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Abstract Photocatalytic degradation of methylene blue (MB) in aqueous solution was investigated using TiO, coated on
various acid modified activated carbon fiber (ACF). The ACFs/TiO, composites were prepared from titanium n-butoxide
(TNB) as titanium precursor and various acid modified ACFs. The prepared samples are heat treated at 973 K. Then the
ACF/TiO, composites were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), energy
dispersive X-ray analysis (EDX). Moreover, photocatalytic degradation of MB by the ACF/TiO, composites was determined
under UV irradiation. The results shows that the photocatalytic activity of ACF/TiO, composites (AT1~AT4) prepared with
TNB and various acid modified ACF was much better than that of ACF/TiO, composite (AT) prepared with TNB and non-
acid modified ACF, and the effects improved with order of sample AT3 > AT4> AT1> AT2.
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1. Introduction

Recently, industrialization and agricultural development,
together with population growth, has drastically reduced
clean water resources with various kinds of contaminants
entering water. Developments in the field of chemical
water purification have led to an improvement in oxida-
tive degradation processes applying catalytic and photo-
chemical methods [1,2]. In last decade, environmental
purification using TiO, as a photocatalyst has attracted a
great deal of attention because of its chemical stability,
robustness against photo corrosion, low toxicity, low
pollution load, and availability at low cost [3, 4]. How-
ever, the fine TiO, represents high photoactivity and a
significant quantum effect is commonly in nanometer
size, the problem of separation and recovery of photo-
catalyst from the reaction medium exists.

Activated carbon (AC) is has widely been used as a
support in gas and water remediation because of its good
adsorption, and supported TiO, exhibits a synergism that
has marked effects on the kinetics of disappearance of pol-
lutants, each pollutant being more rapidly photodegraded
[5-8]. However, AC is commonly used in the forms of
granules and powder, and there remain some difficulties in
filtering and recovery from water. The ACF has received
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increasing attention in recent years as an adsorbent. Com-
paring to AC, ACFs are produced in the form of felt or
cloth, with high BET surface area and micropore volume
[9]. However, common ACF have inadequate adsorption
capacity for toxic gases (especially for basic gases),
because they usually posses a nonpolar surface due to the
high temperature conditions of their manufacture (their
polar components feature a basic nature). It is a well-
known fact that surface oxygen complexes including car-
boxyl and phenolic hydroxyl groups have an acidic nature,
and acidic adsorbents strongly interact with basic adsor-
bates due to the Lewis acid-base interaction [10-13].

Therefore, in this work, acid treatment was applied to
ACEF surfaces in order to introduce surface oxygen com-
plexes, and ACF was selected as an adsorptive support
for TiO, loading. The composites were performed using
TNB and various acid modified ACF, following by heat
treatment at suitable temperature. The ACF/TiO, com-
posites were characterized by SEM, XRD and EDX. To
determine the photocatalytic decomposition of the com-
posites, methylene blue (MB) was chosen as the model
pollutant under UV irradiation.

2. Experimental

2.1. Materials

TNB (99.9 %) was purchased from Acros organics
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Table 1
The properties of ACF
Physical properties Units
Density 1.23~1.91 g/ml
Electrical resistivity 52%107~6.8 x 10~ Qrem
Diameter 12~15p
Tensile strength 4~6 x 10° Pa
Tensile modulus 3% 10"4 x 10" Pa
Elemental carbon > 95 wt%

Co., Ltd, USA, as the titanium source. ACF were pur-
chased from EAST ASIS Carbon Fibres Co., Ltd, AnS-
han, China. The properties of ACF were shown at Table
1. The acids HCI, HNO,, H,SO, and H;PO, which used
to modify the ACF, were obtained from Duksan Pure
Chemical Co., Ltd, Korea. Benzene (99.5 %) was used
as organic solvents which were purchased from Sam-
chun Pure Chemical Co., Ltd, Korea. The methylene
blue (MB, C,,H(N,;S-CI-3H,0) was used as analytical
grade which was also obtained from Duksan Pure
Chemical Co., Ltd, Korea.

2.2. Preparation of ACF/TiO, composites

For the preparation of ACF/TiO, composites, 5.0 g
ACFs were milled to powders. And then the ACFs
powders were boiled in 100ml 0.1 M HCI, HNO,,
H,SO, and H;PO, at 333 K for 3 h, respectively. Acid
modified ACF powders were dried at 378 K to remove
the acid which remained in the ACF powders. The dried
ACF powders were mixed in a mixing solution of TNB
and benzene with a regular ratio of 50 : 50, stirring at
343 K for 5h in an airtight container. After the stirring
the solutions were transformed to the ACF and TiO,
mixed gels, and these gels were heat treated at 973 K
for 1 h with a heating rate of 279 K/min. The prepara-
tion condition and code of samples were listed in Table 2.

Synthesized powders were characterized by various
techniques. SEM was used to observe the surface state
and structure of the ACF/TiO, composites. The analy-
ses were carried out by using a JSM-5200 JOEL elec-

tron microscope (Japan). XRD was used for crystal
phase identification. XRD patterns were obtained at
room temperature with a Shimata XD-D1 (Japan) using
CuKa radiation. EDX was used to measure the elemen-
tal analysis of the ACF/TiO, composites. UV-vis spectra
for the MB solution degraded by ACF/TiO, composites
under UV lamp irradiation were recorded using a
Genspec (Hitachi, Japan) spectrometer.

2.3. Photocatalytic decomposition for MB solution

The photocatalytic effects of ACF/TiO, composites
were determined using MB decomposition in aqueous
solution under an UV lamp (356 nm, 1.2 mW/cm®). Ac-
cording to former works [14, 15], the initial MB con-
centration was chosen 1.0 x 10~ mol/l, and the amount
of suspended composites was kept at 1 g/l in 50 ml MB
solution. Before turning on UV lamp, the solution mixed
with composites was kept in the dark for at least 2 h,
allowing the adsorption-desorption equilibrium to be
reached. Then, the solution was irradiated with UV. The
first sample was taken out at the end of the dark adsorp-
tion period (just before the light was turned on), in order
to determine the MB concentration in solution, which
was hereafter considered as the initial concentration (c,)
after dark adsorption. Samples were then withdrawn
regularly from the reactor by an order of 30 min, 90 min,
150 min and 300 min, and immediately centrifuged to
separate any suspended solid. The clean transparent
solution was analyzed by a UV-vis spectrophotometer
[16,17]. The spectra (550~750 nm) for each sample
were recorded and the absorbance was determined at
characteristic wavelength 660 nm for the each MB solu-
tion degraded.

3. Results and Discussion
3.1. Morphology and structure of ACF/TiO, composites

The surface morphology and crystal grown state of

Table 2
Nomenclatures of ACF/TiO, composites prepared with TNB and various acids modified ACF
Samples Nomenclatures
ACF + titanium n-butoxide (50 ml) AT
HCl treated ACF + titanium n-butoxide (50 ml) + benzene (50 ml) AT1
HNO,; treated ACF + titanium »-butoxide (50 ml) + benzene (50 ml) AT2
H,SO, treated ACF + titanium »-butoxide (50 ml) + benzene (50 ml) AT3
H,PO, treated ACF + titanium »-butoxide (50 ml) + benzene (50 ml) AT4
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Fig. 1. Scanning electron micrographs of ACF/TiO, composites prepared with TNB and various acids modified ACF. AT: (a) and
(b); AT1: (c) and (d); AT2: (e) and (f); AT3: (g) and (h) and AT4: (i) and (j).
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TiO, on the surface of various acid modified ACF were
observed by SEM. The samples obtained after heat-
treating at 973 K turned to black color, so the particles
of TiO, were covered on the ACF surface which pro-
duced by the carbonization. The SEM morphology of
ACF/TiO, composites prepared with TNB and various
acid modified ACF was shown in Fig. 1. After heat
treatment of 973 K, the TiO, particles were coherent each
other, which formed the TiO, clusters on the surface of
ACF. And the titanium complex particles regularly dis-
tribute on and around the ACF surfaces because the sur-
face of ACF was full of grooves. These results were
agreed to former studies [18, 19], it could be consid-
ered that ACF/TiO, composites have much more photo-
catalytic activity.

It is well known that the crystal structure of the tita-
nium dioxide is mainly determined by the heat treatment
temperature. Fig. 2 depicts XRD patterns of original ACF
and ACF/TiO, composites prepared with TNB and vari-
ous acid modified ACFs heat-treated at 973 K for 1 h. It
was also well known that the anatase phase formed below
773 K begin to transform to rutile-type structure above
873 K and changed into single phase of rutile at 973~
1173 K, and the TiO, composited by carbon could con-
firm to suppress the phase transformation from anatase
to rutile [20-22]. The peaks at 25.3, 37.8, 48.0, 53.8,
54.9 and 62.5 are the diffractions of (101), (004), (200),
(105), (211) and (204) planes of anatase, indicating the
developed composites existed in anatase state. There are
no peaks found at 27.4, 36.1, 41.2 and 54.3 that belong
to the diffraction peaks of (110), (101), (111) and (211)
of rutile. Therefore, it can be suggested that the sam-
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Fig. 2. XRD patterns of original ACF and ACF/TiO, compos-
ites prepared with TNB and various acids modified ACF with
heat treatment at 973 K for 1 h.

ples AT, AT1, AT3 and AT4 among the developed ACF/
TiO, composites have a single and clear crystal struc-
ture, with type of anatase. But only the sample AT2 has
a mixture structure of anatase and rutile.

The EDX spectra of ACF/TiO, composites prepared
with TNB and various acid modified ACF are shown in
Fig. 3. From the spectra, all of the ACF/TiO, compos-
ites show the main peaks of C, O and Ti, though a few
of impure elements of P was existed (which may be
introduced from experimental procedure). So it is con-
sidered that the ACF/TiO, composites contained these
three main elements. The EDX elemental microanalysis
(wt%) for ACF/TiO, composites are listed in Table 3.
From the data, we can see that all of the samples are
rich in C, O and Ti elements with a very poor in impure
elements. On the other hand, it is noticed that the
amount of C element of sample AT3 is much less than
that of other samples and the amount of Ti and O ele-
ments of sample AT3 is much more than that of other
samples. So it considered that sample AT3 have much
more photocatalytic activity than other samples.

3.2. Photocatalytic activity of ACF/TiO, composites

Fig. 4 showed the UV-vis spectra of ACF/TiO, com-
posites prepared with TNB and various acid modified
ACF which calcined at 973 K. The absorption edge of
ACF/TiO, composites occurred at 550 to 750 nm, and
all of the samples showed strongest absorption in the
660 nm. From the spectra of Fig. 4, we can observe that
the absorbance maxima for all samples at 660 nm were
decreased with an increase of UV irradiation time. This
result suggests that the color of MB solution is changed
increasingly with an increase of UV irradiation time, so
the concentration of MB solution is also decreased
increasingly with an increase of UV irradiation time (it
can be ascertained in the further results). Fig. 5 showed
the results of photocatalytic decomposition of MB over
ACF/TiO, composites prepared with TNB and various
acid modified ACF. According to former studies [23,
24], the acid oxidized activated carbon contains much
more surface oxygen bearing groups than the original
activated carbon, and the acid modified activated car-
bon enhances the loading of TiO, as resulting the
increase of active sites. So we can find that the photo-
catalytic activity of ACF/TiO, composites prepared with
TNB and various acids modified ACF was much better
than that of ACF/TiO, composite prepared with TNB
and non-acid modified ACF, due to the modified ACF
had much more surface oxygen bearing groups to
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Fig. 3. EDX elemental microanalysis of ACFs/TiO, composites prepared with TNB and various acids modified ACF.

Table 3

EDX elemental microanalysis (wt%) of ACF/TiO, composites
prepared with TNB and various acids modified ACF

Elements
Samples -

C 0 Ti Others
AT 40.70 2742 31.56 0.32
AT1 53.84 21.79 23.90 0.46
AT2 38.92 30.51 30.24 0.32
AT3 19.47 36.81 42.36 1.37
AT4 49.25 24.50 26.25 -

enhance the loading of TiO, as resulting the increase of
active sites. And the photocatalytic activity of ACF/TiO,
composites decreased with an order of sample AT3>
AT4> AT1 > AT2, which represented ACF was treated
by H,SO,, H;PO,, HCI and HNO,. As described in the
EDX results, the sample AT3 treated with H,SO, have a
much amounts of TiO, particles, so it shows the best
photocatalytic activatity.

The efficiency of the photodegradation by TiO, depends
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Fig. 4. UV-vis spectra of MB concentration against the ACF/TiO, composites prepared with TNB and various acids modified ACF;
(a) AT, (b) AT1, (c) AT2, (d) AT3 and (e) AT4.

MB molecules was possible by the following process.
Because of the strong adsorption ability of ACF, MB
molecules concentrated around ACF/TiO,, increasing the

on the catalyst surface area in contact with the solution
and on the amount of electron transfer to the catalyst
surface [25]. For the ACF/TiO, composites, removal of
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Fig. 5. Dependence of relative concentration of MB in the

aqueous solution c/c, on time of UV irradiation for the ACF/

TiO, composites prepared with TNB and various acids modified
ACF; MB : 1.0 x 10~ mol/l.

probability of localized free MB molecule diffusion and
immigration to the surface of TiO, under the concentration
gradient. Thus, the initial reaction rate for ACF/TiO, is
faster than that for TiO, suspension. The molecular size
of MB is 1.36 X 0.47 x 0.24 nm [26], and it can access
pores with diameters larger than 1.5 nm [27]. However,
the pore diameter of ACF is less than 2 nm, and most
pores of ACF have diameters around 0.63 nm [28]. So it
is difficult for MB molecules to be adsorbed into
micropores, and most of them were adsorbed on the
edges of the micropores of ACF where they could eas-
ily migrate to the TiO, surface and be captured by pho-
togenerated oxidizing species and degraded immediately,
resulting in a decline of MB concentration in solution.

4. Conclusions

The ACF/TiO, composites were prepared from TNB
and various acid modified ACF by a sol-gel method.
From the SEM images, it is clear that the particles of
TiO, aggregated into clusters were attached on the sur-
face of ACF. From the XRD patterns, it concluded that
the developed ACF/TiO, composites have a single and
clear crystal structure, just is anatase, except sample
AT?2 which has a mixture structure of anatase and rutile.
The EDX results show the developed ACF/TiO, com-
posites have three kinds of main elements of C, O and
Ti. Finally, the photocatalytic activity for ACF/TiO,
composites was evaluated using the MB solution. The
results shows that the photocatalytic activity of ACF/

TiO, composites (AT1~AT4) prepared with TNB and
various acid modified ACF was much better than that of
ACF/TiO, composite (AT) prepared with TNB and non-
acid modified ACF, and the effects increased with order
of sample AT3 > AT4> AT1 > AT2.
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