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Chemical composition (wt.%)

Sample Bang gap energy (eV)
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HT/5 3.76 88.16 1.48 3.06 2.29
HT/10 3.58 89.12 1.87 3.06 2.26
HT/15 5.68 83.44 5.60 3.18 2.13
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Nanocomposite of K 3Ti4O73(0H);7 fiber and anatase TiO, nanoparticle was prepared by hydrothermal
treatment of the Ko 3TizO73(0OH);7 which was synthesized by calcination of K;CO3; and TiO; at 1250°C
followed by refluxing in nitric acid. Effects of hydrothermal treatment conditions such as temperature
and time on morphology, phase composition and crystal structure of the nanocomposites were exten-
sively studied. Photocatalytic activities of the catalysts prepared at various hydrothermal conditions were
evaluated by means of methylene blue decomposition under blacklight irradiation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Titanium oxide compound in the form of titanate layer have
been recently reported to exhibit high photocatalytic activity com-
pared to its parent TiO, powder [1-4]. A chemical formular of
the titanate layer compound is A,OnTiyO, (where N=2-8 and
A=alkaline). Crystal structure and property of the layer titanate
are dependent on the value of N. The titanates with N=2-4 have a
layered structure and those with N=6-8 have a tunnel structure.
The titanate layer compound can be synthesized by hydrothermal
treatment of the TiO, in alkaline solution such as HysNagsTi3O7
[5] and Na,TigOq3 [6], by solid-state reaction such as K;TizOqg [7],
Cs,TiyOs [8], Cs2Tis041 [8] and Cs,TigO13 [8] or by sol-gel reac-
tion followed by calcination such as Na;Ti307 [9], NayTigOq3 [9],
K;TigO13 and K;TigOg [10]. It has been reported that the alka-
line titanate layer structure had a lower photoactivity than that of
the protonic structure [3]. In some instances, the fibrous protonic
titanate was hydrothermally treated at 140-220°C for 2-12h to
eliminate water molecules in the structure of the protonic titanate,
as well as to improve crystallinity. This resulting fibrous compound
had smaller dimension than the protonic titanate compound [1,3].

* Corresponding author.
E-mail address: sittinun@swu.ac.th (S. Tawkaew).

0254-0584/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2008.03.031

In this present work, a nanocomposite of the potassium titanate
layer compound and anatase TiO, crystals was prepared and its
morphological and phase changes during hydrothermal treatment
was investigated. Photoactivity was evaluated by decomposition of
methylene blue dye.

2. Experimental
2.1. Materials and reagents

A commercial TiO, powder (Cotiox KA-100) was used as a starting material
and purchased from a Cosmochemical Limited (Korea). It was pure anatase and had
particle size in a range of 250-300 nm. A K,CO3 was used as a potassium source for
the preparation of potassium titanate and purchased from an Asia Pacific Specialty
Chemical Limited (Australia). A methylene blue dye was purchased from a Riedel-de
Haen Limited (Germany). HNO3; and HCl acids were purchased from J.T. Baker (USA).
A KOH was purchased from a Nippon Soda (Japan).

2.2. Preparation of potassium hydrogen titanate—anatase TiO, composite

A potassium titanate precursor was synthesized by calcination of a mixture of
the K,CO3 and TiO; at 1250°C for 30 min in an ambient atmosphere. A molar ratio
of the K,CO3 and TiO, was fixed at 1:3. The potassium hydrogen titanate was pre-
pared by refluxing 10 g of the potassium titanate precursor in 500 mL of 1M HNO;
for 1h. Composites of the potassium titanate fiber and anatase TiO, nanoparticles
were then synthesized by a hydrothermal method as follow. The hydrogen titanate
fiber was dispersed in de-ionized water and then subjected to hydrothermal treat-
ment in a 314 stainless steel autoclave at 140-220°C for 3, 6, 12, 18 and 24 h. The
products were filtered, washed three times with de-ionized water, and dried at
105°C overnight. The photocatalyst was assigned as HT-t-T, where t is a time for
the hydrothermal treatment and T is a hydrothermal temperature. For instance,
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a HT-2-220 represents the photocatalyst prepared by hydrothermal at 220°C for
2h.

2.3. Photocatalytic activity determination

Photocatalytic activity was evaluated based on a photodegradation of the methy-
lene blue dye which was carried out in a Pyrex® reactor having a diameter of 3.4 cm
and a height of 60 cm. Two black light lamps of 18 W were used as the light source.
A gap between the lamp and the Pyrex® reactor was set at 1 cm. The methylene blue
photodecomposition was carried in 350 mL suspension containing 0.28 g of catalyst.
Dye concentration was 20 gL', After a pH adjusted to 7 with 0.1 M H,S0y4 acid, the
suspension was air-bubbled and the 18-W black light was irradiated. The suspension
was sampled every 20 min, centrifuged at 2500 rpm for 20 min and then filtered by
using a polyamide membrane (pore size=0.2 wm, Goettingne Ltd., Germany). The
methylene blue concentration was determined by measuring its absorption at a
wavelength of 663 nm, and its corresponding concentration was obtained from a
calibration curve.

2.4. Analysis

Crystal structure and microstructure of the photocatalysts were measured by
using an X-ray diffractometer (XRD, JDX-3530, JEOL, Japan), and a scanning electron
microscope (SEM, JSM 6301F, JEOL, Japan) and a transmission electron microscope
(TEM, JEM-2010, JEOL, Japan), respectively. A chemical composition and specific sur-
face area were determined by using an X-ray fluorescence (XRF, Philips PW-2404)
and a Quantachrome Autosorb-1, respectively. Absorbance of the methylene blue
solution was measured by using a UV-Vis spectrometer (Shimadsu UV-1610, Japan).

3. Results and discussion

Fig. 1 shows XRD patterns of the starting TiO, powder, the
potassium titanate prepared by calcination of the TiO, and the
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Fig. 1. XRD patterns, ratio of phase intensity and atomic ratio of K/Ti of strat-
ing material and hydrothermal product of Ko3TisO73(0OH); after 6h. where ¢
K5Tig0g-2.2H,0; B 1(0_3T14O7_3(0H)1.7: @ anatase TiO,.

K,CO3, the as-refluxed titanate and the titanate after subjecting
to the hydrothermal treatment at various temperatures for 6 h. The
starting TiO, had pure anatase phase (JCPDF# 21-1272), while the
product prepared by calcination of the TiO, and the K,CO3 was
identified as K;TizOg-2.2H,0 (JCPDF# 38-0697). After the refluxing
process, a main peak (at 26=8.2°) of the K;Tiz09-2.2H,0’s pat-
tern shifted to 11.5°, indicating the formation of K 3TizO73(0OH) 7
(JCPDF# 38-0698). The peaks corresponding to the anatase TiO,
was also present after the reflux.

Aratio of relative intensity of the main peak of the anatase phase
(260=25.3°) and that of the Kg3TizsO73(OH);7; phase (20=11.5°),
(IA/TH), was calculated and the result shown as an inset of Fig. 1.
There was no significant different of the phase ratio for the
sample hydrothermally treated at <200°C. The ratio dramati-
cally increased for the sample hydrothermally treated at 220°C.
Narrower peak together with increased relative intensity of the
anatase peaks upon the increase of hydrothermal temperature indi-
cates a crystallite growth and an increase of crystallinity of the
anatase phase. An atomic ratio of K:Ti of the as-refluxed sam-
ple (without hydrothermal treatment) was 0.026. After subjecting
to hydrothermal treatment at 140-200°C for 6h, the K:Ti ratio
was about the same order with that of the as-refluxed sample
(insert, Fig. 1), indicating that no significant Ky 3Ti4O073(OH);7-to-
TiO, phase transformation occurred which is in good agreement
with a result of phase ratio analysis.

Fig. 2 shows SEM images of the samples whose XRD patterns are
shown in Fig. 1. Both the K;Tiz0g9-2.2H,0 and Ky 3TizO073(0OH); 7
have similar fibrous morphology. Diameter of these fibers ranges
from 0.5 to 5 pm. The morphology of the prepared catalysts was
significantly different from that of the starting TiO, which was very
fine spherical powder. The hydrothermal product was still a fibrous
structure, but the fiber size was slightly smaller than the size of
the original K;TizOg-2.2H,0 precursor. The specific surface area of
the Ti02, KzTi409~2.2H20 and I<0'3Ti407‘3(0H)1b7 was 8.65, 3.25 and
84.72 mg m~2, respectively.

Fig. 3 shows TEM images of the K;TizOq-2.2H,0, as-
refluxed Ko 3Ti4O73(0OH)7 and the nanocomposite obtained after
hydrothermal treatment at 220°C for 6h. The K;TizOq-2.2H,0
(Fig.3(a)) had layer structure, while the Kq 3Ti4073(OH); 7 (Fig. 3(b))
had fibrous structure containing very fine anatase TiO,. After
hydrothermal treatment, anatase nanocrystals of 10-20 nm formed
at the surface of the titanate fibers (Fig. 3(c)). This TEM observation
confirmed the XRD result regarding the formation of the anatase
phase upon hydrothermal treatment.

Fig. 4 shows XRD patterns of the Ky 3TizO73(OH);7 hydrother-
mally treated at 220 °C for various times. The IA/IH ratio increased
approximately linearly with a hydrothermal time. The main peak
corresponding to the anatase phase became slightly more well
defined upon an increase of hydrothermal time. The atomic ratio
of K:Ti was found to be decreasing with the increase of hydrother-
mal time. That is, the ratio decreased from 0.026 for the sample
before subjecting to hydrothermal treatment (HT) to 0.008 for the
sample hydrothermally treated for 24 h. A decrease of K:Ti ratio
is attributed to the increase of Ky3TizO73(0OH);7-to-anatase TiO,
phase transformation with the increase of hydrothermal time. SEM
images of these Ky 3Ti4O73(0OH); 7 powders are shown in Fig. 5. The
size of fibrous structure was found to be slightly decreasing with
the increase of the hydrothermal time.

Formation of the anatase crystal during hydrothermal treatment
of the titanate fiber has been previously reported by Yin et al. [2-4].
It has been proposed that the anatase was formed via dehydration
of protonic titanate hydrates followed by decomposition of the pro-
tonic titanate to TiO, and H,0. These proposed reactions occurred
only at hydrothermal temperature of 225 °C. No TiO, was detected
at hydrothermal temperature of 200 °C. In our work, the anatase
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Fig. 2. Microstructures of the starting TiO,, K;Ti4Oq-2.2H,0 precursor, as-refluxed hydrogen titanate (HT) and the products after subjecting to hydrothermal treatment at

140-220°C for 6 h.

crystals formed during the reflux treatment of the K;Ti4Og-2.2H,0
fibrous powder. The structure of titanate layer is not stable by the
thermal treatment in hot solution of high concentration acid solu-
tion (>1.0M) [11,12]. The hydrothermal stability of layer titanate
structure decreases with the increase of proton concentration and
increases with the increase of alkaline ion concentration [11].
Result of photooxidation of the methylene blue by the pre-
pared photocatalysts is shown in Fig. 6. A decrease of methylene
blue concentration could be attributed to absorption and/or
photodegradation processes. In the absent of the photocatalyst
(referred to as “Blank”), the methylene blue can be degraded by
itself because it absorbed light, and generated electrons which then
reacted with dissolved oxygen to form an active hydroxyl radical.
In the dark period, the suspension containing the K;Ti4Og-2.2H,0
catalyst had the least concentration of methylene blue, indicating
the highest adsorption. The major XRD peak (at26 = 8.2°, not shown)
taken from the K, TizOg-2.2H,0 photocatalyst after dye adsorption
showed broader peak and had lower relative intensity compared to
that before dye adsorption, indicating that the dye intercalated in
a layer of the K, TigOg-2.2H;0. This finding is similar to the study of
Cardoso et al. [13] that the K5 TigOg had the highest methylene blue
absorption. After light irradiation, the dye concentration slightly
decreased indicating its low photodecomposition activity. On the

other hand, in the presence of K;Ti4Og-2.2H,0 or TiO, photocat-
alyst, methylene blue adsorption in the dark period was in much
lesser extent but the methylene blue concentration significantly
decreased under light irradiation, indicating high photocatalytic
activity.

The reaction rate constant was used to measure the photo-
catalytic activity of the catalysts. We utilized a pseudo-first-order
reaction for degradation of organic matter in solution [14] and its
kinetics can be expressed as:

Cm = Cvo eXp — kqt, (3)

where kq is the apparent reaction rate constant, Cyp and Cy; are
the initial concentration and the concentration of the methylene
blue at time, respectively. The effect of photocatalytic activity of
the prepared samples on the rate of methylene blue degradation
calculated by using the data from Fig. 6 is shown in Fig. 7.

The reaction rate constant of methylene blue photoox-
idation by the prepared photocatalysts was found to be
in the order of Ky3TizO73(0OH);7-anatase composite >starting
TiO; > K5 Tig0g-2.2H,0 > Blank (Fig. 6) which was in similar trend
to a result of synthetic dye decomposition by hydrogen titanate
nanofibers [12]. Reaction rate constant of the HT hydrother-
mally treated for 6 h increased with the increase of hydrothermal
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Fig. 3. TEM images of the K;TizO9-2.2H,0 precursor (a), as-refluxed HT (b) and HT-220-6 h (c).

temperature, although the specific surface area was decreasing
(Fig. 7(a)). The increase activity can be attributed to the formation
of well crystalline anatase TiO, nanoparticle during hydrothermal
treatment as revealed by the XRD, TEM and surface area studies
in Figs. 1, 3 and 7(a), respectively. The reaction rate constant of
the HT hydrothermally treated at 220 °C drastically increased with
hydrothermal time for up to 6h and drastically decreased after-
wards (Fig. 7(b)). High photoactivity observed during the first 6 h

of hydrothermal treatment was attributed to their microstructural
and phase changes as the fibrous Ky 3Ti4073(0H); 7 was converted
to composite of fibrous Kg3Ti4O73(0H)7 and crystalline anatase
TiO, nanoparticles which were mostly attached to the fibrous
Ko3Tiz073(0OH); 7 surface. Some photo-generated electrons in the
TiO, grains can be transferred from the TiO, nanoparticles to the
Ko 3Tig073(0H), 7 fibers. This phenomenon suppressed a recom-
bination reaction between the generated electrons and holes [7].
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Fig. 4. XRD patterns of the hydrothermally treated samples (B Ko 3Ti4O73(0H)17; ®

anatase). Insert shows ratios of phase intensity and K:Ti.
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Fig. 6. Methylene bule dye concentration profile during photooxidation by various
photocatalysts (@ Blank; A TiO,; B K;TigOg-2.2H;0 and O HT).

At long hydrothermal treatment time (i.e. more than 6h for this
present study), there was more decomposition of Ky 3Ti4073(0OH); 7
fibrous structure to form TiO, particles as indicated by the increase
of XRD peak intensity of the anatase together with the decrease of
potassium titanate peak intensity in Fig. 4. The decrease of pho-
toactivity of the catalysts treated longer than 6 h might be caused
by unsuitable ratio of the two phases which lower the ability to
suppress the electron-holes recombination.

~— 1ogym '

Fig. 5. SEM micrographs of the as-refluxed sample (HT) and the products after hydrothermal treatment at 220°C for 3-24 h.
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Fig. 7. Reaction rate constant and specific surface area of the photocatalysts pre-
pared at various conditions (Bl rate constant; 4 specific surface area).

4. Conclusions

Hydrothermal treatment of the Ky 3Ti4O73(0OH), 7 fibrous com-
pound resulted to slight reduction of a fiber dimension, and
more importantly the formation of the anatase TiO, nanoparti-
cles attached to the Ky 3TizO73(0OH)7 fibers. The TiO, formation
was significant at the hydrothermal temperature of 220°C which
was the highest temperature employed. Longer hydrothermal time
resulted to higher content of the anatase. However, the highest
photocatalytic activity was obtained from the catalyst prepared
at 220°C and 6h due to its suitable phase composition of the
Ko 3TizO073(0OH); 7 fiber and the anatase TiO, nanoparticles.
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