfate or the chloride procedure of
TiO2 white-pigment manufacturing.

The main application of anatase is in the field of photo-
catalysis, especially degradation of environmental contaminants.
Photodegradation activity of TiO2 is proven with degradation of
model substances presented in liquid as well as in gaseous phase.
The anatase may allow for degradation of organic dyes [8], phenol
[9], pesticides [10] in liquid phase, e.g., in contaminated waters.
In a gaseous phase the degradation of nitric oxides [11], toluene
[12] and formaldehyde [13] was observed. Photodegradation test
with organic dyes represents an easy and fast estimation of TiO2
photodegradation activity. The rate of the degradation can be mon-
itored by the change in the absorption of the dye solution by the

UV–VIS spectrometry. In the case when TiO2 forms a finely dis-
persed suspension in a dye solution, the photocatalyst has to be
removed by filtration or ultracentrifugation before a measurement
of UV–VIS absorption. The complete separation of TiO2 is almost
impossible if its size is in the order of nanometers. If the TiO2

dx.doi.org/10.1016/j.jhazmat.2011.01.106
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:katerina.mamulova.kutlakova@vsb.cz
dx.doi.org/10.1016/j.jhazmat.2011.01.106
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Table 1
Chemical composition of raw K and prepared composites KATI12, KATI14 and
KATI16 (in wt.%). LOI, lost on ignition.

Sample Al2O3 SiO2 SO3 K2O TiO2 Fe2O3 LOI

K 32.4 52.1 <0.00050 1.450 1.15 0.640 10.9
KATI12 21.8 37.4 1.56 1.070 25.8 0.532 12.5
KATI14 15.0 25.6 3.13 0.707 42.5 0.288 14.9
KATI16 9.1 16.1 4.53 0.433 57.2 0.144 16.0

Low temp. stirring of
kaoline+TiOSO4

suspension

Hydrolysis of
kaoline+TiOSO4

suspension at 90°C

Washing of the 
resulting composite, 
decantation

Drying

Calcination

KATI1X
K. Mamulová Kutláková et al. / Journal

anoparticles are fixed on the surface of the suitable particulate
ubstrate, then separation of the photocatalyst can be accom-
lished easily by filtration or, in the case of bigger carrier particles,
y sedimentation.

Despite the fact that TiO2 is referred as a material with very
ow toxicity [14,15], there are many studies dealing with possible
azards of TiO2 nanoparticles [16]. This issue becomes important
uring entire life cycle of a material containing TiO2 nanoparti-
les, which can be potentially released to the environment during
anufacturing, usage or disposal. Paints containing nanosized pho-

ocatalysts, as well as the polymer/TiO2 nanocomposites, represent
ossible danger by the means of releasing of nanosized particles
ue to the deterioration of material cohesion [17,18]. Growing
nd anchoring of the nanosized TiO2 particles on the surface of
suitable substrate prevents the release of nanoparticles to the

nvironment, whereas the substrates can represent an inert part
19], or can bring additional functions at final composite [20,21].

number of substrates has already been studied for anchoring of
he TiO2 on their surface. Preparation of a TiO2 thin layer on glass
ubstrates by dip or spin coating is widely investigated [22,23].
he resulting glass shows superhydrophilicity which is reflected in
nti-fogging and self-cleaning properties. Silica particles were also
tudied as a matrix for TiO2 growth and many authors showed, that
he prepared SiO2/TiO2 composites have improved photodegrada-
ion activity against model pollutants [24,25].

Phyllosilicates are abundant natural materials with a wide scale
f practical applications (among others, as sorbents for cations of
eavy metals Cd, Zn, Pb, etc. [26]). Due to their unique crystallo-
hemical properties, phyllosilicates represent a suitable matrix for
nchoring of TiO2 nanoparticles [27–29]. Montmorillonite belong-
ng to the 2:1 phyllosilicate group is mentioned more often as

matrix for TiO2 nanoparticles than other phyllosilicates like
ermiculite, kaolinite, saponite, hectorite, etc. In most cases the
reparation procedure uses titanium alkoxides as the precursors for
lay/TiO2 composites preparation. Kameshima et al. [30] described
reparation of montmorillonite/TiO2 composite using titanium(IV)
etra iso-propoxide and demonstrated enhanced photodegradation
ctivity of the prepared composite against 1,4-dioxane in compari-
on to pure photoactive anatase. Machado et al. [31] used exfoliated
ermiculite (also belonging to 2:1 group) particles with size in the
ange of 0.2–0.5 mm and titanium tetraisopropoxide for prepara-
ion of the vermiculite/TiO2 composite. Prepared composite floats
n the water surface and shows enhanced photodegradation activ-
ty against textile dye Drimaren Red. Kaolinite (1:1 group) as a
ubstrate for nanosized TiO2 growing was used by Chong et al.
32]. They described a two-step procedure for the KATI compos-
te preparation using titanium(IV) butoxide. Prepared composite
howed enhanced photodegradation ability against dye Congo Red.

In this work we focused on the preparation and characteriza-
ion of the KATI composites using thermal hydrolysis of kaolin
nd TiOSO4 suspension. Using a simple hydrothermal proce-
ure the composites containing 20 wt.%, 40 wt.% and 60 wt.% of
iO2 were prepared. Prepared samples were characterized by
-ray powder diffraction method (XRPD), X-ray fluorescence spec-

roscopy (XRFS), Fourier transform infrared spectroscopy (FTIR)
nd scanning electron microscopy (SEM). Specific surface area was
haracterized using the Brunauer–Emmett–Teller (BET) method,
hermal properties were studied with thermogravimetric analysis
TG), and UV–VIS diffuse reflectance spectroscopy (UV–VIS DRS)
as used for characterization of optical properties of composites
repared. Photoactivity of the prepared composites was evaluated

y means of photodegradation of Acid Orange 7 (AO7) model solu-
ion. Atomistic simulations using an empirical force field in the
aterials Studio (MS) modeling environment have been carried out

n order to study structure and adhesion forces in the KATI com-
osite.
KATITX

Fig. 1. The scheme of synthesis procedure for composites KATI.

2. Materials and methods

2.1. Sample preparation

Kaolin (K) sample SAK47 (LB MINERALS s.r.o.) was dried for 3 h
at 105 ◦C in order to remove the adsorbed water, and the chem-
ical composition of dried sample K is shown in Table 1. TiOSO4
(PRECHEZA a.s.) containing 102 g of TiO2 per 1 dm3 of suspension
was used as a TiO2 precursor. In a typical experiment 50 g of K is
mixed with an appropriate volume of TiOSO4 to give the desired
amount of TiO2 in the final composite. The composites are denoted
as KATI1X or KATI6X, where symbol 1 means that the composite
was dried at 105 ◦C, symbol 6 shows the calcination temperature
(600 ◦C for 2 h), symbol X denotes the amount of TiO2 in the final
composite (2 for 20 wt.%, 4 for 40 wt.%, 6 for 60 wt.%). The procedure
scheme is shown in Fig. 1.

As a reference sample the pure TiO2 powder was prepared in
the same way as presented in Fig. 1 and denoted as TiO2(1) and
TiO2(6), respectively.

2.2. Characterization methods

2.2.1. X-ray fluorescence
Chemical composition of the prepared samples was determined

using energy dispersive fluorescence spectrometer (XRFS) SPEC-
TRO XEPOS (SPECTRO Analytical Instruments GmbH) equipped
with 50 W Pd X-ray tube. The samples analyzed were prepared
in the form of pressed tablets (wax was used as binder) for this
measurement.

2.2.2. Combustion method (determination of sulfur content)
Sulfur content was determined using the CS244 carbon/sulfur

analyzer (LECO Corporation) equipped with an induction furnace
HT1000. Combustion process was realized in ceramic crucibles
filled with 1 g of flux LECOCEL (tungsten particulates) and 1 g of
iron chip accelerator.

2.2.3. Scanning electron microscopy
The morphology of composite particles was observed by SEM
Philips XL 30 (PHILIPS). Samples were coated with an Au/Pd film and
the SEM images were obtained using a secondary electron detector.
Elemental composition of samples was determined using energy
dispersive X-ray analysis (EDS).
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Table 2
Calculated Lc and Eg values.

Sample Lc [nm] Eg [eV] Sample Lc [nm] Eg [eV]

TiO2(1) 6 3.11 TiO2(6) 15 3.11
14 K. Mamulová Kutláková et al. / Journal

.2.4. BET analysis
Specific surface area (SSA) of the powder samples was ana-

yzed by nitrogen adsorption in a NOVA 4000e (QUANTACHROME
NSTRUMENTS) nitrogen sorption apparatus. The samples were
egassed for 3 h at 105 ◦C before the measurement. SSA was deter-
ined by multipoint BET method using the adsorption data in the

elative pressure range of 0.1–0.3.

.2.5. X-ray powder diffraction
The XRPD patterns were recorded under CoK� irradiation

� = 1.789 Å) using the Bruker D8 Advance diffractometer (Bruker
XS) equipped with a fast position sensitive detector VÅNTEC 1.
easurements were carried out in the reflection mode, powder

amples were pressed in a rotational holder. Phase composition
as evaluated using database PDF 2 Release 2004 (International
entre for Diffraction Data).

.2.6. Fourier transformed infrared spectroscopy
Mid FTIR spectra were recorded in the range from 400 to

000 cm−1 for samples in KBr pellet form (1.5 mg of sample in
00 mg of KBr) with a Perkin Elmer 2000 FT-IR spectrometer (Perkin
lmer).

.2.7. UV–VIS diffuse reflectance spectroscopy
UV–VIS DRS was used for a qualitative description of the dif-

erences in the band gap shift depending on the amount of TiO2 in
he studied composites. UV–VIS DR spectra of the powder samples
laced in a 5 mm quartz cell were registered using spectropho-
ometer CINTRA 303 (GBC Scientific Equipment) equipped with a
eflectance sphere.

.2.8. Thermogravimetric analysis
TG was carried out with a SETSYS 18TM thermal analyser

SETARAM Instrumentation) and S-type measuring rod. Samples
13 mg) placed in an alumina crucible were analyzed in an air atmo-
phere with a heating rate of 10 ◦C min−1 from 25 ◦C to 1100 ◦C.

.2.9. Evaluation of photodegradation activity
Photodegradation activity of the prepared composites was eval-

ated in a liquid phase, using discoloration of AO7. In order to
chieve the adsorption equilibrium in the first part of the exper-
ment, the suspension containing 0.05 g of the photocatalyst, 65 ml
f demineralized water and 5 ml of the AO7 aqueous solution
c0 = 6.259 × 10−4 mol dm−3) was stirred in the dark for 60 min.
fter 1 h of the adsorption period the suspension was exposed

o UV irradiation (UVP pen ray lamp, 365 nm). The extent of AO7
hotodegradation was evaluated by the change in the intensity of
bsorption maximum of AO7 (480 nm) using CINTRA 303 UV-VIS
pectrometer.

.2.10. Molecular modeling
The geometry optimization of KATI nanocomposite models and

dhesion energy calculations have been carried out in the MS in
orcite module using Universal force field (UFF). A smart algorithm
as used for the geometry optimization with 50,000 iterations. The

tom based summation method has been used for the non-bond
ontributions (Coulombic and van der Waals) to the total poten-
ial energy. Charges were calculated using the charge equilibration
QEq) method.

. Results and discussion
.1. Chemical and phase composition of the samples

Chemical composition of raw K used for composite preparation
nd resulting composites KATI12, KATI14 and KATI16 is shown
KATI12 – 3.25 KATI62 17 3.21
KATI14 6 3.22 KATI64 18 3.21
KATI16 7 3.17 KATI66 19 3.17

in Table 1. It is evident that increasing TiO2 content leads to an
increase of sulfur content. The increment in loss on ignition (LOI)
values for the samples follows the increment of sulfur content,
while the content of other analytes proportionally decreases with
the increase of TiO2 content.

XRPD patterns of the K sample and the KATI composites dried
at 105 ◦C is shown in Fig. 2. Quartz (Q; PDF number 85-0798)
and muscovite (M; PDF number 7-0042) represent typical min-
eral admixtures accompanying pure KLT (PDF number 75-1593)
in K. The presence of these admixtures is also in agreement with
the chemical composition of the original K sample. The ideal molar
ratio of SiO2/Al2O3 in chemically pure KLT is 2. However, chemi-
cal analysis of the K sample revealed the molar ratio value 2.8 (see
Table 1). The difference is caused by the mineral admixture. In the
composites, the increase of TiO2 (PDF number 86-1157) content
led to the decrease of the KLT, M and Q fractions and consequently
to the decrease of intensity for KLT, M and Q peaks. The segments
of the region of 27–32◦ 2� (CoK�), where the anatase peak (1 0 1)
occurs, is shown in Fig. 3. Only one broad anatase peak (1 0 1) is evi-
dent in the diffraction pattern of the pure TiO2(1) powder sample,
prepared by the same procedure as all the composites.

The diffraction patterns of samples calcined 2 h at 600 ◦C are
presented in Fig. 4. After the calcination of the K sample (calcined
kaolin is denoted as K6), diffraction peaks belonging to KLT almost
disappear. During the KLT heating at the temperatures higher than
approx. 470 ◦C, the K starts to loose its interlayer water what is gen-
erally described as dehydroxylation of the K structure [33], in fact
the real temperature of onset of dehydroxylation is dependent on
many factors. Release of the interlayer water from KLT is evidenced
by the disappearing of its (0 0 1) basal diffraction peak. This process
leads to formation of new amorphous phase called metakaolinite
(MKLT) [34]. The low intensity (0 0 1) and (0 0 2) diffraction peaks of
KLT observed for sample K6 indicate the incomplete KLT dehydrox-
ylation. Therefore, it can be assumed that the rest of the original
layered KLT structure still remains in the sample K6. The presence
of the (1 0 1) anatase diffraction peak is clearly observable for all
calcined composites. The presence of this peak is caused by the
increase of size of the anatase crystallites during the calcination
process. Lowering the intensity of quartz and muscovite peaks is
caused by the decrease of fraction of these admixtures with increas-
ing amount of TiO2. The segments of the region of 27–32◦ 2� (CoK�),
where the anatase peak (1 0 1) occurs, for the calcined samples
is shown if Fig. 3. The anatase crystallite size for all of the KATI
nanocomposites as well as the samples TiO2(1) and TiO2(6) was
calculated according to the (101) anatase diffraction peak using
Scherrer formula [35] and the values are shown in Table 2 (lan-
thanum hexaboride (LaB6) was used as a standard). For pure TiO2
as well as composites, it is evident that the anatase crystallite size
grows after the calcination. The increasing amount of TiO2 in com-
posites does not significantly affect the anatase crystallite size for
given heat treatment as is evident from the data in Table 2. The
anatase crystallite size of pure TiO2(6) is even smaller than those
calculated for the calcined KATI6X composites.
Diffraction patterns of calcined samples in Fig. 3 show that in
case of the K6 sample there is still the weak (0 0 1) basal reflec-
tion of KLT. This peak is missing in the diffraction patterns of the
KATI composites calcined at 600 ◦C. That means the treatment with
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2-Theta - Scale
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KLT (001)

KLT (002)
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Q (100)

Q (101)
M (003)

M (006) M (009)

K

KATI12

KATI14

KATI16

TiO2(1)

Fig. 2. XRPD pattern of samples dried at 105 ◦C. KLT, kaolinite; Q, quartz; M, muscovite; A, anatase.

Fig. 3. The segments of diffraction patterns showing the region of (1 0 1) anatase and (0 0 1) kaolinite diffraction peaks for the dried (left) and calcined (right) samples.

2-Theta - Scale
10 20 30
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M (006)

M (009)

K6

KATI62

KATI64

KATI66

TiO2(6)

KLT (001)
KLT (002)

Fig. 4. X-ray powder diffraction pattern of samples calcined at 600 ◦C. KLT, kaolinite; Q, quartz; M, muscovite; A, anatase.
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Fig. 5. IR spectra of non-calcined samples.

iOSO4 accelerated the phase transition of KLT → MKLT as a result
f the chemical attack by sulfuric acid, which leads to the formation
f the structural defects in the KLT layers, especially on the particle
dges [36].

.2. Optical properties of the prepared composites

Mid-infrared spectra of raw K, TiO2(1) and the KATI1X compos-
tes are shown in Fig. 5, and the IR spectra of samples calcined at
00 ◦C in Fig. 6. Peak maxima observed for the K sample before cal-
ination (Fig. 4) corresponds to those wavelength values reported
or pure KLT [37]. Bands with maxima at 3695, 3669, 3651, 3620 and
37, 912 cm−1 correspond to vibrations of inner and outer Al–OH
onds, bands at 1113, 1031, 1008, 796 and 469 cm−1 belong to

ibrations of Si–O bonds, and bands at 756, 700, 537 cm−1 belong
o vibrations of Si–O–Al(IV).

The profile and position of maxima observed at the IR spec-
ra of the KATI12 sample are very similar to IR spectra registered

Fig. 7. UV–VIS diffuse reflectance spectra of the samples TiO2(1), T
wavenumber (cm )

Fig. 6. IR spectra of samples calcined 2 h at 600 ◦C.

for the raw K sample (Fig. 5) due to the low content of TiO2. The
band at 950 cm−1 attributed to Si–O–Ti antisymmetric stretch-
ing vibration [38] was not observed at the spectra of the KATI1X
sample as well as KATI6X (at both X = 1 or 6), probably due to a
small number of these bonds in prepared composites. Both broad
band at approx. 3400 cm−1 and band with maximum at 1635 cm−1

observed at dried as well as calcined composites belong to vibra-
tion of O–H bond in adsorbed water. The broad bands at 1200, 1130
and 1060 cm−1 observed at the IR spectrum of TiO2(1) belong to
bending vibration of Ti–O–H in the anatase phase [39].

In case of the calcined samples (see Fig. 6) the disappear-
ance of bands in region 3700–3200 cm−1 belonging to O–H bonds
observed in the K6 sample (Fig. 6) is clearly evident. This is the typ-
ical manifestation of a structure dehydroxylation and KLT → MKLT

transformation [40]. Moreover, the change of band structure in the
region 1250–400 cm−1 is the consequence of KLT → MKLT transfor-
mation leading to a change of Al3+ coordination from the octahedral
in KLT to the tetrahedral in MKLT. Broad bands with maxima

iO2(6), KATI12, KATI14, KATI16, KATI62, KATI64 and KATI66.
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Table 3
The specific surface area of kaolinite and prepared composites.

Sample SSA [m2/g] Sample SSA [m2/g]

K 9.5 K6 8.7
KATI12 59.6 KATI62 23.7
Fig. 8. SEM micrographs of KATI66 particles shows TiO2 nanopartic

t 1070 and 1192 cm−1 are attributed to the amorphous SiO2
37].

The reflectance spectra registered for composites KATI and pure
iO2 in UV–VIS region were transformed to Kubelka–Munk coor-
inates (KM) and then expressed using Tauc plot [41] (Fig. 7)
hich shows the relation (KM × h�)1/2 = f(h�). For evaluation of the

and gap (Eg) values, the method introduced by Kočí et al. [42]
as adopted, whereas the calculated values are shown in Table 2

ogether with calculated values of Lc. The Eg values obtained for
iO2(1) and TiO2(6) samples reach the same value 3.11 eV. The
alues of band gap calculated for composites KATI are influenced
y the TiO2 content. Shift of the Eg values towards lower energies
red shift) is caused by the presence of larger TiO2 particles which
riginate in the mixtures containing higher amount of TiOSO4, the
natase crystallite size dependency on the amount of TiOSO4 was
lso approved by X-ray diffraction method (see Table 2). Calcina-
ion of the composites also caused red shift of the Eg values which
s again typical manifestation of the growing of the anatase crystal-
ite size. The discrepancy in the relation between anatase crystallite
ize and the Eg values calculated for pure TiO2 (lower anatase crys-
allite size but also lower Eg values) and composites (higher anatase
rystallite size and higher Eg values) – see Table 2, is probably due
o the synergistic effect of the KLT matrix and TiO2 particles. With
espect to this fact, it is necessary to bring the composites as a new
aterial with given properties, which cannot be easily obtained by

dditive mechanism of the properties of the pure anatase and the
ure KLT.

.3. Study of composite particles morphology and texture

arameters

Direct observation of TiO2 particles anchored on the KLT sur-
ace was performed using SEM. The SEM micrographs showing
he KATI66 particle morphology is pictured in Fig. 8. Both images
KATI14 67.1 KATI64 32.0
KATI16 64.8 KATI66 38.6

show that TiO2 particles are deposited mainly on the KLT edges.
This visual observation was confirmed by EDS (see Fig. 8). TiO2
nanoparticles start to grow on the edges and gradually form a bor-
der of the plate-like KLT particles. Similar observation has been
published by Matějka et al. [29] for growing of CdS particles on the
vermiculite edges. The effort of several authors was to prepare the
photocatalytic nanoparticles in the 2:1 phyllosilicates interlayer
space [43,30,44]. But evidently for the photocatalytic reactions the
most efficient TiO2 nanoparticles are those which are in direct con-
tact with pollutant. This requirement is fulfilled by the particles
anchored on the surface of the phyllosilicate matrix.

SSA of studied samples is shown in Table 3. SSA value measured
for the K6 sample slightly decreased in comparison with the original
K. The influence of calcination temperature of the selected kao-
lines on their SSA values shows, for example, Bich et al. [45]. The
SSA values significantly increase at the KATI composites (Table 3).
These values increase with the TiO2 content up to 40 wt.% of TiO2,
further increase of TiO2 content lead to the decrease of the SSA val-
ues. Growing of the SSA values with TiO2 content is related to the
origination of new TiO2 surfaces and can be also associated with
chemical activation of the KLT surface due to the chemical attack
by sulfuric acid, which is main component of the TiOSO colloid
4
suspension [46]. Increase of SSA in dependence on the TiO2 amount
was previously observed by Kun et al. [43] for montmorillonite/TiO2
composites.
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ig. 9. Results of thermogravimetric measurements for samples K, KATI14 and
iO2(1).

.4. Study of the weight loss of samples during their heating

The weight loss of the samples K, KATI14 and TiO2(1) is pic-
ured in Fig. 9. The weight loss of pure K in the temperature interval
pprox. 20–470 ◦C is not so obvious in comparison to pure TiO2(1)
nd composite KATI14. Changes in this temperature region are con-
ected to loosing of water bonded on the TiO2 surface. The higher
he TiO2 content, the higher the weight loss. The significant weight
oss evident for sample K in the region 470–600 ◦C is connected

ith dehydroxylation of KLT structure what results in MKLT for-
ation. MKLT having latent hydraulic properties is widely used in

ndustry of building materials [47]. The on-set temperature of the
LT dehydroxylation is influenced by many factors and for KLT used
t this work was determined as 464 ◦C. The sample KATI14 starts
o lose weight continuously from the lowest testing temperature.
he decrease in weight of TiO2(1) in region characteristic for KLT
ehydroxylation cannot be connected to this phenomenon and is
esult of loosing of water absorbed on TiO2 surface as well as to
oosing of sulfur.

Sulfur content in TiO2(1) sample measured by combustion
ethod and recalculated to SO3 content is 8.17 wt.%, while sample

iO2(6) contain only 0.065 wt.%. The decrease in weight of KATI14
n region approx. 460–700 ◦C is given by the superposition of peaks
riginating from (a) dehydroxylation of KLT, (b) loosing water fixed
n the TiO2 surface and (c) loosing of sulfur, which is typical admix-
ure of TiO2 prepared by sulfate process.

.5. Determination of photodegradation activity of prepared
omposites

Time dependency of the photodegradation activity of the pre-
ared samples against AO7 is pictured in Fig. 10. TiO2(1) sample
hows the lowest extent of photodegradation of AO7, only 10% after
h long UV irradiation. This value increased at sample TiO2(6) to

each approx. 30%. The second lowest photodegradation activity
hows composite KATI16 which also significantly increased after
alcination (KATI66) when reached almost 60%. Generally, the pho-

odegradation activity for all samples increased after calcination
t 600 ◦C. For samples dried at 105 ◦C we can conclude that the
hotodegradation activity decreases with increasing TiO2 content.
owever in the case of calcined samples the highest photoactiv-

ty has been observed for KATI64 with medium TiO2 content and
Fig. 10. Time dependency of acid orange 7 relative concentration for pure TiO2 and
composites dried at 105 ◦C (TiO2(1), KATI12, KATI14, KATI16) and calcined at 600 ◦C
(TiO2(6), KATI62, KATI64, KATI66).

the lowest activity was observed for sample KATI16. Similar results
were observed Chong et al. [32]. Their KLT/TiO2 composite prepared
by the sol–gel method exhibit higher photodegradation activity in
comparison to bare TiO2 prepared in the absence of KLT by the same
way as KLT/TiO2 composite. Comparing all the curves in Fig. 10 we
can also see that the calcination has a different effects for samples
with a different TiO2 contents. These findings lead to the conclu-
sion that the photodegradation activity is a result of the interplay
of many factors like TiO2 content, the value of specific surface area,
calcinations’ conditions, presence of sulfur and its effect on the KLT
structure, etc. In this study the composite KATI64 exhibits the best
photoactive properties.

3.6. Study of the structure and adhesion forces using molecular
modeling

Molecular modeling with an empirical force field as imple-
mented in MS has been used to study (a) the structure of the
KATI nanocomposite and (b) the adhesion forces between TiO2
nanoparticles and the KLT matrix in order to predict structure and
to evaluate the stability of composites.

To obtain the model of reasonable size, the structure of the “real”
KLT (Al7.8Fe3+

0.16K0.04) (Si8) O20 (OH)16 was approximated by (Al8)
(Si8) O20 (OH)16 and the model KLT was built as a non-periodic
superstructure containing six layers (see Fig. 11) with the total
formula of (Al1254) (Si1296) O3156 (OH)2640. This idealized model
without tetrahedral cationic substitutions has the total layer charge
of −6 el. coming fully from the non-stoichiometry on the edges. The
layer charge was compensated by the anchored TiO2 nanoparticle.
The size of the KLT matrix is 5.1 nm × 4.4 nm; thickness ∼4.1 nm.
Interlayer distance (basal spacing) corresponding to the real struc-
ture 0.74 nm [48] has been used in this model.

Four types of TiO2 nanoparticles (anatase structure) with crys-
tallographic orientations (0 0 1) and (1 0 0) and with the charge
+6 el. have been prepared in two sizes, Ti39O75 and Ti78O153,
respectively. The similarity of nanoparticles with different crystal-
lographic orientations for possible comparison was warranted by
the fulfillment of the two following conditions: (a) the same num-
ber of atoms in whole nanoparticle and (b) the same number of

atoms in the plane adjacent to the KLT layer (24 atoms in the case
of Ti39O75 and 48 atoms in the case of Ti78O153). Because the distri-
bution of atoms in various h k l planes is not the same, condition (b)
constrained each nanoparticle to have a different lengths of basal
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Fig. 11. Optimized models of TiO2 (0 0 1) nanoparticle (231 atoms) anchored on (

Table 4
The values of the adhesion energy calculated for TiO2 nanoparticles anchored on var-
ious faces of KLT matrix. Value n indicates the number of atoms in the nanoparticle.

n Location Adhesion energy [kcal]

TiO2 (0 0 1) TiO2 (1 0 0)

114 SiO surface 2085 2242
Edge 4464 3948
OH surface 2693 1978

d
b
(
a
m
o
S
(
i
a
w

E

w
n
e
K
h
p
m

e
c
b
f

231 SiO surface 4697 4657
Edge 8718 8345
OH surface 6148 5632

iagonal (i.e., size of TiO2 nanoparticles in the diagonal direction of
asal planes). Hence for the crystallographic orientations (0 0 1) and
1 0 0), the lengths of basal diagonal are (in case of Ti39O75) 1.47 nm
nd 1.52 nm, in the case of Ti78O153 2.27 nm and 2.51 nm. Initial
odels have been prepared by anchoring each nanoparticle to one

f the three possible types of KLT matrix–tetrahedral surface (basal
iO surface; see Fig. 11a), edge (see Fig. 11b) and octahedral surface
basal OH surface; see Fig. 11c). QEq (charge equilibration) method
n MS has been used to calculate the atomic charges [49]. The inter-
ction between the TiO2 nanoparticles and the silicate substrate
as quantified using the adhesion energy

ad = (Etot,TiO2
+ Etot,KLT) − Etot (1)

here Etot is the total energy of the nanocomposite (i.e., the TiO2
anoparticle anchored on the KLT substrate). Etot,TiO2

is the total
nergy of the TiO2 nanoparticle and Etot,KLT is the total energy of the
LT substrate. These energies are expressed in the unit [kcal] and
ave been calculated using the UFF [50] in MS Forcite module. In our
revious works the UFF proved to be the suitable force field for the
odeling of layer silicate/nanoparticle nanocomposites [29,51].

Calculated adhesion energies are listed in Table 4. The adhesion

nergies were computed using Eq. (1). It is evident that models
ontaining the TiO2 nanoparticle anchored on a KLT edge exhibit the
est (i.e., the highest) adhesion energies for both crystallographic
aces of TiO2: (1 0 0) and (0 0 1). The face (0 0 1) is slightly preferred
a) tetrahedral surface, (b) edge and (c) octahedral surface of the KLT matrix.

which allows us to consider this arrangement as the most stable.
Table 4 also shows the higher “unwillingness” of TiO2 nanoparticles
to grow on the tetrahedral and octahedral surface. This result is in
good agreement with the observations by the SEM analysis of the
KATI nanocomposite (see Fig. 8), where we can see TiO2 on the KLT
edges.

4. Conclusion

The photoactive KATI composites were successfully prepared
using TiOSO4 as an inexpensive precursor of TiO2, which is also
widely accessible intermediate from the sulfate process of TiO2
pigment manufacturing. On contrary to pure TiO2 nanoparticles,
this composite is based on the fixed TiO2 nanoparticles on the
significantly bigger particles of aluminosilicate matrix. This tech-
nology minimizes environmental risks of TiO2 nanoparticles, and
makes manipulation with this nanocomposite safer. It was found
by molecular modeling, that TiO2 particles grow preferably on the
edges of KLT particles and do not form the compact layer fully
covering the surface of KLT particles. This result was verified by
SEM observations, confirming the modeling as a valuable tool for
structure and stability prediction in the case of these composites.
The photodegradation activity of TiO2 and dehydroxylation phe-
nomenon of KLT which leads to MKLT formation is preserved with
KATI composites. It is important fact as the MKLT is valuable mate-
rial with latent hydraulic properties. That means this composite
brings two benefits as a component of building materials: latent
hydraulic properties and photocatalytic activity.

Calcined KATI composites were also found to show higher pho-
todegradation activity in comparison with dried composites. This
phenomenon is not related to the increase of SSA, which, after calci-
nation, decreases. The most probable effect is the decrease of sulfur

content which predominantly occurs as free sulfuric acid absorbed
on the TiO2 surface. The fact that KLT transforms after thermal treat-
ment to MKLT (a widely studied material showing latent hydraulic
properties) allows the KATI composite to find wide application in
the building industry.
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Arpaç, Characterization of the hydrothermally synthesized nano-TiO2 crystal-
lite and the photocatalytic degradation of rhodamine B, J. Hazard. Mater. 129
(2006) 164–170.

[5] J. Klongdee, W. Petchkroh, K. Phuempoonsathaporn, P. Praserthdam, A.S. Vang-
nai, V. Pavarajarn, Activity of nanosized titania synthesized from thermal
decomposition of titanium (IV) n-butoxide for the photocatalytic degradation
of diuron, Sci. Technol. Adv. Mater. 6 (2005) 290–295.

[6] D.V. Bavykin, V.P. Dubovitskaza, A.V. Vorontsov, V.N. Parmon, Effect of TiOSO4

hydrothermal hydrolysis conditions on TiO2 morphology and gas-phase oxida-
tive activity, Res. Chem. Intermed. 33 (2007) 449–464.

[7] Q. Yhang, L. Gao, Preparation of nanocrystalline TiO2 powders for photocatalytic
oxidation of phenol, Res. Chem. Intermed. 35 (2009) 281–286.

[8] F. Han, V.S. Rao Kambala, M. Srinivasan, D. Rajarathnam, R. Naidu, Tailored tita-
nium dioxide photocatalysts for the degradation of organic dyes in wastewater
treatment, Appl. Catal. A 359 (2009) 25–40.

[9] N. Kashif, F. Ouyang, Parameters effect on heterogeneous photocatalysed degra-
dation of phenol in aqueous dispersion of TiO2, J. Environ. Sci. 21 (2009)
527–533.

10] M.V. Phanikrishna Sharma, G. Sadanandam, A. Ratnamala, V.D. Kumari, M.
Subrahmanyam, An efficient and novel porous nanosilica supported TiO2 pho-
tocatalyst for pesticide degradation using solar light, J. Hazard. Mater. 171
(2009) 626–633.

11] Z. Wu, H. Wang, Y. Liu, Z. Gu, Photocatalytic oxidation of nitric oxide with
immobilized titanium dioxide films synthesized by hydrothermal method, J.
Hazard. Mater. 151 (2008) 17–25.

12] G. Colón, M. Maicu, M.C. Hidalgo, J.A. Navío, A. Kubacka, M. Fernández-García,
Gas phase photocatalytic oxidation of toluene using highly active Pt doped TiO2,
J. Mol. Catal. A: Chem. 320 (2010) 14–18.

13] T.X. Liu, F.B. Li, X.Z. Li, TiO2 hydrosols with high activity for photocatalytic
degradation of formaldehyde in a gaseous phase, J. Hazard. Mater. 152 (2008)
347–355.

14] C. Chawengkijwanich, Y. Hayata, Development of TiO2 powder-coated food
packaging film and its ability to inactivate Escherichia coli in vitro and in actual
tests, Int. J. Food Microbiol. 123 (2008) 288–292.

15] D.B. Warheit, R.A. Hoke, C. Finlay, E. Maria Donner, K.L. Reed, C.M. Sayes,
Development of a base set of toxicity tests using ultrafine TiO2 particles
as a component of nanoparticle risk management, Toxicol. Lett. 171 (2007)
99–110.

16] S.Q. Li, R.R. Zhu, H. Zhu, M. Xue, X.Y. Sun, S.D. Yao, S.L. Wang, Nanotoxicity
of TiO2 nanoparticles to erythrocyte in vitro, Food Chem. Toxicol. 46 (2008)
3626–3631.

17] R. Kaegi, A. Ulrich, B. Sinnet, R. Vonbank, A. Wichser, S. Zuleeg, H. Simmler,
S. Brunner, H. Vonmont, M. Burkhardt, M. Boller, Synthetic TiO2 nanoparticle
emission from exterior facades into the aquatic environment, Environ. Pollut.
156 (2008) 233–239.

18] L. Reijnders, The release of TiO2 and SiO2 nanoparticles from nanocomposites,
Polym. Degrad. Stab. 94 (2009) 873–876.

19] A. Nikolopoulou, D. Papoulis, S. Komarneni, P. Tsolis-Katagas, D. Panagio-
taras, G.H. Kacandes, P. Zhang, S. Yin, T. Sato, Solvothermal preparation of
TiO2/saponite nanocomposites and photocatalytic activity, Appl. Clay Sci. 46
(2009) 363–368.
20] S. Ouidri, H. Khalaf, Synthesis of benzaldehyde from toluene by a photocat-
alytic oxidation using TiO2-pillared clays, J. Photochem. Photobiol. A 207 (2009)
268–273.

21] H. Chorfi, G. Zayani, M. Saadoun, L. Bousselmi, B. Bessaïs, Understanding the
solar photo-catalytic activity of TiO2–ITO nanocomposite deposited on low cost
substrates, Appl. Surf. Sci. 256 (2010) 2170–2175.

[

[

ardous Materials 188 (2011) 212–220

22] A. Kafizas, S. Kellici, J.A. Darr, I.P. Parkin, Titanium dioxide and composite
metal/metal oxide titania thin films on glass: a comparative study of photo-
catalytic activity, J. Photochem. Photobiol. A 204 (2009) 183–190.

23] T. Watanabe, A. Nakajima, R. Wang, M. Minabe, S. Koizumi, A. Fujishima, K.
Hashimoto, Photocatalytic activity and photoinduced hydrophilicity of tita-
nium dioxide coated glass, Thin Solid Films 351 (1999) 260–263.

24] M. Bellardita, M. Addamo, A. Di Paola, G. Marcì, L. Palmisano, L. Cassar, M.
Borsa, Photocatalytic activity of TiO2/SiO2 systems, J. Hazard. Mater. 174 (2010)
707–713.

25] R.B. Zhang, Photodegradation of toluene using silica-embedded titania, J. Non-
Cryst. Solids 351 (2005) 2129–2132.

26] M.G. da Fonseca, M.M. de Oliveira, L.N.H. Arakaki, Removal of cadmium, zinc,
manganese and chromium cations from aqueous solutions by a clay mineral, J.
Hazard. Mater. 137 (2006) 288–292.

27] L. Korösi, J. Németh, I. Dékány, Structural and photooxidation properties of
SnO2/layer silicate nanocomposites, Appl. Clay Sci. 27 (2004) 29–40.

28] T. Szabó, J. Németh, I. Dékány, Zinc oxide nanoparticles incorporated in ultra-
thin layer silicate films and their photocatalytic properties, Colloids Surf. A:
Physicochem. Eng. Aspects 230 (2003) 23–35.
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