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Abstract

Carbon-coated Ti©were prepared by a simple heat treatment of the powder mixtures of anatase-ty8TFTL) with poly(vinyl alcohol)
(PVA) at a temperature from 700 to 900. Carbon-coated anatase Fi€howed high photoactivity for the decomposition of iminoctadine
triacetae (IT) in its dilute solution under UV irradiation. For all carbon-coated,Ti® relation between relative concentration of IT in the
solution and irradiation time could be approximated to be linear, its dag@responding to the rate constant of decomposition reaction
of IT molecules. Photoactivity measured by the rate constares found to depend strongly on the full width at a half maximum intensity
(FWHM) of 101 diffraction line of anatase phase, i.e., its crystallinity. The higkesiue was obtained at around 0i& 29 of FWHM.
From repeated uses of the photocatalysts, it was experimentally proved that the pollutants, IT, adsorbed onto carbon layers coated on anatas
were able to be decomposed under UV irradiation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oxysulfate TIOSQ and found to be stable by annealing at
700°C for 24 h, which resulted in a high crystallinity and high
Anatase-type TiQ have attracted attention of scientists photocatalytic activity, much higher than as-prepared. Pho-
because of its photocatalytic activity for the decomposition of tocatalytic activity of anatase was discussed in the relation
various environmental pollutants, such as,N@air and fer- to the full width of half maximum intensity of X-ray diffrac-
tilizers in water{1-10]. Various investigations on the prepa- tion line[16]. For the photodecomposition of methylene blue
ration of anatase-type TiOwere carried out; from titanium  in water and diluted NO in air, different crystallinities were
tetraethoxide under hydrothermal condition above Z5@s found to be requirefiL7].
the particles with 20—30 nm siZ&1], vapor hydrolysis of It was also found that carbon coating of anatase particles
titanium tetraisopropoxide at 26C as nano-sized particles was very effective to suppress the phase transformation to
[12], destabilization of aqueous titanium lactate belowa@0  rutile, to resultin a high crystallinity and consequently to give
as thin films on various substratgk3], decomposition of  high photoactivity, even better than the one without carbon
titania-hydrate coated on hollow glass sph¢td$, etc. Inour coating, in addition to the adsorptivity due to porous carbon
previous papdil5], anatase-type Tigpowders were synthe-  layers coated and to prevent the reaction of anatase particles
sized under a simple hydrothermal condition from titanium with organic binder§18—20] On a series of carbon-coated
anatase samples, photocatalytic activity was studied for the
* Corresponding author. Tel.: +81 97 554 7904; fax: +81 97 554 7904. decomposition of phenol and two azo dyes, methylene blue
E-mail addresstoyoda22@cc.oita-u.ac.jp (M. Toyoda). and reactive black 5, in wat§21,22]
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On the other hand, outflow of low-concentrated agricul- water paths in the field, so that it was desired to remove these
tural chemicals for river or sewerage is caused to ill effects dissolved IT molecules in order to avoid the contamination
in crops and human body. Therefore, resolving of its low- of the river.
concentrated agricultural chemicals will be expecting inthe  The sample photocatalyst of 10mg was dispersed in
worldwide. In the present work, photoactivity for the decom- 1000 mL aqueous solution of IT with the concentration of
position of iminoctadine triacetate, one of agricultural chem- 100 ppm. The solution thus prepared was irradiated by ultra-
icals, was studied on a series of carbon-coated anatase samvioletrays (UV) under stirring. UV irradiation was performed
ples, the same as those used in our previous Wa&s22] from two black light lamps of 20 W power, intensity of UV
and was discussed in the relation to the crystallinity of photo- rays at the position of the solution being measured to be
catalyst anatase. In order to check the cyclability, the present11.6 W/n?. During UV irradiation, 0.7 mL of the solution
photocatalysts were repeatedly used. was sampled and the concentration of IT remained in the

solution was determined by a high performance liquid chro-

matography. Some of photocatalysts were repeatedly used by
2. Experimental being transferred to fresh solution of IT with the same con-

centration of 100 ppm, in order to check the cyclability of

Pristine anatase powders were commercially available carbon-coated anatase.
ones (ST-01, Ishihara-Sangyo Co., Ltd.). Their average parti- ~ Adsorption of IT by the sample powders was measured in
cle size measured by X-ray diffraction was about 7 nm, which the dark after the saturation of the concentration change in
seemed to make aggregates of about 60 nm under scanningfs solution with initial concentration of 100 ppm.
electron microscope. Their BET surface area was rather high
as 300 M/g.

Carbon coating of these anatase particles was carried ou8. Results and discussion
as follows; mixing of poly(vinyl alcohol) in different mass
ratios and then heating at a temperature between 700 and.1. Characteristics of carbon-coated anatase
900°C for 1 h in nitrogen gas flow. Carbon-coated anatase
powders were found to keep almost the same morphologi-  After heat treatment of the mixtures of ST-01 and PVA,
cal features as pristine anat4$8,21] Without carbon coat-  the powder thus obtained looked completely black, even the
ing, the pristine anatase particles were sintered to grow muchsample SP95-700 and SP90-900 having the smallest amount
larger, consequently BET surface area decreasing te?89p m  of carbon coated. From X-ray powder diffraction patterns, the
after heating to 700C and to 2 /g after 900°C. The details principal crystalline phase was confirmed to be anatase type
on carbon coating and resulting carbon-coated samples werestructure, though the samples heated at“@@ontained a
reported in our previous papdtsB,22] The samples usedin  small amount of reduced phases of 3jGuch as Oz, as
the present work are listed Table 1 with preparation con-  summarized iffable 1 X-ray powder patterns of this series
dition, amount of carbon coated and apparent BET surface of samples were shown in our previous pad&]j. No aggre-
area. gation of carbon-coated anatase was observed under scanning

In order to evaluate the photoactivity of the carbon-coated electron microscope and the anatase particles were reason-
anatase, iminoctadine triacetate,4853N70g, guaranteed  ably supposed to be covered by thin carbon layer through
grade of reagent, IT) was selected. It was used in the rice ortransmission electron microscofg,20]
orchard field as an insecticide by the contact. IT shows strong BET surface area measured on carbon-coated anatase was
bactericidal action to the cause of a disease mycelium. A partonly apparent value, because of the contributions from two
of it was often dissolved into field water and came out to components, anatase and carbon. If the facts that the pristine

Table 1
Samples used in the present work
Sample code Preparation condition Amount of carbon BET surface area XRD (phases)
— - - - coated (mass%) (m?/g)

Mixing ratio TiO2/PVA Temperature®C) Residence time (h)
ST-01 100/0 - - 0 300 A
SP50-700 50/50 700 1 15 130 A
SP70-700 70/30 700 1 9 120 A
SP90-700 90/10 700 1 5 60 A
SP95-700 95/5 700 1 2 40 A+trace R
SP50-800 50/50 800 1 14 164 A
SP50-900 50/50 900 1 10 170 A
SP70-900 70/30 900 1 8 130 A
SP80-900 80/20 900 1 5 100 A+N
SP90-900 90/10 900 1 2 50 A+N

A: anatase; R: rutile, N: FO7 phase.
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Fig. 1. Relation between adsorption of IT by carbon-coated E&nples and carbon amount of carbon-coated Ti@alysts obtained from different heat-
treatment conditions.

anatase ST-01 gave a small BET surface area, abou?g0m Pristine anatase ST-01 are also plotted in the same figure for
after 700°C treatment and about 2%y after 900°C, and also comparison. Pristine anatase ST-01 gives the fastest decom-
that the main component was anatase, more than 85 mass®osition of IT, but for carbon-coated anatase photocatalysts
were taken into consideration, however, the carbon layersthe decomposition proceeds slower than the pristine ST-01,
formed on the anatase particles are reasonably supposed to béepending strongly on the samples. The sample SP95-700
responsible for these high apparent BET surface area valueds close to the pristine ST-01, but the sample SP70-700 and
observed. The formation of the carbons with high surface SP90-900 decompose IT more slowly.
area was experimentally proved through the same procedure Forall photocatalysts used in the presentwork, the relation
using MgO as a substrate, which was dissolved out by an acidbetween In¢/co) and irradiation time can be approximated to
to isolate the carbon formga3]. be linear, and so the slogeof the line observed on each
photocatalyst was calculated. Here, the slkperresponds

3.2. Adsorption of IT

— 1 . r T T 1
Adsorption of IT was found to be small on all samples ;‘

used, in the order of 1 mol IT/g of carbon-coated anatase. ST-01

As adsorption of IT into starting Ti§) ST-01, tried in dark, it eho0100

became clear that its amount of adsorption was small as well SP70-700

as carbon coating Ti©In Fig. 1, the adsorbed amounts of IT SP50-500

into the samples are plotted against amount of coated carbor 2§§2ﬁ§§3

measured. Even though there is a scattering of the experi-

mental points, adsorption by the present samples depends o1

the amount of carbon coated.
For the same carbon-coated anatase samples, pronounce:

adsorption of methylene blue was observed, markedly larger g

than for pristine anatase ST-01, even though apparent BET £

surface area measured on carbon-coated anatase was mucg

smaller, 40-170 Rig, than that of pristine anatase (308&/g)

[22]. The small adsorption of IT is supposed to be due to a

large size of its molecule. Because molecule size of IT was

large with ca. 50 nm, it guessed that pores of the suitable size

to adsorb it did not exist. P e
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3.3. Photodecomposition of IT

. . . . . . Fig. 2. Changesin relative concentratie of IT decomposition under UV
Relative concentration of I'E/co, is plotted in logarithmic irradiation on TiQ and carbon-coated Tizatalysts prepared from different
scale againstirradiation time of UV rayshigy. 2 The dataon contents of PVA and heat-treatment conditions in logarithmic scale.
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Fig. 3. Relation between rate constant for decomposition of IT by carbon-

coated TiQ samples and carbon amount of its catalysts obtained from dif- Fig. 4. Dependence of rate constanon FWHM of 101 diffraction line

ferent heat-treatment conditions. of anatase of Ti@ without carbon and carbon-coated piCatalysts pre-
pared from different heat-treatment conditions. For convenience, apparent

to the rate constant of decomposition reaction of IT molecules crystallite size is also scaled.

which can be approximated by the equation:

of which a large amount was adsorbed into the carbon layers
coated, the largestvalue was much higher than the pristine
as the case for methylene blue, reactive black 5 and phenolST-01. In other molecules, including the present IT, even the
in our previous paper1,22] largestk value observed on the present carbon-coated anatase
In Fig. 3 rate constank determined on each photocata- could not overcome thke value of the pristine ST-01 (with-
lyst is plotted against the amount of coated carbon. For eachout carbon coating) and their adsorption into carbon-coated
heat treatment temperature, 700 and @k depends onthe ~ photocatalysts was not so large.
amount of carbon coated, but its dependence is completely ~Often crystallite size calculated from the observed FWHM
different from each other; by 70@ treatmenk decreases  Using Sherrer's equation. However, it is known that the
with increasing carbon content, bkishows a maximum at FWHM is due to both Crystallite size and lattice strain, so
around 8 mass% of carbon at 9GD. Although thickness of ~ thatthe reported values of crystallite size is only apparent val-
carbon layer coated on anatase particles could not be deterl€s, neglecting the contribution of lattice strain. The present
mined directly, itis reasonably supposed that the higher is the Pristine anatase ST-01 consisted of small primary particles of
amount of coated carbon the thicker is the carbon layer onabout 7nm size and gave very broad diffraction lines of X-
anatase. Therefore, the result showhiin 3suggests thatthe  rays, which may suggest the presence of alarge amount of lat-
decomposition rate observed on the carbon-coated anatas#ce strain. Even after heat treatment at 900the diffraction
depends on different parameters, thickness and porosity oflines for carbon-coated anatase were bifd&, revealing no
carbon layers coated. marked annealing in structure. Therefore, the contribution of
For anatase powders synthesized either under hydrother/attice strain to the broadening of diffraction lines might not
mal condition or sol-gel method, rate constamheasured e negligibly small in most of the present samples. This is
on photodecomposition of methylene blue was reported to the reason why FWHM was used to characterize the crys-
depend on full width at half maximum intensity (FWHM) tallinity of the samples irFig. 4. For comparison, however,
of 101 diffraction line of anatase phase and showed that athe scale of apparent crystallite size, neglecting lattice strain,
narrow range of FWHM gives high rate const4h6,17] was shown irFig. 4
For the present series of carbon-coated anatase, the rate con-
stants for the decomposition of some dyes, methylene blue3.4. Cyclic performance of carbon-coated anatase
and reactive black 5, and phenol were discussed as a func-
tion of FWHM of anatase pha$21,22] Rate constark for In order to check cyclic performance, the present photo-
the decomposition of IT in the present work is also plot- catalysts were repeatedly usedFig. 5, the plots of In¢/cg)
ted against FWHM of 101 diffraction line, as shown in versus irradiation time for first and second cycles of pho-
Fig. 4 todecomposition of IT by using the same photocatalysts are
Though the number of samples was limited and there wasshown. The samples of photocatalyst were kept first in the
scattering of the experimental points, the higHest given dark for 200 h to saturate the adsorption of IT and then ex-
at the FWHM of around 05(Cu Ka) although it is a little posed to UV irradiation (first cycle). After about 100 h, the
smaller than th&-value for the pristine ST-01. Forthe decom- sample was separated from the test solution by filtering and
position of other molecules, using the same carbon-coatedthen dispersed again into a virgin solution with 100 ppm con-
anatase, very similar dependencek oh FWHM of anatase  centration, being again kept in the dark for about 200 h and
phase were observgdl,22] In the case of methylene blue, then irradiated by UV (second cycle).

¢ = co exp(—kr)
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propose a possibility of application of these hybrid materials

1st cycle 2nd cycle
100 g —r— ———— | for water purification. For practical application, the control
. of rates of adsorption and photodecomposition is desired to
& S get appropriate combination of these two functions. The pos-

sibility of cyclic use of the present carbon-coated anatase is
also promising for practical applications.
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