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Abstract Polyaniline (PAn) sensitized nanocrystalline
TiO, composite photocatalyst (PAn/TiO,) with high
activity and easy separation was facilely prepared by in
situ chemical oxidation of aniline from the surfaces of the
TiO, nanoparticles. The morphology, structure, and light
absorption properties of composite photocatalyst were
examined in term of its application to photocatalysis. The
photocatalytic activity of PAn/TiO, nanocomposites for the
degradation of methylene blue (MB) aqueous solution was
investigated and compared with pure TiO,. The spectra
analyses illustrated that, when PAn deposited on the sur-
face of TiO,, the crystalline behavior of PAn was
hampered and the degree of crystallinity decreased, and the
characteristic peaks of the PAn were shifted indicating that
there was a strong interaction between PAn and TiO,
nanoparticles. PAn was able to sensitize TiO, efficiently
and the composite photocatalyst could be activated by
absorbing both the ultraviolet and visible light (4 = 190-
800 nm), whereas pure TiO, absorbed ultraviolet light only
(4 <400 nm). Photocatalytic experiments showed that
under natural light irradiation, MB could be degraded more
efficiently on the PAn/TiO, than on the pure TiO,, due to
the charge transfer from PAn to TiO, and efficient sepa-
ration of e"-h" pairs on the interface of PAn and TiO, in the
excited state. More significantly, the PAn/TiO, composite
photocatalyst exhibited easy separation and less deactiva-
tion after several runs. The advantages of the obtained
PAn/TiO, composite photocatalyst revealed its great
practical potential in wastewater treatment.
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Introduction

Semiconductor titanium dioxide in the anatase form is a
promising material for photoelectric conversion and pho-
tocatalytic treatment of pollutants from water and air
because it has the reasonable photoactivity under ultravi-
olet light irradiation (4 < 380 nm) and the advantages of
being not toxic, insoluble, and comparatively inexpensive
[1]. The photocatalytic properties of titanium dioxide par-
ticles have been investigated extensively in slurry cell and
as immobilized films [2-5]. However, the low solar energy
conversion efficiency and the high charge recombination
rate of photogenerated electrons and holes are often two
major limiting factors for its widely practical applications
[5]. In order to utilize the main part of the solar spectrum
and even poor irradiation of interior lighting more effec-
tively in the photocatalytic reactions, the TiO,-based
photocatalyst that can yield highly reactivity under visible
light irradiation should be developed. For this purpose,
several attempts have been made to increase the photo-
catalytic efficiency of TiO,, such as dye photosensitization
[6, 7], ion doping [8, 9], and forming its reduced form such
as n-TiO,_, N, [10]. However, most of these catalysts suffer
from a stability problem such as dissolution and the pho-
tocatalytic degradation of the dyes, an increase of carrier-
recombination centers, or the requirement of an expensive
facility and relatively long reaction time. In addition,
several drawbacks such as deactivation and separation of
fine catalyst powders from the aqueous phase after use,
prevents the large-scale applications of this promising
method. From a practical point of view, other processes for
endowing TiO, with a visible light response, good sedi-
mentation ability, and less deactivation are still desirable.

Conjugated polymers (CP’s) with extend n-conjugated
electron systems such as polyaniline, polythiophene,
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polypyrrole, and their derivatives, etc have shown great
promises due to their high absorption coefficients in the
visible part of the spectrum, high mobility of charge carriers,
and good stability [11]. Furthermore, many CPs in their doped
or undoped states are efficient electron donor and good holes
transporter upon visible light excitation [12]. Therefore,
recently, conjugated polymers act as stable photo-sensitizer
combined with wide band gap inorganic semiconductors (e.g.,
TiO,, CdS, and CdSe) was an emerging area of research for
optical, electronic, and photoelectric conversion applications.
And various composites with different combinations of the
two components composition have been reported in the lit-
erature [13-22]. While in these composites, the relatively
high photoelectric conversion efficiency can be realized and
charge transfer from conjugated polymer to semiconductor
has been extensively demonstrated, very little work have
been done to directly study the photocatalytic activity of
these materials under visible light irradiation.

In the present work, a facile in situ polymerization
method was employed, aiming to develop a new form of
nanometer polyaniline sensitized TiO, composite photo-
catalyst with the following advantages: (i) It exhibits high
photocatalytic activity and low deactivation under natural
light irradiation. (ii) The photocatalyst can be separated
from the aqueous phase after use by simple gravity settling.
The prepared composite photocatalyst was characterized
by TEM, XRD, FT-IR, UV-vis, and ESR techniques.
Under the natural light irradiation and in the presence of
oxygen only from air, the photocatalytic activity of the
polyaniline/TiO, composite photocatalyst was investigated
for the photodegradation of methylene blue (MB) in a
suspension system to evaluate the potential application of
this kind material in the disposal of pollutants.

Experimental
Materials and regents

Aniline (ANI) monomer (AR, Beijing Chemical Reagent
Co., China) was distilled two times under reduced pressure
and stored below 4 °C under nitrogen atmosphere. Nano-
crystalline TiO, (Anatase, average size of 80 nm, Beijing
Chemical Industrial Co., Ltd., China) and all other
reagents, including ammonia persulfate ((NH4),S,Os,
APS) and concentrated hydrochloric (HCI), were of ana-
lytical grade regents and used as received. Water used in
this work was deionized water.

Preparation of PAn/TiO, nanocomposites

PAn/TiO, nanocomposites were facilely prepared by the
in situ chemical oxidative polymerization of aniline on the

surface of TiO, with a dispersion polymerization method.
The typical process was carried out as follows: about 1.0 g
TiO, was dispersed into 250 mL 1.2 M HCIl aqueous
solution containing 0.30 mL aniline with ultrasonic vibra-
tions for 2 h. This procedure was necessary for both
reducing the agglomeration of TiO, nanoparticles and
absorbing aniline on its surface. The 0.735 g (NH,4),S,0g
was dissolved in 10 mL of 1.2 M HCI and drop-added into
the dispersoid within 20 min under stirring. The polymer-
ization was allowed to proceed for 12 h at room
temperature (30 °C). Afterward, reaction mixture was fil-
tered under gravity and washed with 1.2 M HCI and large
amount of deionized water each for three times in turn. The
resulting products, polyaniline/TiO, (PAn/TiO,) were
dried at 60 °C for 24 h under vacuum to obtain fine white
green powders.

Instruments and analytical methods

The morphology of the PAn/TiO, nanocomposites was
observed on a JEM-1200EX/S transmission electron
microscope (TEM); the powders were dispersed in anhy-
drous ethanol in an ultrasonic bath for 5 min, and then
deposited on a copper grid covered with a perforated car-
bon film. The crystalline structure of the nanocomposites
was taken on a Rigaku D/MAX-2400 X-ray diffraction
spectrometer with a Cu Ko X-ray radiation (1 = 0.154 nm).
IR spectra were characterized with DIGILAB FTS-3000
FT-IR spectrometer; the samples were palletized with KBr.
The diffuse reflectance spectra were recorded by Shimadzu
UV-2550 ultraviolet spectrometer using an integrating
sphere and BaSO, as a white standard. ESR spectra was
recorded on Bruker ER 200D-SRC electron paramagnetic
resonator with modulated frequency of 100 kHz, micro-
wave frequency of 9.58 GHz, time constant of 1 s, and
intensity of magnetic field from 400 to 3,456 G.

Photocatalytic experiments

The photocatalytic activity of nanometer PAn/TiO, nano-
composites was estimated by measuring the decolorization
rates of MB. The photocatalytic experiments were con-
ducted in October 2006, over a continuous 5 day period.
All experiments were done inside the room of chemistry
department building in an open atmosphere between
11.00 a.m. and 1.00 p.m. The sky is clear and the sunrays
are very intense in this period in the city of Zhangye
(latitude: 38°56'11”N; longitude: 100°27'21”E), Gansu
(China). Natural light illumination was performed in a
100 mL beaker at room temperature (30 °C). In all
experiments, 50 mL of MB (10 mg/L, pH 6.8) and 100 mg
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of catalysts was suspended and immediately stirred during
illumination. At given intervals of illumination, a sample of
the catalysts particulate was collected, centrifuged. The
supernatant were analyzed by Unico 2100 spectropho-
tometer at A, = 665 nm. The determined absorption was
converted to concentration through the standard curve
method of dyes (r = 0.99884). By this method conversion
percent of MB could be obtained in different intervals. The
photocatalytic decolorization efficiency (D,%) was given
by following equation:

Co— G
0

D% = x 100%

where C, was initial concentration of MB and C, for con-
centration at time .

The catalysts were used repeatedly; 100 mg catalyst
powder was added into 50 mL of 10 mg/L. MB solution,
magnetically stirred under natural light irradiation for
90 min. After centrifuging, the supernatant solution was
discarded and replaced with 50 mL fresh MB solution, and
the remaining catalyst was reused for the next run.

Sedimentation ability tests

The sedimentation ability of catalysts was evaluated as
follows: 50 mL of an aqueous solution of the catalyst at a
concentration of 2 g/LL was placed in a 100 mL graduated
cylinder and was stirred vigorously for 30 min. Then the
solid catalyst was allowed to settle under gravity. The
height of the solid-liquid interface was then measured
using the graduations on the cylinder at various time
intervals.

Fig. 1 The TEM photographs
of TiO, nanoparticles (a) and
PAn/TiO, nanocomposites (b)
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Results and discussion
Size, morphology and crystalline structure

The TEM photographs of TiO, nanoparticles and PAn/
TiO, nanocomposites are shown in Fig. 1. As shown in
Fig. la, the original commercially available nanocrystal-
line TiO, particles are aggregated in anhydrous ethanol
with an irregular shape and the size is in the range of
80-120 nm, centered at about 100 nm. This should be
attributed to the high surface energy of nanoparticles. From
Fig. 1b, it can be seen that the morphology of composite
particles does not differ much from that of TiO, nanopar-
ticles and the average particles size is close to that of the
TiO, nanoparticles. However, some of particles in the
composites tend to form multiparticles aggregation and
heap tightly than pure TiO,. It can be thought that there are
two kinds of particles in the composites. One is free PAn
particles, and the other is the PAn-coated TiO, composite
particles. The composite particles are may be glued or
bound by the PAn chains acting as binders in the nano-
composites. Due to the extreme thinness of the PAn shell, it
is impossible to make it visible in the TEM photographs. It
has been reported that when the thickness of the polymers
is down to the exciton diffusion length (=20 nm) and the
CP’s and TiO, is closely linked together, the photo-induced
charge transfer from the CP’s to TiO, is possible and much
quicker, and hence an efficient charge separation should be
realized [23]. Moreover, PAn/TiO, composite particles
with small size can exhibit much larger efficient areas and
more efficient active center, which is in favor of the pre-
adsorption of organic pollutants and following degradation
when it is used as catalyst.




J Mater Sci (2007) 42:9966-9972

9969

10 20 30 40 50 60 70 80
2 Theta [Deg.]

Fig. 2 The X-ray diffraction patterns of PAn doped with HCI (a),
TiO, nanoparticles (b) and PAn/TiO, nanocomposites (c)

The X-ray diffraction patterns of PAn doped with HCI,
TiO, nanoparticles and PAn/TiO, nanocomposites are
showed in Fig. 2, respectively. It can be seen from Fig. 2b
that the titania powder is anatase crystal, and the positions
of all peaks are in good agreement with the results reported
by Tang et al. [24]. In the pattern of PAn (Fig. 2a), only
three broad peaks can be observed in the region of
20 = 5.0°-30.0°, where a maximum peak is around 25.0°
(d =355 A). The peak may be assigned to the scattering
from PAn chains at interplanar spacing [25] and indicate
that the pure PAn had also some degree of crystallinity. In
the pattern of PAn/TiO, nanocomposites (Fig. 2c), the
characteristic peaks of PAn disappear. The result suggests
that the presence of TiO, hamper the crystalline behavior
of PAn molecular chain. This is because, when the
deposited PAn is absorbed on the surface of the TiO,
nanoparticles [26], due to the restrictive effect of the sur-
face of TiO, nanoparticles and the interaction of PAn and
TiO, nanoparticles, the molecular chain of absorbed
polyaniline is tethered, and the degree of crystallinity
decreases. Comparing the Fig 2b and c, it can be found that
the diffraction pattern of the nanocomposites is the same as
TiO, nanoparticles. This result means that PAn deposited
on the surface of TiO, nanoparticles has no influence on
crystallization performance, of TiO, nanoparticles.

Chemical structure, light absorption, and ESR
properties

Figure 3 shows the FTIR spectra of doped polyaniline and
PAn/TiO, nanocomposites. The main characteristic peaks
of polyaniline at 1,573 cm™" (C=C stretching mode for the
quinonoid unit), 1,490 cm™! (C=C stretching mode for
benzenoid unit), 1,302 and 1,250 cm™! (C-N stretching
mode of benzenoid unit), 1,144 cm™! (N=Q=N, where Q

represents the quinonoid unit) appear in the FTIR spectrum
of the PAn/TiO, nanocomposites (Fig. 3b), showing the
formation of PAn in the composites. Also, Fig. 3b reveals
that the maximum peak of TiO, (625 cm™) occurred in
nanocomposites. Comparing to the corresponding peaks of
pure PAn (Fig. 3a) at 1,562, 1,479, 1,301, 1,246 and
1,139 cm™, the peaks of the nanocomposites shift to higher
wavenumbers and the quinonoid to benzenoid band inten-
sity ratio has also changed. These results suggest that there
is a strong interaction between PAn and nanocrystalline
TiO, [27]. When oxidant is added to the reaction system,
the polymerization starts initially on the surface of TiO,
nanoparticles, with the reaction proceeding, the PAn
deposit and form a shell on the surface of TiO, nanopar-
ticles. It leads to an adhesion of the PAn to TiO,
nanoparticles [26, 28]. Because titanium is a transition
metal and titanic has intense tendency to form the coor-
dination compound with nitrogen atom in PAn molecular,
such adhesion will not only constrain the motion of PAn
chains, but also restricts the vibration mode in PAn
molecular [29].

The UV-vis-diffuse reflectance spectra of the TiO,
nanoparticles, PAn, and PAn/TiO, nanocomposites are
illustrated in Fig. 4. Clearly, the prepared polyaniline/TiO,
nanocomposites can not only strongly absorb the UV light
but can also absorb the visible and near-IR light (Fig. 4c),
whereas the TiO, can absorb light with wavelengths below
400 nm only (Fig. 4a). In the spectrum of Fig. 4b, PAn
exhibits two major absorptions around 385 nm, which is
related to the m—mn* transition on the PAn chains, and the
absorption at 638 nm, which is contributed to polaron after
doping and corresponds to localization of electron [30]. But
in PAn/TiO, composites, the peak at 385 nm red-shifts to
427 nm and the peak at 638 nm disappears, displaced by a
broad and strong absorption band with a long tail charac-
terization (called “free-carrier-tail” by Alan et al. [31]) in
the near IR region. This tail is indicative of charge carriers
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Fig. 3 The FTIR spectra of PAn doped with HCI (a) and PAn/TiO,
nanocomposites (b)
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Fig. 4 The UV-vis spectra of the TiO, nanoparticles (a), PAn (b),
and PAn/TiO, nanocomposites (c)

delocalization in the polaron band favored by an extended
chain conformation of the polyaniline [30]. This result
reveals that in composites, the PAn is a more expanded coil
molecular conformation [32], and there is an interaction
between PAn molecular chains and TiO, nanoparticles
[26]. In pure PAn, the strong interaction of chains caused
n-conjugated defects, and always leads to “compact coil”
conformation. While in PAn/TiO, composites, the TiO, not
only eliminate the interaction of different PAn chains, but
also limit the contraction of the chains. Therefore, the
interaction between the adjacent isolated polarons become
stronger, and the polaron band become more dispersed in
energy. As a result the “free-carrier tail” appears and the
localized polaron band disappears. Also, the observed
enhancement of the PAn photoresponse in composites can
be attributed to the increased efficiency of charge photo-
generation due to a photoinduced charge transfer from the
photo-induced PAn to the TiO, [20, 21]. The result indicate
that polyaniline is capable of sensitizing TiO, efficiently
and resulting nanocomposite photocatalyst can be activated
by absorbing both the ultraviolet and visible light
(4 =190-800 nm) to give a maximum visible light har-
vesting, and is a promising photoelectric conversion and
photocatalytic material for the efficient use of light,
especially sunlight.

The ESR spectra of TiO,, PAn and the PAn/TiO,
nanocomposite photocatalyst are shown in Fig. 5. In the
ESR experiments, no response is observed that can be
attributed to electrons in TiO, (Fig. 5a), but the PAn shows
a distinct, almost isotropic ESR signal with a g value of
2.0170 and a peak-to-peak line width AH, of 0.70 G
(Fig. 5b). This ESR signal may be readily attributed to PAn
cation radicals (polarons) [18, 33]. After being coated with
PAn, a larger ESR signal is found for the sample of PAn/
TiO, nanocomposites (Fig. 5c) with a g value of 2.0170,
which is same as that of PAn. However, the AH,,, decreases
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Fig. 5 The ESR spectra of TiO, (a), PAn (b) and PAn/TiO,
nanocomposites (c)

to 0.22 G compared with pure PAn, indicating that the
polarons in the PAn/TiO, are more delocalized than those
in the pure PAn [34]. This response-enhancing and the line
width-decreasing phenomenon will probably be due to the
charge transfer from the photoexcited PAn to TiO, and the
interaction of TiO, and PAn [18, 19].

Photocatalytic activities of PAn/TiO, nanocomposites
under natural light

Under natural light irradiation and in the presence of O,
only from air, the photocatalytic decolorization of MB in
the presence or the absence of the catalysts was studied and
the results are presented in Fig. 6. It is obvious that without
the addition of a catalyst, the decolorization efficiency of
MB is less than 3% after 90 min of irradiation (Fig. 6c),
the photolysis of the MB is negligible. However, for the
PAn/TiO, composite photocatalyst (Fig. 6b), a decolor-
ization efficiency of 80% can be obtained after 90 min of
irradiation, which is higher than that of 34% for TiO,
nanoparticles (Fig. 6a). The photocatalytic activity of PAn/
TiO, is remarkably superior to that of TiO,. This result
should be attributed to the efficient separation of electron
and hole pairs at the interface of PAn and TiO, in the
excited state. When PAn/TiO, nanocomposites are illu-
minated under natural light, both TiO, and PAn absorb the
photons at their interface, then charge separation occurs at
the interface. Since the conduction band of TiO, and the
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Fig. 6 Methylene blue descoloring percent with time: (a) TiO,
nanoparticles; (b) PAn/TiO, nanocomposites and (¢) methylene blue
under sunlight without catalyst

lowest unoccupied molecular orbital (LUMO) lever of PAn
are well matched for the charge transfer [21, 22]; the
generated electrons by inducing PAn upon natural light
irradiation can be transferred to the conduction band of
TiO,, whereas electrons in the valence band of TiO, are
transferred into the PAn and left an electron or vacancy,
enhancing the charge separation in turn promoting the
photocatalytic activity of photocatalyst.

Under the same conditions, adsorption of PAn/TiO, to
MB in the dark condition was tested. The results show that
most of the adsorption occurred within 20 min, and the
decolorization efficiency of MB is only about 10% at
60 min and does not change with the further increase of the
time. By comparison of the values of MB removed with
and without natural light, it can be affirmed that the dis-
appearance of MB molecules is due to photocatalytic
degradation instead of only to adsorption on PAn/TiO,.
Further, the IR spectra of PAn/TiO,, before and after being
used are examined (not shown here). The two IR spectra
coincide with each other and no other new peaks corre-
sponded to adsorbed MB molecules and any degraded ones
are observed. This result also confirms that the decolor-
ization of MB is related to the degradation on the PAn/
TiO, rather than the adsorption and the PAn/TiO, did play
a role of an efficient catalyst.

To evaluate the reusable property of catalysts, PAn/TiO,
and TiO, were used for several photocatalytic runs, and
each run lasted 90 min. After the first run, the catalyst was
separated and used immediately for further runs without
any treatment. The results in Fig. 7 show that the activity
of TiO, decreases greatly and significant deactivation
occur; only about 5% of MB can be removed within
90 min after four runs. On the other hand, the activity of
PAn/TiO, only gradually decreases and 55% MB decol-
orization is still achieved after four runs. These results
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Fig. 7 Effect of number of runs on methylene blue degradation over
pure TiO, nanoparticles and PAn/TiO, nanocomposites

indicate that the PAn/TiO, nanocomposites are reusable
and maintain relatively high activity.

Moreover, the PAn/TiO, nanocomposite photocatalyst
had an advantage over the pure TiO,. They had good
sedimentation ability and could decant in a few minutes.
Separation tests showed that the PAn/TiO, composite
nanoparticles could easily be separated by gravity sedi-
mentation. All catalysts could decant on the bottom of a
graduate cylinder within 5 min, whereas pure TiO, did not
decant after 2 h. Therefore, considering the separation and
deactivation problem of nanosized TiO,, the easy separa-
tion and reusable ability of PAn/TiO, implies that it is
potentially employable in practical applications under mild
condition such as natural light and oxygen from air.

Conclusion

Polyaniline (PAn) sensitized nanocrystalline TiO, com-
posite photocatalyst (PAn/TiO,) has been successfully
prepared by the in situ chemical oxidation of aniline in the
presence of TiO, nanoparticles. The presence of TiO,
hampers the crystalline behavior of PAn and reduces its
crystallinity. The results of FTIR, UV-vis and ESR confirm
that there is a strong interaction between PAn and TiO,
nanoparticles, and PAn is able to sensitize TiO, efficiently
and the composites photocatalyst can be activated by
absorbing both the ultraviolet and visible light and this
would favor the photocatalytic activity of TiO, under
natural light. As expected, the PAn/TiO, exhibit better
photocatalytic activity in the photocatalytic degradation of
MB under natural light, compared with TiO,. This can be
attributed to the charge transfer from photoexcited sensi-
tizer to TiO, and efficient separation of e-h™ pairs. It
brings about important breakthrough of photocatalytic
property of TiO,. Moreover, the composite photocatalyst
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can be reused for several runs and has good sedimentation
ability. Thus, the PAn/TiO, nanocomposites are an effi-
cient material for decontaminating colored wastewater for
reuse in textile industries under mild conditions.
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