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The kaolinite/TiO2 composite was prepared using thermal hydrolysis of kaolinite/titanyl sulphate sus-
pension and characterized by XRFS, XRPD, SEM and N2 physical adsorption. Its photocatalytic properties
were evaluated by photocatalytic reduction of CO2 by water and compared with commercial TiO2 photo-
iO2

O2 reduction
hotocatalysis
aolinite

catalyst Degussa P25. Results showed that the yields of CO2 photocatalytic reduction products methane
and methanol were higher over a kaolinite/TiO2 composite than over commercial TiO2 (Degussa P25) in
spite of smaller proportion of TiO2 in the composite. Introducing of TiO2 nanoparticles into the kaolinite
structure caused a decrease of anatase crystallite size. Kaolinite can also change acidobasic properties
of catalyst surface, inhibit the recombination of electron–hole pairs and prevent the formation of TiO2

aggregates in suspension. These facts can contribute to the observed higher photocatalytic efficiency of
to the
kaolinite/TiO2 compared

. Introduction

The greenhouse gases such as CO2, CH4, N2O and CFCs are the
rimary causes of global warming. Recently, the concentration of
arbon dioxide in the atmosphere has increased as a result of
uman activities, further accelerating the greenhouse effect. Effi-
ient photocatalytic reduction of CO2 by H2O is one of the most
esirable and challenging goals in the research of environmentally
riendly technologies [1–16].

Nanosized TiO2 has received great attention as a photocatalyst
ue to high efficiency, lack of toxicity and low cost. One of the
ossibilities to increase its photocatalytic activity is to introduce
iO2 nanoparticles into the clay mineral structure [17]. By prepar-
ng these composites we generally obtain other two advantages:
i) TiO2 nanoparticles are fixed on the surface of a suitable partic-
late matrix with particle size in the order of micrometers, which
akes manipulation with photocatalytical material easier and (ii)

he possible environmental impact caused by the release of nano-
ized particles is diminished due to higher sedimentation tendency
f composites.
Clay minerals belong to often studied functional materials
ith wide range of applications. Montmorillonite (MMT) belongs

o the 2:1 group of phyllosilicates and with respect to its high
orption capacity finds application as a valuable sorbent. MMT

∗ Corresponding author. Tel.: +420 59 699 1592.
E-mail address: kamila.koci@vsb.cz (K. Kočí).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.08.026
commercial TiO2 photocatalyst.
© 2010 Elsevier B.V. All rights reserved.

also represents the most studied phyllosilicate as a carrier for
TiO2 nanoparticles and the improved photocatalytic activity of
TiO2/MMT composites was shown, e.g. by Kameshima et al. [17].
Kaolinite (KA) belongs to the 1:1 group with great application
possibility, e.g. in the ceramic industry, paint industry and cos-
metics. Chong et al. [18] used pretreated kaolinite as a support for
TiO2 layers with 7 nm thickness. Obtained kaolinite/TiO2 compos-
ite demonstrated enhanced photocatalytic ability for the removal
of Congo red and was mentioned as the highly valuable and easily
separable photocatalyst for waste water treatment.

The aim of this work is to compare a photocatalytic reduction
process of CO2 using two catalysts: (i) kaolinite/TiO2 composite and
(ii) commercial TiO2 (Degussa P25). Montmorillonite is the most
studied phyllosilicate as a matrix for the growth of TiO2 nanopar-
ticles, as is evident from the number of research works on this
subject. In spite of this fact we selected kaolinite which finds wider
industrial application (paint industry, ceramic industry, industry
of building materials, cosmetic, etc.) as a matrix for growing TiO2
nanoparticles. The photocatalytic reduction of CO2 in our experi-
mental arrangement runs in liquid phase with suspended catalysts
and the reduction products are analyzed in both phases.

2. Experimental
2.1. Kaolinite/TiO2 preparation

The kaolinite/TiO2 (KATI66) powder was prepared using ther-
mal hydrolysis of suspension containing kaolinite (KA, LB Minerals)

dx.doi.org/10.1016/j.cattod.2010.08.026
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:kamila.koci@vsb.cz
dx.doi.org/10.1016/j.cattod.2010.08.026
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Fig. 1. Block scheme of the appa

nd titanyl sulphate (TiOSO4, Precheza a.s.). Kaolinite in as received
tate was dried at 100 ◦C for 2 h before its usage; TiOSO4 was
elivered in the form of colloid suspension with the following com-
osition: 9.8 wt.% of TiO2, 50.0 wt.% of H2SO4 and 40.2 wt.% of H2O
nd was used without any other treatment. The first step of KATI66
reparation comprised of preparating a KA (30 g) + TiOSO4 (460 g)
uspension and its 15 min long stirring at laboratory temperature
sing an electromagnetic stirrer. During the next step the sus-
ension was heated to 95 ◦C; after reaching this temperature the
uspension was hydrolyzed by 130 ml of distilled water which was
dded dropwise. After 90 min of thermal hydrolysis, the obtained
hite suspension was cooled to laboratory temperature, the liq-
id portion was removed by decantation and washed several times
sing distilled water. Each washing was followed by decantation
ntil the conductivity of the supernatant liquor reached 1 mS/cm−2.
he last separation of liquid portion was performed using filtration.
he solid portion was dried at 100 ◦C, then calcined for 1 h at 600 ◦C
nd the final composite labelled as KATI66 was obtained.

.2. Characterization of kaolinite/TiO2 catalyst

The amount of TiO2 in the KA and KATI66 samples was deter-
ined by X-ray fluorescence spectroscopy (XRFS) using a SPECTRO
EPOS Instrument. For this measurement the sample was pressed

o the form of a tablet (wax was used as the binder).
The crystalline phases of the samples were determined by X-

ay powder diffraction method (XRPD) using Bruker D8 Advance
quipped with a VÅNTEC 1 position-sensitive detector. The crystal-
ite size Lc was calculated using the Scherrer equation; lanthanum
exaboride (LaB6) was set as the standard.

The surface morphology of raw KA and the prepared KATI66
omposite was studied using a Philips XL-30 Scanning Electron
icroscope. The sample was coated with an Au/Pd film and the

EM images were obtained using a secondary electron detector.
The specific surface area (SBET) of the powder samples was ana-

yzed by nitrogen adsorption in a NOVA 4000e (Quantachrome

nstruments, USA) nitrogen sorption apparatus. The sample was
egassed for 3 h at 105 ◦C prior to the nitrogen adsorption mea-
urements. SBET was determined by a multipoint BET method
sing the adsorption data in the relative pressure range of
.1–0.3.
or CO2 photocatalytic reduction.

2.3. Photocatalytic reactivity experiments

The photocatalytic reduction of carbon dioxide was carried out
in a homemade apparatus using a stirred batch annular reactor with
a suspended catalyst illuminated by UV 8 W Hg lamps (254 nm)
(Fig. 1).

GC/FID/TCD was used for the analysis of gas and liquid reaction
products. All data were measured twice and relative error was 5%.
The details of the photocatalytic CO2 reduction experiment and the
analytical methods were described in our previous publication [19].

3. Results and discussion

3.1. Characterization of kaolinite/TiO2 nanoparticles

The measured X-ray diffraction patterns of raw KA, the KATI66
composite and commercial TiO2 Degussa P25 are shown in Fig. 2.
Dehydroxylation of the kaolinite matrix in the KATI66 composite
is evident mainly by the disappearing of (0 0 1) and (0 0 2) basal
diffraction peaks of kaolinite for which observed maxima for Co
K(�1) irradiation are centred at 14.42 and 28.99◦ 2�, respectively.
The disappearing of these diffraction peaks signalizes the formation
of metakaolinite. The presence of typical impurities of raw kaoline,
mica and quartz, were also verified on the diffraction pattern of
the KATI66 composite together with diffraction peaks belonging to
anatase, the presence of rutile was not verified in this composite.
On the diffraction pattern of the Degussa P25 sample diffraction
peaks belonging to both most common phases of TiO2 anatase and
rutile were observed.

The morphology of the KA and KATI66 samples studied using
scanning electron microscopy is depicted in Fig. 3(a) and (b),
respectively. From these images it is evident that the originally
smooth edges of kaolinite plates in the KA sample (see Fig. 3a) are
covered with TiO2 particles in the case of the KATI66 composite.
TiO2 nanoparticles grow preferably on the kaolinite particle edges
(see Fig. 3b). This observation implies that the rigid smooth surface
of kaolinite particles without cracks is not a suitable matrix for the

growth of TiO2 nanoparticles. This is in contrast with the results of
Chong et al. [18] who prepared a 7 nm thick compact layer using
titanium(IV) tetraisopropoxide as a TiO2 precursor.

The commercial TiO2 (Degussa P25) is often used as a stan-
dard for the comparison of photocatalytic efficiency and its selected
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Fig. 3. SEM micrograph of

roperties are compared with those obtained for raw kaolinite KA
nd the KATI66 composite in Table 1.
.2. The photocatalytic reduction of CO2

The effect of irradiation time on the formation of CO2 photocat-
lytic reduction products was investigated over a period of 0–24 h

able 1
elected characteristics of catalysts and raw kaolinite.

Sample Degussa P25 KATI66 KA

SBET (m2 g−1) 50a 40 9.5
Lcb (anatase) (nm) 26 18 –
TiO2 content (wt.%) 99.4 60.0c 1.15c

Anatase (%) 75 100 –
Rutile (%) 25 0 –

a Average value given by the manufacturer.
b Crystallite size.
c TiO2 content measured using XRFS.
les: (a) KA and (b) KATI66.

on both catalysts KATI66 and TiO2 Degussa P25. Fig. 4 shows the
evolution of all reaction products (with the exception of O2) as
functions of the irradiation time for the KATI66 catalyst. Two main
products were determined: methane in gas phase and methanol
in liquid phase; traces of carbon monoxide were also detected.
High amount of hydrogen was formed from the photocatalytic
splitting of water. The observed order of yields (�mol/gcat) was:
H2 > CH4 > CH3OH > CO.

The data from the longest reaction time span were chosen for
the comparison of KATI66 with Degussa P25 because these GC anal-
yses of products were the most accurate. The effect of kaolinite
presence on the product yields normalized per mass of catalysts
is depicted in Fig. 5. Observed yields of all the measured prod-
ucts were higher over the kaolinite/TiO2 composite than over TiO2

Degussa P25 despite the fact that the content of photocatalytically
active TiO2 is lower in the composite catalyst.

Fig. 6 compares the yields of the main products of CO2 photo-
catalytic reduction normalized per 1 g of TiO2. It is evident that the
activity of the KATI66 catalyst remains higher even if the compared
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ig. 4. Time dependence of the CO2 photocatalytic reduction product yields over the
ATI66 catalyst. Conditions: 8 W Hg lamp, CO2 pressure at carbonation of 110 kPa,
00 ml of 0.2 M NaOH, catalyst concentration of 1 g l−1, pH 7.

ields are normalized per the unit content of the catalytically active
iO2. This indicates that the TiO2 in the kaolinite/TiO2 composite
atalyst is more effective for the photocatalytic reduction of CO2
han the TiO2 in the Degussa P25 commercial catalyst.

Kaolinite can act as an immobilizer preventing the formation
f TiO2 particle aggregates in NaOH solution and hence increasing
he effective surface area and photocatalytic efficiency [18]. Cata-
yst improvement via immobilization might be also owed to the
orce field between the support and TiO2 particles that inhibits
he recombination of electron–hole pairs [19]. Additionally, the
resence of kaolinite can change the acidobasic properties of the
atalyst surface and hinders the crystallite growing as implies from
alculated Lc values for Degussa P25 and KATI66 (Table 1). Accord-

ng to previous works [20–24], the crystallite size is an important
arameter for photocatalytic efficiency. The optimal value of TiO2
rystallite size for CO2 photocatalytic reduction was found to be
4 nm. This value corresponds to the highest yields of the main
O2 photocatalytic reduction products [20]. This is in agreement

ig. 5. Dependence of the CO2 photocatalytic reduction product yields over KATI66
nd Degussa P25 catalysts. Conditions: 24 h of irradiation time, 8 W Hg lamp, CO2

ressure at carbonation of 110 kPa, 100 ml of 0.2 M NaOH, catalyst concentration of
g l−1, pH 7.

[
[

[
[
[

Fig. 6. Dependence of the CO2 photocatalytic reduction product yields normalized
with the TiO2 mass over KATI66 and Degussa P25 catalysts. Conditions: 24 h of irra-
diation time, 8 W Hg lamp, CO2 pressure at carbonation of 110 kPa, 100 ml of 0.2 M
NaOH, catalyst concentration of 1 g l−1, pH 7.

with results obtained in this work where the photoreactivity of TiO2
increases as the particle size is decreased from 26 nm to 18 nm.

4. Conclusion

The photocatalytic properties of the prepared kaolinite/TiO2 cat-
alyst were evaluated by photocatalytic reduction of CO2. A slight
decrease of specific surface area was observed for the kaolinite-
modified sample compared to the Degussa P25 commercial TiO2
catalyst. The observed improvement of photocatalytic activity of
kaolinite/TiO2 compared to the commercial TiO2 catalyst can be
caused by (i) higher effective surface area due to lower agglomer-
ation in kaolinite/TiO2 suspension, (ii) lower recombination rate of
electron–hole pairs, (iii) change of the acidobasic properties of the
catalyst surface and (iv) lower crystallite size as the yields of the
CO2 photocatalytic reduction products increase with the decrease
of crystallite size. With respect to obtained results, the KATI66
composite represents a valuable photocatalyst for the photodegra-
dation of CO2.
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