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a  b  s  t  r  a  c  t

Supporting  TiO2 on  different  materials  is  a potential  strategy  to improve  the  photochemical  properties
of  the  resulting  composites.  Kaolinite  (K)  was used  as a support  to  synthesize  a  series  of kaolinite-titania
(K-TiO2)  photocatalysts  with  desirable  properties  for decolorization  of organic  contaminants.  Initially,
TiO2 sol  was  formed  through  gelation  of  titanium  oxychloride  using  ammonium  hydroxide  solution  and
subsequent  peptization  of  the  preformed  gel  in a low  concentration  of  nitric  acid.  The  sol  was  reacted
with  different  concentrations  of  kaolinite  at  different  pH conditions  to yield  K-TiO2 composites  with
different  TiO2 compositions.  The  physicochemical  properties  of the  photocatalysts  were  examined  by
XRD,  FTIR,  TGA,  SEM-EDAX,  XRF,  UV–visible  DRS,  TEM  and nitrogen  gas  physisorption  studies  analyses.
XRD  results  revealed  that through  varying  pH of  the  reaction  a mixture  of TiO2 crystals  can  be attained  in
the  sintered  samples.  A simple  photocatalytic  experiment  of the calcined  photocatalysts  was  carried  out
to evaluate  the decolorization  of  methylene  blue  in  the  presence  of an artificial  UV  source.  The  obtained
results  were  exquisitely  compared  to those  of  the  ZrO2-TiO2 based  composites  obtained  in  our  previous

study.  It was  revealed  that the  amount  of TiO2 in  the  composites  and  the calcination  temperature  had  a
profound  effect  on  the microstructure  and  photocatalytic  performance  of  the  samples.  Thus,  the  KT34-
600  sample  exhibited  the  highest  activity  of all due  to  its superior  properties.  This  study  provides  a
criterion  for  selection  of precursors,  synthetic  routes  and  support  suitable  for  the  formation  of metal
oxides  composites  with  desirable  properties  for heterogeneous  catalysis.
. Introduction

Since the breakthrough of the photocatalytic splitting of water
n TiO2 by Fujishima and Honda in 1972, there have been incredible
fforts to improve the physicochemical properties and applica-
ions of semiconductors [1–4]. Recently, heterogeneous catalysis
y semiconductors has attracted many researchers due to its
romising effectiveness in degrading toxic pollutants for environ-
ental cleanup and water purification. TiO2 is a chemically inert,

on-toxic, highly oxidative and cost-effective metal oxide; vital
ttributes for heterogeneous catalysis and solar energy conversion
aterials [1–8]. Therefore, various metal oxide semiconductors
uch as TiO2, SiO2-TiO2 and ZrO2-TiO2 have been widely used due to
heir unique optical and electronic properties [9–11]. Meanwhile,
he rapid increase of population and industrial pollution entails
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large-scale industrial production of heterogeneous photocatalysts
to reduce toxic pollutants and improve the availability of clean
water. Thus, the formulation of facile and controllable synthetic
approaches and consumption of less expensive sources are required
to boost large-scale industrial production and commercialization of
heterogeneous catalysts.

To date, metal oxide incorporated TiO2 nanoparticles suitable
for heterogeneous catalysis has been extensively reported [12–16].
In order to yield photocatalysts with desired properties for these
applications, several vital properties related to purity, porosity, sur-
face area, aggregation and crystallinity should be considered. These
properties preferably affect the application of the final product and
are largely dependent on the synthetic approach and precursors.
During synthesis of TiO2 based semiconductors using Ti (IV) alkox-
ides as a TiO2 sources, tedious and complicated synthetic methods
are involved. In most reports, tetrabutylorthotitanate and titanium

(IV) tetraisopropoxide are typically consumed as TiO2 sources and
perhaps surfactants or organic solvents are used to improve the
pore structure of the final product [17–19]. These precursors are
understandably expensive and hazardous hampering large-scale
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ndustrial production and commercialization of photocatalysts.
hus, the possibility of consuming less expensive precursors and
implified synthetic routes would suit production of metal oxide
emiconductors for numerous applications.

Meanwhile, kaolinite (Al2O7Si2·2H2O) is a cheap and non-toxic
aturally occurring layered aluminosilicate inorganic polymer
idely used in the paper industry [20–22]. Indeed, the chemical

tructure (especially the presence of the reactive hydroxyl groups)
f kaolinite influences many chemical and ion exchange reactions
23,24]. Therefore, it can be considered as an excellent substrate
or anchoring metal oxides to form nanocomposites for a myriad of
pplications [25,26]. K-TiO2 nanocomposite has extensively been
eported owing to its ease of synthesis and it is an environmentally
enign process. Various TiO2 precursors such as TiCl4, TiOSO4 and Ti
IV) alkoxides have been used in the preparation process of K-TiO2
9,14,25–27]. Even though TiCl4 is still a cost-effective precursor,
ts volatility and the dimerization behavior that occurs during the
ynthesis process make this precursor difficult to handle.

Our research group has been providing a sequel clarifying the
se of TiOCl2 solution (rarely reported TiO2 precursor) to fabricate
arious photocatalysts with desirable properties for degradation
f organic contaminants [10–12,28–30]. Using TiOCl2 solution as a
iO2 precursor yields a homogeneous product with even distribu-
ion of primary particles and high TiO2 loadings. Indeed, it is a rarely
eported TiO2 source but it is a precursor of great importance since
t allows the formation of TiO2 materials at ambient conditions and
n a large-scale [11,12,28,31]. It is thought that the use of TiOCl2
s a TiO2 precursor and the synthetic route used to synthesize TiO2
oth influence the physicochemical properties of the final product.
or instance, in our previous study we found that abnormal grain
rowth can occur in ZrO2-TiO2 microstructures depending on the
i-to-Zr ratio and calcination temperature [10]. Thus, the synthesis
f various TiO2 based composites using TiOCl2 would increasingly
rovide flexibility in the production of diverse materials with desir-
ble properties for numerous industrial applications.

The present study proposes a controllable and reproducible
pproach to produce K-TiO2 photocatalysts with a mixture of TiO2
rystals and improved photochemical performance using titanium
xychloride as a TiO2 precursor. The influence of pH and TiO2
ontent on the microstructure of the K-TiO2 photocatalysts was
xquisitely investigated. Moreover, the photocatalytic properties of
he obtained photocatalysts were tested in the photodecolorization
f methylene blue solution to substantiate their practical reliability
n degrading non-biodegradable toxic pollutants.

. Experimental procedure

.1. Materials

TiOCl2 (25 wt.%) was procured from Kukdong Chemicals Co.
td., South Korea while ammonium hydroxide solution (28%) was
ought from Dae-Jung Chemical and Metal Co. Ltd., South Korea.
aolinite (Al2O7Si2·2H2O), Methylene blue hydrate and 60% HNO3
ere purchased from Sigma–Aldrich. These chemical reagents
ere used as acquired from their commercial sources without fur-

her purification.

.2. Synthesis process

In a typical experiment, 1.6 g kaolinite was added into 100 mL  of
eionized (DI) water and the suspension stirred at a temperature

f 50 ◦C for 2 h (solution A). TiO2 sol (solution B) was promptly
repared by the same procedures outlined in our previous report
ut with some modifications [32]. Concisely, 10 mL  of TiOCl2 solu-
ion and 60 mL  of DI water was stirred for 1 h followed by gelation
cience 331 (2015) 98–107 99

through drop-wise addition of ammonium hydroxide to obtain a
solid gel. The gel was then peptized in 30 mL,  0.02 M nitric acid
under vigorous stirring to obtain a TiO2 sol which was  further
stirred at room temperature for 1 h. Solution B was then added
drop-wise into solution A under vigorous stirring. The K-TiO2 sus-
pension was  further stirred at 50 ◦C for 1 h.

After 1 h, the suspension was  divided into two portions in order
to prepare two  different slurries at pH 4 and 8 through adjusting
pH with ammonium hydroxide solution. These slurries were then
aged at 80 ◦C for 6 h, filtered off and washed with water and then
dried at 120 ◦C for 6 h. The dried powders were thermally treated
in a box furnace at temperatures ranging from 400 to 900 ◦C for 2 h
in an air atmosphere. The raw samples were named KT1X (for the
K-TiO2 sample obtained when 1.6 g of kaolinite was  used; X is the
final pH of the slurry). The calcined samples were dubbed KT1X-
calcination temperature. For example, the sample obtained at pH 8
and calcined at 900 ◦C was  dubbed KT18-900. The same experimen-
tal procedures were followed through varying the feeding weight of
kaolinite to 0.8, 0.4 and 0.2 g in order to obtain KT2X, KT3X and KT4X
series, respectively. For the sake of comparison pure TiO2 powder
(TT00) was  synthesized according to procedures outlined in refer-
ence [10]. Briefly, the TiO2 sol obtained after peptization was stirred
at room temperature for 2 h. The pH of the sol was  adjusted to 6
and the obtained slurry was aged at a temperature of 80 ◦C for 4 h
under constant stirring. The product was  collected by filtration and
dried at 100 ◦C for 6 h and labeled TT (for pure titania); the samples
calcined at 400 and 600 ◦C were expressed as TT400 and TT600,
respectively.

2.3. Photodegradation experiment

The photodecolorization experiments of methylene blue (MB)
solutions were carried out to evaluate the practical reliability of the
composites yielded. A glass reactor equipped with a 100 W high-
pressure mercury lamp (UM-103B-B USHIO Japan) was  used and
the temperature of the solution maintained at 25 ◦C throughout the
experiment. Briefly, 200 mL  of a 32 mg/L MB  solution was placed in
the reactor followed by the addition of 0.6 g/L of the photocatalyst
(calculated depending on the amount of TiO2 in the sample as was
estimated by XRF). Firstly, the solution was  magnetically stirred
in darkness to determine the adsorption amounts of the samples.
After the first step, the suspension was irradiated under a UV light
source as a function of irradiation time under constant stirring.
During this process samples were regularly withdrawn from the
reactor, centrifuged (Heraeus Pico 17 Centrifuge-Thermo Scientific,
Germany) and the supernatants analyzed using a UV–vis spectrom-
eter. The photocatalytic decolorization of MB  was expressed as
a function of the relative concentration of MB solution (C/Co) at
a characteristic absorption of MB  at 660 nm with reaction time;
where Co is the initial concentration and C is the concentration
of MB  solution at an absorption of MB at 660 nm at time, t. Since
Ln Co/C = kt,  a linear relationship between the logarithm of relative
concentration of MB  (Ln Co/C) with the irradiation time was used to
estimate the decolorization rate constants (k) by the photocatalysts
used for photocatalytic reactions [10,11,33].

2.4. Characterization

The infrared spectra of the representative samples were
recorded by FTIR Spectrometry (Avatar 360 E.S.P, Nicolet). The IR
spectrometer was  equipped with a DTGS KB detector to measure
the transmittance of the KBr pellets containing 2 wt.% of the sam-

ple. An average of 64 scans with a wave number resolution of
4 cm−1 and optical velocity of 0.6334 cm−1 was collected from 400
to 4000 cm−1. The elemental content of the samples was deter-
mined by an X-Ray fluorescence Spectrometer (XRF; XRF-1700,



100 G.N. Shao et al. / Applied Surface Science 331 (2015) 98–107

605040302010

0

2500

5000

7500

10000

12500

15000
AA+B A+B

B

A

KT44-40 0

KT34 -40 0

KT24-40 0

KT14-40 0

TT400

KT44

KT34

KT24

KT14

R
el

a
ti

v
e 

in
te

n
si

ty
/c

o
u

n
ts

2 Theta  degre e

TT00

K

F
c
k

S
r
u
s
t
v
T
l
i
B
s
e
m

c
l
Q
1
s
u
e
s
d
c
(
t
o
m
2
w

3

3

g
p
c
t
a
i
c
p
t

605040302010

0

5000

10000

15000

20000

25000

30000

35000

40000

A+BB A+B

R
R

KT14 -900

KT44 -900

KT34-90 0

KT34-600

KT44-600

KT24-90 0

KT24 -600

KT14 -600

TT600

R
el

a
ti

v
e 

in
te

n
si

ty
/c

o
u

n
ts

2 The ta degree

R
R

A

R

Fig. 2. XRD of pure TiO2 calcined at 600 ◦C; K-TiO2 photocatalysts obtained at pH 4
and  calcined at 600 ◦C and 900 ◦C. B = brookite, A = anatase and R = rutile TiO2.
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Fig. 3. XRD of K-TiO2 photocatalysts obtained at pH 8 and calcined at different calci-
ig. 1. XRD of raw and calcined pure TiO2, raw samples of K-TiO2, K-TiO2 photo-
atalysts obtained at pH 4 and calcined at 400 ◦C. K represents the principal peak of
aolinite while B = brookite and A = anatase TiO2.

himadzu Co., Japan with a detection limit of 10 ppm and depth
esolution up to 10 �m).  ZAF corrections (atomic number, Z) were
sed to determine the molar ratios of the elements present in the
amples. An X-ray Diffractometer (XRD-6000, Shimadzu) was used
o record the X-ray diffractograms of the samples. The accelerating
oltage and applied current were 40 kV and 100 mA,  respectively.
he Scherer’s equation [34] was used to estimate the crystal-
ite size of the powders. A nitrogen gas adsorption–desorption
nstrument (Micrometrics ASAP 2020) was used to study the
runauer–Emmett–Teller (BET) surface area and the porosity mea-
urements of the raw and calcined samples. All the samples
xamined were degassed at 200 ◦C for 2 h prior to actual measure-
ents.
Thermogravimetric analysis (TGA) and differential TGA were

arried out using a differential thermal-thermogravimetric ana-
yzer (DT-TG 7300, SEIKO INST-Japan) and TGA, TA Instruments,
500, USA. It was performed in nitrogen gas at a heating rate of
0 ◦C/min from room temperature to 1000 ◦C. The Field emission
canning electron microscopy (FE-SEM, Hitachi S-4800, Japan) was
sed to study the morphology of the samples obtained at differ-
nt conditions. The FE-SEM was coupled with energy dispersive
pectroscopy (EDS) to assess the elemental composition of the pow-
ers synthesized via this method. X-ray mapping images were also
ollected during SEM analysis. Transmission electron microscopy
TEM, Jeol JEM 2100F, Korea) was employed to study the distribu-
ion and size of the particles. The diffuse reflectance Spectra (DRS)
f the samples was recorded by a UV–vis Spectrophometer (Shi-
adzu, UV-2600) using BaSO4 as a reference in the region from

00 to 900 nm.  A UV–vis Spectrometer (Optizen 2021 UV, Korea)
as used to acquire the absorption spectra.

. Results and discussion

.1. Crystal structure

The powder XRD analysis was essentially performed to investi-
ate the phase structure and crystallite size of the samples. The XRD
atterns of raw and calcined K-TiO2 samples with different TiO2
ontent and obtained at pH 4 are presented in Figs. 1 and 2 while
he diffractograms of the samples obtained at pH 8 and sintered
t the calcination temperatures of 400 ◦C and 600 ◦C are compiled

n Fig. 3. All samples obtained at different pH conditions and cal-
ined at different calcination temperatures showed different XRD
atterns. Fig. 1 shows that raw TiO2 was amorphous indicating
hat the sample was mainly composed of titanium hydroxides but
nation temperatures. K represents the principal peak of kaolinite while A = anatase
TiO2.

the peaks assignable to anatase TiO2 crystals were observed in the
sample calcined at 400 ◦C. All of the as-prepared K-TiO2 samples
obtained at different conditions retained the sharp peak of K (0 0 1)
at 2� = 12.3◦. Nevertheless, the intensity of the K (0 0 1) was  essen-
tially dependent on the amount of the TiO2 present in the sample.
In the samples with low amount of TiO2 (KT1 and KT2) a sharp peak
with high intensity can be observed while this peak is diminished
in the samples with higher amount of the TiO2 (KT3 and KT4).

A decrease of the sharp K (0 0 1) and K (0 0 2) peaks in the K-
TiO2 samples sintered at the calcination temperature of 400 ◦C was
noticed. The decrease of the kaolinite peaks is attributable to either
the intercalation or adsorption of Ti-polycations on the surface of
kaolinite [14,27]. This implies that the presence of the kaolinite
peaks in the samples depends both on the sintering temperature
and TiO2 content. Also, the samples calcined at 400 ◦C revealed the
presence of brookite and anatase TiO2 crystals. These TiO2 poly-
morphs were retained even after calcining the samples at 600 ◦C
(Fig. 2). Samples calcined at 900 ◦C reveal that the brookite and
anatase peaks observed in the KT14-600 and KT24-600 underwent
partially anatase-to-rutile transformation (ART) or brookite-to-
rutile phase transformation (BRT). A complete ART and BRT can

be observed in the KT34-900 and KT44-900 samples. The partial
phase transformation registered in KT14-900 and KT24-900 sam-
ples is due to the presence of high kaolinite content (≥33%) which
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Table  1
Grain size of different TiO2 particle obtained at different conditions.

Calcination temp. (◦C) Phase Sample name and crystallite size (nm)

KT14 KT18 KT24 KT28 KT34 KT38 KT44 KT48

600 Anatase 14.6 11.6 12.8 12.0 19.2 16.0 22.8 13.4
Brookite 16.7 – 30.6 – 28.3 – 27.7 –

38.0 31.2 – – – –
42.1 42.8 47.2 42.1 40.4 39.4
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Table 2
XRF composition of kaolinite-titania composites obtained at different conditions.

Amount of oxides (%)

Sample name TiO2 SiO2 Al2O3 K2O

Kaolinite – 55.17 42.05 2.78
KT18-400 42.71 29.79 26.24 1.26
KT28-400 67.26 16.87 15.15 0.72
KT38-400 81.22 9.64 8.74 0.40
KT48-400 89.13 5.68 4.97 0.22

4000350030002500200015001000500

K

KT18

KT28

KT18 -60 0

%
 T

ra
n
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it

ta
n

ce

wavenumbers (cm
-1

)

KT28-600
900  Anatase 26.7 29.2
Rutile  91.7 92.3 

uppressed the ART or BRT i.e. similar results have customarily been
eported elsewhere [11,13,28,32].

Fig. 3 shows the XRD diffractograms of the representative sam-
les of the K-TiO2 obtained at pH 8 and calcined at different
emperatures. A thorough comparison of the diffractograms of the
amples synthesized at pH 4 and pH 8 demonstrates appealing
esults. It can be noticed that the brookite peaks observed in the
amples synthesized at pH 4 and calcined at calcination temper-
tures ≤600 ◦C are absent in the sintered samples obtained at pH
. Thus, only the anatase TiO2 crystals formed in the K-TiO2 sys-
ems obtained at pH 8 and calcined at calcination temperatures
600 ◦C. This implies that the phase structure of K-TiO2 materials
epends on the calcination temperature, synthetic conditions and
he amount of the TiO2 present in the composite. Hence, the opti-

ization of these parameters is very fundamental during synthesis
f the composites with desirable physicochemical properties.

The effect of sintering on the microstructure of the K-TiO2
hotocatalysts reported by Wang et al. [35] revealed that the pres-
nce of kaolinite facilitates the formation of anatase and prevents
he ART. However, findings of the present study are different from
hose reported by Wang et al. demonstrating that the formation
f the TiO2 crystals in the K-TiO2 materials can be influenced by
everal factors. Meanwhile, the TiO2 products with mixed phase
xhibit higher photocatalytic performance than single phase [14].
t was formerly reported [36–38] that a TiO2 semiconductor with

 mixed phase can be synthesized through thermolysis of titanium
alides in strong acids. Zhang et al. [14] introduced a convenient
pproach for the preparation of K-TiO2 materials with a mixed
hase. It was found that the formation of different TiO2 crystals
epends on the drying and calcination temperatures of the result-

ng samples. It is thought that under favorable conditions such
s acidity and temperature, the presence of ligands from strong
cids facilitates the formation of Ti4+ monomers that can rear-
ange during polymerization to form different phases [36,37]. In
he present study, K-TiO2 composites were synthesized through
eacting kaolinite and TiO2 sol at pH 4 and 8 and subsequent cal-
ination of the obtained powders. Since the mixed phases were
ttained in the calcined samples prepared at pH 4, it can presumably
e thought that the sintering temperature facilitated the formation
f the different TiO2 crystals through rearrangement of the TiO6
ctahedral during polymerization and the crystal growth process
13,28].

The grain size of samples was estimated by the Scherrer
quation [34] and the results are summarized in Table 1. The grain
ize of the anatase in samples calcined at 600 ◦C was between
12 and 23 nm whereas brookite registered particle size ranging

rom ∼17 to 31 nm.  The grain size of the anatase TiO2 crystals
as significantly increased to ∼27–38 nm upon increasing the

alcination temperature to 900 ◦C. It can be noticed that the
article size of the rutile obtained after ART or BRT were larger
40–92 nm)  than those of either anatase or brookite. It is well

nown that rutile is the most thermodynamically stable phase
f TiO2; therefore calcination at higher temperatures facilitated
rain growth and ART [13,28]. Consequently, the coexistence of
natase and rutile in the KT14-900 and KT24-900 samples showed
Fig. 4. FTIR spectra of pure kaolinite, as-synthesized and calcined samples of K-TiO2

composites.

that phase transformation is dependent on the particle size, TiO2
content and the sintering temperatures. The grain size of rutile
was <93 nm indicating that these materials are thermally stable
and can be suitable for different applications [39].

3.2. XRF and FTIR analyses

Initially, the elemental content of pure kaolinite and K-TiO2
samples obtained at pH 8 and calcined at 600 ◦C were determined
by XRF and the results are presented in Table 2. Pure kaolinite used
in the present study contained K2O, SiO2, and Al2O3 metal oxides.
Through varying the feeding amount of kaolinite during synthesis
of K-TiO2, photocatalysts with kaolinite content <42% were yielded.
Fig. 4 shows the FTIR spectra of pure kaolinite, raw and calcined
powders of K-TiO2 obtained at pH 8. The IR spectra of the as-
synthesized KT18 and KT28 samples showed vibrations similar to
those displayed by pure K. The stretching and bending vibrations of
the O–H groups of the water adsorbed in the samples can be seen
at ∼3440 cm−1 and 1635 cm−1, respectively. The vibration bands of

Si–OH and Si–O can be seen at 1110, 1020, 802 cm−1 and 470 cm−1.
The bands at 3600–3720 cm−1 and 920 cm−1 are attributable to the
vibration of inner and outer Al–OH bonds [27,35]. The peaks corre-
sponding to the Si–O–Al heterolinkage are observed at 750, 700 and
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Table 3
Surface area, pore diameter and pore volume distribution of the samples obtained
at  pH 8.

Sample name Surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

TT00 328 0.27 3.1
K  8 0.03 28
KT18 169 0.12 4.1
KT28 259 0.13 3.7
KT38 265 0.12 3.4
KT48 320 0.13 3.3
TT600 88 0.15 4.8
KT18-600 47 0.10 3.7
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40 cm−1. The IR spectra of the KT18-600 and KT28-600 depict the
ubstantial disappearance of vibration bands assignable to Al–OH.
owever, there is the formation of a broad peak between 920 cm−1

nd 1280 cm−1 as a result of the superposition of Ti–O, Si–O and
l–O. It can also be seen that the stretching vibration of Ti–O and
i–O from 450 to 900 cm−1 masked the peaks for the symmetrical
ibration of Si–O–Si and Si–O–Al which appear at 540–780 cm−1

35]. Calcination of samples at higher temperatures facilitated the
ubsequent condensation of –OH groups from Si–OH and Ti–OH to
orm Si–O–Si, Ti–O–Si and Ti–O–Ti linkages and therefore the inten-
ities of –OH at 1630 cm−1 and 3440 cm−1were decreased [35]. It
as formerly reported [40] that during calcination the disordering

f the kaolinite structure occurs as a results of loosing –OH groups.
his leads to the disappearance of the peaks between 1000 cm−1

nd 1250 cm−1 and therefore a shoulder appears at ∼1200 cm−1 as
an be noticed in the IR results of the present study. XRD results
howed that the crystallinity of TiO2 increased with increasing cal-
ination temperatures with consequent disappearance of the sharp
aolinite peaks. This indicates that during thermal treatment, the
nteraction between kaolinite and TiO2 can be enhanced through
aolinite dehydroxylation and polymerization of TiO2 [31,40].

.3. UV–vis diffuse reflectance spectroscopy

The UV–Visible Diffuse Reflectance Spectra (UV–vis DRS) of the
amples yielded in this process was examined and the results are
resented in Fig. 5. Fig. 5A shows the UV–vis DRS spectra of pure
iO2 and K-TiO2 samples while Fig. 5B demonstrates a Tauc’s plot
sed for the estimation of the band gaps of the samples. All spectra
f the composite materials revealed a blue shift to higher energy
egions compared to pure and calcined TiO2. However, the absorp-
ion edge of all samples was below 400 nm.  The results of the
resent study are quite similar to those reported by Zhang et al.
14] signifying that the addition of kaolinite in TiO2 yields compos-
tes with superior optical properties. Therefore, these composites

ill have improved photocatalytic performances as a result of the
ormation of materials with improved redox ability. Moreover, the
auc’s plot in Fig. 5B shows that the band gaps of all samples are
entered between 3.0 and 3.2 eV.

.4. Nitrogen gas physisorption studies

The textural characteristics of the as-prepared and
alcined samples were investigated by the nitrogen gas
dsorption–desorption method at 77 K. A summary of the BET
urface areas, pore volumes, and pore sizes for these samples
re given in Table 3. The surface area of both raw and calcined

omposites was expectedly larger than that of pure kaolinite but
maller than that of pure TiO2. The highest surface area in the com-
osites was registered in the KT48 sample (320 m2/g) that is very
lose to that of pure TiO2 (327 m2/g). The BET surface areas of the
Fig. 5. UV–vis diffuse reflectance spectra of different photocatalysts (A) and their
corresponding band gaps (B).

composites and pure TiO2 were adversely decreased after sintering
as a result of crystallization [10,12,41]. Fig. 6 shows the nitrogen
gas adsorption–desorption isotherms and their respective pore
size distribution (PSD) of the representative samples. The nitrogen
gas adsorption–desorption isotherms of kaolinite, pure TiO2, raw
and composites calcined at 600 ◦C are presented in Fig. 6A. Pure
kaolinite exhibited an isotherm with a sharp adsorbent uptake
near P/Po = 1 signifying the presence of macropores. On the other
hand, pure TiO2, as-synthesized and calcined samples of K-TiO2
possess type IV isotherms depicting the presence of a mesoporous
structure [28,41,42]. Indeed, their hysteresis loops are centered at
relative pressures of 0.32 < P/Po < 0.85 representing the absence of
macropores.

A close assessment of the hysteresis loops of the TT00 sample
reveals the appearance of a triangular shape that can be catego-
rized as Type H2 according to the IUPAC classification systems.
The KT18, KT48 and their respective calcined samples (KT18-600
and KT48-600 as representative samples) also exhibited type
H2 hysteresis loops. Generally, type H2 portrays the presence

of aggregates with uniform channel-like pores [10,11,14,31].
The composites had smaller pore volumes than that of the TT00
sample but their pore sizes were essentially larger than that of
pure TiO2 (Table 3). The PSD of the samples obtained via this
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ig. 6. Nitrogen gas adsorption–desorption isotherms of pure TiO2, as-prepared
-TiO2 and samples calcined at 600 ◦C as representative samples (A) and their
espective PSD (B).

ynthetic approach are compiled in Fig. 6B. It can be noted that
ll samples (except pure K) displayed similar patterns of PSD
ut with different average pore diameters. The as-synthesized
amples displayed narrow pore distribution between 2 nm and
.5 nm while the calcined samples had broad distribution ranging
rom ∼3 to ∼7 nm.  The BET surface areas exhibited by the K-TiO2
omposites are superior to those reported in literature [14,27].
hus, the porous structure and BET surface areas exhibited by the
omposites obtained in the present study indicate that the samples
ight be suitable for heterogeneous catalysis.

.5. Morphology and microstructure of the photocatalysts

During sol–gel synthesis of materials, hydrolysis and conden-
ation processes occur. It is therefore necessary to evaluate the
ppropriate pH conditions suitable for the formation of the final
roduct with desirable properties for various applications. The pH
f the reaction has a profound effect on the phase structure and
orphology of the final product [43]. The morphology of the sam-

les obtained in the present study was studied by SEM and TEM
nalyses. The SEM images of the KT2 and KT4 series obtained at dif-
erent conditions are presented in Fig. 7 as representative samples

f the K-TiO2 composites. The morphological difference exhibited
y the samples upon varying the TiO2 content and pH can be
oticed. Initially, the morphology of the pure kaolinite revealed
he presence of plate-like structures. However, upon reaction with
cience 331 (2015) 98–107 103

TiO2 sol at different pH the kaolinite structures were essentially
reduced to smaller particles containing spherical aggregates of
TiO2. Fig. 7A–B compares the microstructure of the KT24-600 and
KT28-600 samples while Fig. 7C–D shows the images of the KT44-
600 and KT48-600 samples, respectively (samples with higher TiO2
loadings). At low pH the interaction between TiO2 and kaolinite
was enhanced leading to the formation of composites with well
distributed particles (Fig. 7A and C). In the KT44-600 sample, the
TiO2 nanoparticles appear to grow on the edge of the kaolinite
particles.

For the samples obtained at high pH (Fig. 7B and D),  some of the
plate-like kaolinite structures were retained with the TiO2 being
deposited on the surface. Further increase of the TiO2 content leads
to the stacking of the TiO2 aggregates (Fig. 7D). This indicates that
the formation of homogeneous photocatalysts can be achieved at
low pH. Fig. 8 shows the X-ray mapping images and EDAX spectrum
of the KT34-600 sample. X-ray mapping images portray that the
elements were well distributed which is the necessary criterion for
a photocatalyst suitable for heterogeneous catalysis. Moreover, the
EDAX spectrum of this sample demonstrates that the composite
consisted of Ti, Si, Al, O and K.

Fig. 9A presents the TEM images of the KT44-600 and KT48-
600 samples. It can be seen that the photocatalysts consist of small
particles less than 35 nm.  The grain size observed from TEM anal-
ysis is very close to the grain size estimated by XRD (Table 1). The
high-resolution TEM images of these samples reveal the presence
of particles with a well-developed crystalline structure as a result
of crystallization (Fig. 9B and D). Another notable feature is the
aggregation behavior of the sample synthesized at pH 8 compared
to the sample obtained at pH 4. It can be seen that the particles of
the samples obtained at pH 8 were more aggregated than the grain
obtained at pH 4. SEM image (Fig. 7D) revealed that the aggrega-
tion of the KT48-600 particles was  brought about by the stacking
of the TiO2 nanoparticles. The crystalline structure, the formation
of a Ti-rich composites and homogeneous distribution of the parti-
cles will presumably improve the photocatalytic properties of the
composites obtained via this process.

3.6. Thermal analysis

K-TiO2 composites with white fine particles, thermally sta-
ble, chemically inert at pH of 4–9 and non-toxic are suitable
for photodegradation of organic pollutants and bacterial photo-
disinfection in the water treatment process; filler in the paper
industry and UV filters [9,20,21,35,44,45]. The effect of the heat
treatment in the KT18, KT48 and pure kaolinite samples was
studied by the TGA-DTA analyses and the results are essentially pre-
sented in Fig. 10. The TGA curve of pure kaolinite shows a negligible
weight loss in the temperatures <480 ◦C. Abrupt weight loss occurs
at temperatures between 480 ◦C and 670 ◦C due to dehydroxyla-
tion of water in the silicate layers [22,27]. The endothermic peak
centered at ∼530 ◦C in the differential scanning calorimetric profile
is ascribed to this process [46]. On the other hand, the composites
displayed TG-DTA curves which are more or less different from that
displayed pure kaolinite. Notable weight loss from the initial heat-
ing temperature to 230 ◦C is attributed to desorption of physisorbed
water. Weight loss at 460–670 ◦C reveals the dehydroxylation of
water in the silicate layers and crystallization of TiO2 [13,27,32].
It was  formerly reported [21,22] that sintering of the kaolinite at
temperatures between 550 ◦C and 650 ◦C leads to the formation of
metakaolin as the crystal structure of kaolinite breaks leaving an
amorphous mixture of alumina and silica (Consider equation (1)

below from reference [22]).

Si2Al2O5
Kaolinite

(OH)4
550−700 ◦C−→

�
Al2O3 · 2SiO2 + 2H2O

Metakaolin
(1)
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ig. 7. SEM images of the K-TiO2 photocatalysts obtained at different pH and calc
T48-600.

In the presence of Ti–O– polymeric networks, Ti–O–Ti, Ti–O–Si,
i–O–Al and Si–O–Si can bridge through condensation of the –OH
roups on the metal oxide networks [11,12,27]. The desorption
f water and dehydroxylation processes are exquisitely substan-
iated by the appearance of a broad endothermic peak at 100 ◦C
nd 528 ◦C in the DTA curve, respectively. The broad exother-
ic  peak that appears in the DTA curve at ∼390 ◦C suggests the

ormation of TiO2 crystals as a result of crystallization and inter-

onnection of kaolinite with TiO2 [27]. Additionally, the weight
oss from the temperatures ≥600 ◦C is negligible indicating that a
table composite can be yielded through sintering at these partic-
lar temperatures. The TGA curves have shown that only ∼15% of

ig. 8. X-ray mapping images and EDAX spectrum of the K-TiO2 photocatalyst KT34-600 
t 600 ◦C as representative samples; (A) KT24-600 (B) KT28-600 (C) KT44-600 (D)

the composite was lost after heating the samples to 1000 ◦C. This
signifies that the composites obtained in the present study are ther-
mally stable hence different phases can be obtained through vary-
ing the sintering temperatures as was confirmed by the XRD results
(Figs. 1–3).

3.7. Photocatalytic properties
The high surface area and porous structure displayed by the K-
TiO2 composites might influence the photocatalytic behavior of the
samples as can substantially provide more adsorptive and pho-
tocatalytic active sites favorable for degradation of toxic organic

as a representative sample showing the presence and distributions of the elements.
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ig. 9. Representative TEM images of the K-TiO2 samples obtained at different co
mages.

ollutants [14,27]. The photocatalytic performance of the compos-
tes obtained in the present study was simply examined in the
egradation of methylene blue solution in the presence of artifi-
ial UV light. A series of composites was obtained at pH 4 and 8

nd then calcined at temperatures ranging from 400 ◦C to 900 ◦C.
reliminary photocatalytic experiments indicated that the samples
btained at pH 4 and calcined at 600 ◦C possessed better activities
han those calcined at 400 ◦C and 900 ◦C and were also superior
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to the activities of the samples synthesized at pH 8 and calcined
at different temperatures. Hence, only the activities of KT14-600,
KT24-600, KT34-600 and KT44-600 will be discussed in this report
and ultimately compared with photochemical performance of the

ZrO2-TiO2 composites reported in our previous study [10].

Prior to actual irradiation, the adsorption–desorption behavior
of the samples was examined. Fig. 11 displays the time depend-
ent adsorption–desorption behavior of methylene blue solution.
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ig. 12. Photocatalytic decolorization of MB  solution by pure TiO2 and K-TiO2 photo-
atalysts calcined at 600 ◦C.

n the absence of UV light the amount up to 5% was  adsorbed in
he composites however, stirring the MB  solutions for ≥20 min
as enough to establish the adsorption–desorption equilibrium.

ig. 12 presents the photodecolorization of MB solution by the
-TiO2 photocatalysts calcined at 600 ◦C under UV light illumina-

ion. The photocatalytic efficiency of the TT600 sample is included
or the sake of comparison. It is noticeable that the used samples
isplayed different activities depending on their physicochemical
roperties such as TiO2 content, calcination temperature, crys-
alline structure, crystallite size, surface area and porous structure.
sing KT34-600 and KT44-600 samples, a photodecolorization effi-
iency ≥89% can be achieved within 70 min  of irradiation. The
T34-600 exhibited the highest activity while the activity of the
T600 sample was higher than that of KT14-600. The photochem-
cal performance of the samples appeared to obey the pseudo
rst-order reaction; thus the Langmuir–Hinshel–Wood model was
sed to estimate the rate constant of the photocatalysts [11,33,47].
ig. 13 shows the linear correlation between the logarithms of
elative concentration of MB  solution (Ln Co/C) against the reac-
ion time of the TiO2 and K-TiO2 samples calcined at 600 ◦C. From
his plot it can be noticed that the rate constant of each of the
amples is different implying that the performance depends on
arious physicochemical properties of materials. The rate constant
f the KT34-600 sample was the largest while the KT14-600 sam-

le was the lowest. Structural characterization of the composites
evealed that Ti-rich photocatalysts with well-developed mixed
hase structures and porous structure were produced after cal-
ination at different calcination temperatures. The photocatalytic
Fig. 13. Linear correlation between the logarithms of relative concentration of MB
solution (Ln Co/C) against the reaction time of the TiO2 and K-TiO2 samples calcined
at  600 ◦C.

performance of the samples obtained herein was largely influenced
by the porous structure, amount of the TiO2 in the composite, crys-
tallinity, particle size and crystallite size.

The photocatalytic performance of the obtained samples was
compared with the results obtained from our previous report using
ZrO2-TiO2 photocatalysts [10]. In that particular report the photo-
catalytic performance of the ZrO2-TiO2 composites with different
TiO2 contents ranging from 30 to 60% was investigated in the decol-
orization of methylene blue. The sample with the 60% of TiO2
(Zr/Ti = 0.8) registered the highest activity of all. In the present
study, K-TiO2 composites with the TiO2 content ranging from ∼40
to 90% were synthesized and the sample with the TiO2 content
of ∼80% displayed the highest activity. In the present study we
anticipated the samples with ∼60% TiO2 content to be the most
active photocatalyst unfortunately, different results were obtained.
A careful comparison of the rate constant of the samples with high-
est activities obtained in these two studies reveals that the rate
constant of K-TiO2 sample was 0.0306/min whereas that of the
ZrO2-TiO2 with the Zr-to-Ti ratio of 0.8 was  0.0343/min. It can be
seen that the rate constants of these photocatalysts are very close
but it is notable that ZrO2-TiO2 was  a better photocatalyst. In both
cases, the photochemical properties of the obtained photocatalysts
were improved as a result of the introduction of ZrO2 and kaolinite,
which improved the adsorptive capacity, porous structure and crys-
tallinity of the materials to enhance their photochemical properties
[14,48,49]. However, the possibility of synthesizing photoactive K-
TiO2 composites using convenient synthetic routes and precursors
is interesting and recommendable.

4. Conclusions

In the present study, the effect of pH, TiO2 content and cal-
cination temperature on the crystalline structure, porosity and
morphology of the kaolinite-titania composites was  investigated.
A versatile, economical and reproducible sol–gel route was used to
synthesize K-TiO2 samples with different TiO2 content at pH 4 and
8 using titanium oxychloride as a TiO2 source. The XRD, TGA and
FTIR analyses revealed that kaolinite is incorporated in TiO2 after

◦
thermal treatment and the calcination temperature ≥400 C was
sufficient to enhance the chemical interaction of the components.
It was  observed that TiO2 crystals with a mixed phase (brookite
and anatase) could be obtained in the samples synthesized at pH 4
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25] J. Tokarský, P.J. Čapková, Burda, structure and stability of kaolinite/TiO2

nanocomposite: DFT and MM computations, J. Mol. Model 18 (2012)
2689–2698.

26] Z. Lu, M.  Ren, H. Yin, A. Wang, C. Ge, Y. Zhang, L. Yu, T. Jiang, Preparation of nano-
sized anatase TiO2-coated kaolin composites and their pigmentary properties,
Powder Technol. 196 (2009) 122–125.

27] K. Mamulová Kutláková, J. Tokarský, P. Kovář, S. Vojtěšková, A. Kovářová, B.
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