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Photoactivity of carbon-coated anatase for decomposition
of iminoctadine triacetate in water
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Abstract

Carbon-coated TiO2 were prepared by a simple heat treatment of the powder mixtures of anatase-type TiO2 (ST-01) with poly(vinyl alcohol)
(PVA) at a temperature from 700 to 900◦C. Carbon-coated anatase TiO2 showed high photoactivity for the decomposition of iminoctadine
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riacetae (IT) in its dilute solution under UV irradiation. For all carbon-coated TiO2, the relation between relative concentration of IT in
olution and irradiation time could be approximated to be linear, its slopek corresponding to the rate constant of decomposition rea
f IT molecules. Photoactivity measured by the rate constantk was found to depend strongly on the full width at a half maximum inte
FWHM) of 1 0 1 diffraction line of anatase phase, i.e., its crystallinity. The highestk value was obtained at around 0.5◦ in 2θ of FWHM.
rom repeated uses of the photocatalysts, it was experimentally proved that the pollutants, IT, adsorbed onto carbon layers coate
ere able to be decomposed under UV irradiation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Anatase-type TiO2 have attracted attention of scientists
ecause of its photocatalytic activity for the decomposition of
arious environmental pollutants, such as NOx in air and fer-
ilizers in water[1–10]. Various investigations on the prepa-
ation of anatase-type TiO2 were carried out; from titanium
etraethoxide under hydrothermal condition above 250◦C as
he particles with 20–30 nm size[11], vapor hydrolysis of
itanium tetraisopropoxide at 260◦C as nano-sized particles
12], destabilization of aqueous titanium lactate below 100◦C
s thin films on various substrates[13], decomposition of

itania-hydrate coated on hollow glass spheres[14], etc. In our
revious paper[15], anatase-type TiO2 powders were synthe-
ized under a simple hydrothermal condition from titanium
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oxysulfate TiOSO4 and found to be stable by annealing
700◦C for 24 h, which resulted in a high crystallinity and h
photocatalytic activity, much higher than as-prepared.
tocatalytic activity of anatase was discussed in the rela
to the full width of half maximum intensity of X-ray diffrac
tion line[16]. For the photodecomposition of methylene b
in water and diluted NO in air, different crystallinities we
found to be required[17].

It was also found that carbon coating of anatase part
was very effective to suppress the phase transformati
rutile, to result in a high crystallinity and consequently to g
high photoactivity, even better than the one without ca
coating, in addition to the adsorptivity due to porous car
layers coated and to prevent the reaction of anatase pa
with organic binders[18–20]. On a series of carbon-coat
anatase samples, photocatalytic activity was studied fo
decomposition of phenol and two azo dyes, methylene
and reactive black 5, in water[21,22].
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On the other hand, outflow of low-concentrated agricul-
tural chemicals for river or sewerage is caused to ill effects
in crops and human body. Therefore, resolving of its low-
concentrated agricultural chemicals will be expecting in the
worldwide. In the present work, photoactivity for the decom-
position of iminoctadine triacetate, one of agricultural chem-
icals, was studied on a series of carbon-coated anatase sam-
ples, the same as those used in our previous works[18–22],
and was discussed in the relation to the crystallinity of photo-
catalyst anatase. In order to check the cyclability, the present
photocatalysts were repeatedly used.

2. Experimental

Pristine anatase powders were commercially available
ones (ST-01, Ishihara-Sangyo Co., Ltd.). Their average parti-
cle size measured by X-ray diffraction was about 7 nm, which
seemed to make aggregates of about 60 nm under scanning
electron microscope. Their BET surface area was rather high
as 300 m2/g.

Carbon coating of these anatase particles was carried out
as follows; mixing of poly(vinyl alcohol) in different mass
ratios and then heating at a temperature between 700 and
900◦C for 1 h in nitrogen gas flow. Carbon-coated anatase
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water paths in the field, so that it was desired to remove these
dissolved IT molecules in order to avoid the contamination
of the river.

The sample photocatalyst of 10 mg was dispersed in
1000 mL aqueous solution of IT with the concentration of
100 ppm. The solution thus prepared was irradiated by ultra-
violet rays (UV) under stirring. UV irradiation was performed
from two black light lamps of 20 W power, intensity of UV
rays at the position of the solution being measured to be
11.6 W/m2. During UV irradiation, 0.7 mL of the solution
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
being transferred to fresh solution of IT with the same con-
centration of 100 ppm, in order to check the cyclability of
carbon-coated anatase.

Adsorption of IT by the sample powders was measured in
the dark after the saturation of the concentration change in
its solution with initial concentration of 100 ppm.

3. Results and discussion

3.1. Characteristics of carbon-coated anatase
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owders were found to keep almost the same morpho
al features as pristine anatase[18,21]. Without carbon coa

ng, the pristine anatase particles were sintered to grow m
arger, consequently BET surface area decreasing to 302/g
fter heating to 700◦C and to 2 m2/g after 900◦C. The detail
n carbon coating and resulting carbon-coated samples
eported in our previous papers[18,22]. The samples used
he present work are listed inTable 1, with preparation con
ition, amount of carbon coated and apparent BET su
rea.

In order to evaluate the photoactivity of the carbon-co
natase, iminoctadine triacetate (C24H53N7O6, guarantee
rade of reagent, IT) was selected. It was used in the ri
rchard field as an insecticide by the contact. IT shows s
actericidal action to the cause of a disease mycelium. A
f it was often dissolved into field water and came ou

able 1
amples used in the present work

Sample code Preparation condition

Mixing ratio TiO2/PVA Temperature (◦C) Resi

ST-01 100/0 – –
SP50-700 50/50 700 1
SP70-700 70/30 700 1
SP90-700 90/10 700 1
SP95-700 95/5 700 1
SP50-800 50/50 800 1
SP50-900 50/50 900 1
SP70-900 70/30 900 1
SP80-900 80/20 900 1
SP90-900 90/10 900 1

: anatase; R: rutile, N: Ti4O7 phase.
Amount of carbon
coated (mass%)

BET surface area
(m2/g)

XRD (phases

time (h)

0 300 A
15 130 A
9 120 A
5 60 A
2 40 A + trace R

14 164 A
10 170 A
8 130 A
5 100 A + N
2 50 A + N

After heat treatment of the mixtures of ST-01 and P
he powder thus obtained looked completely black, eve
ample SP95-700 and SP90-900 having the smallest am
f carbon coated. From X-ray powder diffraction patterns
rincipal crystalline phase was confirmed to be anatase
tructure, though the samples heated at 900◦C contained
mall amount of reduced phases of TiO2, such as Ti4O7, as
ummarized inTable 1. X-ray powder patterns of this ser
f samples were shown in our previous paper[18]. No aggre
ation of carbon-coated anatase was observed under sc
lectron microscope and the anatase particles were re
bly supposed to be covered by thin carbon layer thr

ransmission electron microscopy[18,20].
BET surface area measured on carbon-coated anata

nly apparent value, because of the contributions from
omponents, anatase and carbon. If the facts that the p
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Fig. 1. Relation between adsorption of IT by carbon-coated TiO2 samples and carbon amount of carbon-coated TiO2 catalysts obtained from different heat-
treatment conditions.

anatase ST-01 gave a small BET surface area, about 30 m2/g
after 700◦C treatment and about 2 m2/g after 900◦C, and also
that the main component was anatase, more than 85 mass%,
were taken into consideration, however, the carbon layers
formed on the anatase particles are reasonably supposed to be
responsible for these high apparent BET surface area values
observed. The formation of the carbons with high surface
area was experimentally proved through the same procedure
using MgO as a substrate, which was dissolved out by an acid
to isolate the carbon formed[23].

3.2. Adsorption of IT

Adsorption of IT was found to be small on all samples
used, in the order of 10−5 mol IT/g of carbon-coated anatase.
As adsorption of IT into starting TiO2, ST-01, tried in dark, it
became clear that its amount of adsorption was small as well
as carbon coating TiO2. In Fig. 1, the adsorbed amounts of IT
into the samples are plotted against amount of coated carbon
measured. Even though there is a scattering of the experi-
mental points, adsorption by the present samples depends on
the amount of carbon coated.

For the same carbon-coated anatase samples, pronounced
adsorption of methylene blue was observed, markedly larger
than for pristine anatase ST-01, even though apparent BET
s muc
s
[ to a
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t
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c
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pristine anatase ST-01 are also plotted in the same figure for
comparison. Pristine anatase ST-01 gives the fastest decom-
position of IT, but for carbon-coated anatase photocatalysts
the decomposition proceeds slower than the pristine ST-01,
depending strongly on the samples. The sample SP95-700
is close to the pristine ST-01, but the sample SP70-700 and
SP90-900 decompose IT more slowly.

For all photocatalysts used in the present work, the relation
between ln(c/c0) and irradiation time can be approximated to
be linear, and so the slopek of the line observed on each
photocatalyst was calculated. Here, the slopek corresponds

F V
i nt
c

urface area measured on carbon-coated anatase was
maller, 40–170 m2/g, than that of pristine anatase (300 m2/g)
22]. The small adsorption of IT is supposed to be due
arge size of its molecule. Because molecule size of IT
arge with ca. 50 nm, it guessed that pores of the suitable
o adsorb it did not exist.

.3. Photodecomposition of IT

Relative concentration of IT,c/c0, is plotted in logarithmi
cale against irradiation time of UV rays inFig. 2. The data o
h

ig. 2. Changes in relative concentrationc/c0 of IT decomposition under U
rradiation on TiO2 and carbon-coated TiO2 catalysts prepared from differe
ontents 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 TiO2 samples and carbon amount of its catalysts obtained from dif-
ferent heat-treatment conditions.

to the rate constant of decomposition reaction of IT molecules
which can be approximated by the equation:

c = c0 exp(−kt)

as the case for methylene blue, reactive black 5 and phenol
in our previous papers[21,22].

In Fig. 3, rate constantk determined on each photocata-
lyst is plotted against the amount of coated carbon. For each
heat treatment temperature, 700 and 900◦C,kdepends on the
amount of carbon coated, but its dependence is completely
different from each other; by 700◦C treatmentk decreases
with increasing carbon content, butk shows a maximum at
around 8 mass% of carbon at 900◦C. Although thickness of
carbon layer coated on anatase particles could not be deter-
mined directly, it is reasonably supposed that the higher is the
amount of coated carbon the thicker is the carbon layer on
anatase. Therefore, the result shown inFig. 3suggests that the
decomposition rate observed on the carbon-coated anatase
depends on different parameters, thickness and porosity of
carbon layers coated.

For anatase powders synthesized either under hydrother-
mal condition or sol–gel method, rate constantk measured
on photodecomposition of methylene blue was reported to
depend on full width at half maximum intensity (FWHM)
of 1 0 1 diffraction line of anatase phase and showed that a
n
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Fig. 4. Dependence of rate constantk on FWHM of 1 0 1 diffraction line
of anatase of TiO2 without carbon and carbon-coated TiO2 catalysts pre-
pared from different heat-treatment conditions. For convenience, apparent
crystallite size is also scaled.

of which a large amount was adsorbed into the carbon layers
coated, the largestk value was much higher than the pristine
ST-01. In other molecules, including the present IT, even the
largestkvalue observed on the present carbon-coated anatase
could not overcome thek value of the pristine ST-01 (with-
out carbon coating) and their adsorption into carbon-coated
photocatalysts was not so large.

Often crystallite size calculated from the observed FWHM
using Sherrer’s equation. However, it is known that the
FWHM is due to both crystallite size and lattice strain, so
that the reported values of crystallite size is only apparent val-
ues, neglecting the contribution of lattice strain. The present
pristine anatase ST-01 consisted of small primary particles of
about 7 nm size and gave very broad diffraction lines of X-
rays, which may suggest the presence of a large amount of lat-
tice strain. Even after heat treatment at 900◦C, the diffraction
lines for carbon-coated anatase were broad[18], revealing no
marked annealing in structure. Therefore, the contribution of
lattice strain to the broadening of diffraction lines might not
be negligibly small in most of the present samples. This is
the reason why FWHM was used to characterize the crys-
tallinity of the samples inFig. 4. For comparison, however,
the scale of apparent crystallite size, neglecting lattice strain,
was shown inFig. 4.
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arrow range of FWHM gives high rate constant[16,17].
or the present series of carbon-coated anatase, the ra
tants for the decomposition of some dyes, methylene
nd reactive black 5, and phenol were discussed as a

ion of FWHM of anatase phase[21,22]. Rate constantk for
he decomposition of IT in the present work is also p
ed against FWHM of 1 0 1 diffraction line, as shown
ig. 4.

Though the number of samples was limited and there
cattering of the experimental points, the highestk is given
t the FWHM of around 0.5◦ (Cu K�) although it is a little
maller than thek-value for the pristine ST-01. For the deco
osition of other molecules, using the same carbon-co
natase, very similar dependences ofkon FWHM of anatas
hase were observed[21,22]. In the case of methylene blu
.4. Cyclic performance of carbon-coated anatase

In order to check cyclic performance, the present ph
atalysts were repeatedly used. InFig. 5, the plots of ln(c/c0)
ersus irradiation time for first and second cycles of p
odecomposition of IT by using the same photocatalyst
hown. The samples of photocatalyst were kept first in
ark for 200 h to saturate the adsorption of IT and then
osed to UV irradiation (first cycle). After about 100 h,
ample was separated from the test solution by filtering
hen dispersed again into a virgin solution with 100 ppm
entration, being again kept in the dark for about 200 h
hen irradiated by UV (second cycle).
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Fig. 5. Cycling performance of IT decomposition with changes in relative
concentrationc/c0 under UV irradiation in logarithmic scale.

In the dark, relative concentration change before second
cycle irradiation was very little, revealing that the carbon
layer was almost saturated by IT. By UV irradiation, how-
ever, abrupt decreases in IT concentration are observed in
the second cycle, as fast as in the first cycle. Therefore, IT
molecules in the solution were decomposed by the photoac-
tivity of carbon-coated anatase. No marked difference in the
rate constantk of decomposition reaction of IT molecules,
i.e., the slope of the lines inFig. 5, on first and second cycle
was recognized. From these results, cyclic performance for
decomposition of IT and reusing of carbon-coated anatase
were revealed. By taking into consideration of the fact that
the pollutant IT molecules have to be adsorbed into carbon
layer coated and then diffuse to anatase surface through car-
bon layer, the present results on cyclic use of carbon-coated
anatase reveals that adsorbed IT is decomposed by the sub
strate anatase.

4. Conclusion

For carbon-coated anatase, photocatalytic activity for the
decomposition of iminoctadine triacetate was experimentally
approved, which showed the same dependence on FWHM of
1 0 1 diffraction line of anatase phase. Hybridization of pho-
t pli-
c -
t t the
p e de-
c m to

propose a possibility of application of these hybrid materials
for water purification. For practical application, the control
of rates of adsorption and photodecomposition is desired to
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.

Acknowledgement

The present work was supported partly by the Grant-in-
Aid of Basic Research B (no. 15350124) of JSPS and partly
by the Research Project of Environmental Technology De-
velopment Fund.

References

[1] D.F. Ollis, H. Al-Ekabi (Eds.), Photocatalytic Purification and Treat-
ment of Water and Air, Elsevier, Amsterdam, 1993.

[2] K. Kato, Y. Torii, H. Tada, T. Kato, Y. Butsugan, K. Nihara, J. Mater.
Sci. Lett. 15 (1996) 913–915.

[3] J.-M. Herrmann, H. Tahiri, Y. Ait-Icho, G. Lassaletta, A.R.
Gonzalez-Elipe, A. Fernandez, Appl. Catal. B: Environ. 13 (1997)
219–228.

[4] R.R. Basco, J. Kiwi, Appl. Catal. B: Environ. 16 (1998) 19–29.
[5] J. Grezchulska, M. Hamerski, A.W. Morawski, Water Res. 34 (2000)

ev.

[
[ Res.

[ am.

[ am.

[ 9.
[ , J.

[ pl.

[ on.

[ a-

[ pl.

[ ki,

[ pl.

[ , J.

[ B.
oactivity with adsorptivity is expected to open new ap
ations of both photocatalyst anatase-type TiO2 and adsorp
ive porous carbons. It was experimentally proved tha
ollutants adsorbed onto carbon layers were able to b
omposed under UV irradiation. The present results see
-

1638–1644.
[6] M.R. Hoffman, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. R

95 (1995) 69–96.
[7] N. Serpone, Res. Chem. Intermed. 20 (1994) 953–992.
[8] D.F. Ollis, C. Turchi, Environ. Prog. 9 (1990) 229–234.
[9] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1993) 341–357.
10] P. Pichat, Catal. Today 19 (1994) 313–333.
11] K. Yanagisawa, Y. Yamamoto, Q. Feng, N. Yamasaki, J. Mater.

13 (1998) 825–829.
12] C.K. Chan, J.F. Porter, Y.-G. Li, W. Guo, C.-M. Chan, J. Am. Cer

Soc. 83 (1999) 566–572.
13] S. Baskaran, L. Song, J. Liu, Y.L. Chen, G.L. Graff, J. Am. Cer

Soc. 81 (1998) 401–408.
14] D.-Y. Shin, K. Kimura, J. Ceram. Soc. Jpn. 107 (1999) 775–77
15] M. Inagaki, Y. Nakazawa, M. Hirano, Y. Kobayashi, M. Toyoda

Inorg. Mater. 3 (2001) 809–811.
16] M. Toyoda, Y. Nanbu, Y. Nakazawa, M. Hirano, M. Inagaki, Ap

Catal. B: Environ. 49 (2004) 227–232.
17] M. Inagaki, T. Imai, T. Yoshikawa, B. Tryba, Appl. Catal. B: Envir

51 (2004) 247–254.
18] T. Tsumura, N. Kojitan, I. Izumi, N. Iwashita, M. Toyoda, M. In

gaki, J. Mater. Chem. 12 (2002) 1391–1396.
19] T. Tsumura, N. Kojitani, H. Umemura, M. Toyoda, M. Inagaki, Ap

Surf. Sci. 196 (2002) 429–436.
20] M. Toyoda, T. Tsumura, Y. Nanbu, M. Omura, M. Inaga

Mizukannkyou Gakkaishi 26 (2003) 209–214 (in Japanese).
21] B. Tryba, T. Tsumura, M. Janus, A.W. Morawski, M. Inagaki, Ap

Catal. B. Environ. 50 (2004) 177–183.
22] B. Tryba, A.W. Morawski, T. Tsumura, M. Toyoda, M. Inagaki

Photochem. Photobiol. A, Chem. 167 (2004) 127–135.
23] M. Inagaki, S. Kobayashi, F. Kojin, N. Tanaka, T. Morishita,

Tryba, Carbon, in press.


	Photoactivity of carbon-coated anatase for decomposition of iminoctadine triacetate in water
	Introduction
	Experimental
	Results and discussion
	Characteristics of carbon-coated anatase
	Adsorption of IT
	Photodecomposition of IT
	Cyclic performance of carbon-coated anatase

	Conclusion
	Acknowledgement
	References


