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Titania-based composite catalysts were prepared through a sol-gel route employing multiwalled carbon nanotubes with diﬀerent diameters. The materials were characterized using
thermogravimetric analysis, nitrogen adsorption-desorption isotherm, powder X-ray diﬀraction, scanning electron microscopy, and diﬀuse reﬂectance UV-Vis absorption spectra. The
application of the catalysts to photocatalytic degradation of phenol was tested under UV-Vis
irradiation. A synergetic eﬀect on phenol removal was observed in case of composite catalysts, which was evaluated in terms of apparent rate constant, total organic carbon removal
and photonic eﬃciency.
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With respect to the synthesis methods, the sol-gel technique from alkoxide precursors is one of the most used,
which provides a versatile synthesis route with variable
operation conditions, and can be adjusted to produce
titania with tailored morphological features.
It has been reported that the presence of carbon materials in TiO2 photocatalysts can induce some beneﬁcial eﬀects on their photocatalytic activities [16,17].
The most recent review [18] covers the application of
various carbon materials in photocatalysis during the
last decade. Aside from those investigations on the
TiO2 and carbon composite photocatalysts using conventional forms of carbon such as activated carbon
[19−21] and graphite [22,23], carbon nanotubes (CNTs)
have gained much attention as attractive and competitive catalyst supports due to the combination of their
electronic, adsorption, mechanical, and thermal properties [24]. In particular, multi-walled carbon nanotubes (MWCNTs) and TiO2 composite catalysts have
been successfully prepared by various processes [25−30],
which reveals a considerable synergy eﬀect between
MWCNTs and TiO2 on the photocatalytic degradation
of organic compounds and other photoreactions in the
presence of UV and visible irradiation.
On the basis of our preceding work [20,25,26], the
eﬀect of MWCNTs structure and property on the performance of MWCNTs-TiO2 composite catalysts was
further studied, and the photodegradation of phenol
over MWCNTs-TiO2 composite catalysts with diﬀerent diameters of containing MWCNTs is reported in
the present work.

I. INTRODUCTION

More stringent government regulations and progressive public consciousness prompt the scientiﬁc and technological communities toward deeper research in the
area of wastewater treatment and recycling. Photocatalytic degradation (PCD) processes is earning increasing importance in this area as the most eﬀective emerging destruction technology, since these processes require
mild operation conditions of temperature and pressure
but result in total mineralization without any waste disposal problem [1−5]. TiO2 has been extensively used
as a photocatalyst, and a TiO2 /UV system has been
widely investigated in the PCD processes, during which
the activation of UV irradiation upon TiO2 can generate electron/hole couples with strong redox properties
[6]. Oxygen is often present as the electron acceptor
to form the superoxide radical ion (O2 ·− ), while OH−
and H2 O are available as electron donors to yield the
hydroxyl radical (HO· ). Both of the radicals are very
reactive and strongly oxidizing, capable of totally mineralizing most of the organic pollutants.
The photocatalytic eﬃciencies of TiO2 particles
largely depend upon their microstructure and physical
properties due to diﬀerent preparation conditions and
methods [7−11], as well as doping with or incorporating
some other elements, adsorbents or supports [12−15].
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II. EXPERIMENTS
A. Catalysts preparation

Titanium isopropoxide (Aldrich, 97%) was used
as alkoxide precursor to prepare the photocatalysts.
Multi-walled carbon nanotubes (Shenzhen NTP, China,
≥95%) with diﬀerent diameters of <10 nm, 20−40 nm,
and 60−100 nm (manufacturer data) were denoted as
MWCNTs1, MWCNTs2, and MWCNTs3, respectively.
Degussa TiO2 -P25 was used as standard for comparison
purposes whenever necessary.
MWCNTs-TiO2 composite catalysts were prepared
using an acid-catalyzed sol-gel method at room temperature as follows. 0.1 mol of Ti(OC3 H7 )4 was dissolved in 200 mL of anhydrous ethanol. The solution
was stirred magnetically for 30 min, and then 1.56 mL
of nitric acid (65%) was added. Subsequently, certain
amount of MWCNTs (20% of MWCNTs to the resulting TiO2 ) was introduced into the Ti(OC3 H7 )4 ethanol
solution. The mixture was loosely covered and stirred
continuously until a homogenous MWCNTs-containing
gel formed. The gel was aged in air for several days.
The resulting xerogel was crushed into ﬁne powder and
dried at room temperature. The powder was calcined
at 400 ◦ C in N2 ﬂow for 2 h to obtain MWCNTs-TiO2
composite catalysts.

B. Characterization methods

The thermal behaviors of the composite materials
were analyzed with a Shimadzu DTG-60 system to determine their actual carbon contents. N2 adsorptiondesorption isotherms were measured using a Coulter
3100 apparatus and the surface area was calculated by
a BET method. X-ray diﬀraction (XRD) patterns were
obtained on a Philips X’Pert Pro Super diﬀractometer
(Cu Kα, λ=0.15406 nm). The composite catalysts were
characterized by SEM using a Jeol JSM-6700F equipped
with an energy dispersive X-ray (EDX) detector. The
diﬀuse reﬂectance UV-Vis spectra of the solid were measured on a JASCO V-560 UV-Vis spectrophotometer
with an integrating sphere attachment (JASCO ISV469).

C. Photodegradation experiments

Catalytic activities were evaluated by photodegradation of phenol in aqueous media under UV-Vis light irradiation. The experiments were carried out in a glass
immersion photochemical reactor charged with 800 mL
of suspension/solution. The irradiation source (Heraeus TQ 150 medium pressure mercury vapor lamp)
was located axially and held in an immersion tube. A
circulating water jacket was employed to cool the lamp
and cancel the infrared radiation, thus preventing any
DOI:10.1088/1674-0068/22/04/423-428

heating of the suspension. The most intense lines of the
lamp with immersion tube were at 366, 436, 546, and
577 nm (manufacturer data), which features the majority of the radiation ﬂux and light quanta in the visible
region (λ>400 nm).
The initial phenol concentration (C0  ) was 50 mg/L
and the amount of suspended photocatalyst was kept at
1 g/L of TiO2 . In the case of the composite catalysts,
the amount of solid was calculated by keeping the same
concentration of TiO2 as the carbon content changed
correspondingly. The suspension was stirred at constant speed during all the photoreaction process. Before
turning on the light, the suspension containing phenol
and photocatalyst was magnetically stirred in a dark
condition for 1 h to establish an adsorption-desorption
equilibrium.
The ﬁrst sample was taken out at the end of the
dark adsorption period in order to determine the phenol
concentration in solution, which was hereafter considered as the initial concentration (C0 ) after dark adsorption. The light was then powered on and we started
to count the reaction time. Samples were withdrawn
regularly from the reactor and ﬁltrated with Millipore
disk (0.45 μm) to separate any suspended solid. The
clean transparent solution was analyzed by the UV-Vis
spectroscopy (UNICO UV-2800A). The full spectrum
(200−800 nm) for each sample was recorded and the
absorbance at characteristic band 270 nm was followed
to determine the phenol concentration. Total organic
carbon (TOC) measurements were performed on a Shimadzu TOC-VCPN analyzer to determine the degree of
mineralization. Repetition of tests was done to ensure
the reproducibility.
III. RESULTS AND DISCUSSION
A. Catalysts characterization

The carbon content (CTG ) determined by TG is
listed in Table I for the series of composite materials MWCNTs-TiO2 , containing 20% weight ratio of
MWCNTs to a 100 weight basis of neat TiO2 . A mass
loss of about 16% is observed due to the carbon gasiﬁcation, which agrees very well with the calculated value

TABLE I Characteristic of MWCNTs and TiO2 composite
materials.
Sample
CTG /%
SBET /(m2 /g)
dTiO2 /nm
TiO2
−
107
8.5
MWCNTs1-TiO2
16.2
157
7.0
MWCNTs1
−
456
−
MWCNTs2-TiO2
16.6
102
7.6
MWCNTs2
−
81
−
MWCNTs3-TiO2
16.3
96
8.0
MWCNTs3
−
39
−
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from the initial ratio.
The N2 adsorption-desorption isotherms (not shown)
for TiO2 and MWCNTs-TiO2 composite materials can
be ascribed to type IV according to IUPAC classiﬁcation [31], which suggests a mesoporous pore texture [32].
With the range of MWCNTs diameter increasing from
<10 nm to 20−40 nm to 60−100 nm, the BET surface area (SBET ) of MWCNTs decreases from 456 m2 /g
to 81 m2 /g to 39 m2 /g (see Table I). In the case of
MWCNTs-TiO2 composite materials, the surface area
varies due to the accordingly introduced MWCNTs. An
increase in area is observed for MWCNTS1-TiO2 compared with the neat TiO2 , while there is a slight decrease for the other two samples.
The XRD patterns (Fig.1) of diﬀerent solids reveals
that TiO2 in anatase phase is the only form identiﬁed for TiO2 and composite materials. The rutile and
brookite phases of TiO2 are not detected. It is observed
that the peak widths broaden slightly for MWCNTsTiO2 composite materials when compared with neat
TiO2 . TiO2 crystallite size (dTiO2 ) estimated from the
line broadening by using Scherrer’s equation is also compared in Table I. The crystallite size for neat TiO2 of
8.5 nm is obtained, while the size decreases to 7.0, 7.6,
and 8.0 nm for the composite material with the increase
in MWCNTs diameter.
The morphologies of MWCNTs and TiO2 composite catalysts with diﬀerent MWCNTs diameters were
revealed by SEM investigation. The SEM images of
MWCNTs1-TiO2 and MWCNTs3-TiO2 are compared
in Fig.2. It is observed that relatively homogeneous
MWCNTs is embedded in TiO2 matrix. The diﬀerence
of MWCNTs with diﬀerent diameter is also evident.
EDX analysis results conﬁrm only the presence of C,
O, and Ti elements in the composite materials.
The diﬀuse reﬂectance UV-Vis spectra of diﬀerent
solids are presented in Fig.3, expressed in terms of
Kubelka-Munk equivalent absorption units. It is ob-

served that the absorption spectrum of sol-gel prepared
TiO2 shifts a bit to the visible light region when compared with TiO2 -P25. Furthermore, the composite materials can absorb at higher wavelength and the absorption even covers the whole range of the measured UVVis region due to the introduction of MWCNTs, which
may lead to the modiﬁcation of the fundamental pro-

FIG. 1 The XRD of TiO2 (a), MWCNTs1-TiO2 (b),
MWCNTs2-TiO2 (c), and MWCNTs3-TiO2 (d).

FIG. 3 Diﬀuse reﬂectance UV-Vis spectra of TiO2 -P25,
TiO2 , and MWCNTs-TiO2 composite materials.
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FIG. 2 SEM images of (a) MWCNTs1-TiO2 and (b)
MWCNTs3-TiO2 composite materials.
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TABLE II Summary of photodegradation of phenol over diﬀerent solids at given initial concentration of phenol (C0 =
50 mg/L).
Sample
TiO2
MWCNTs1-TiO2
MWCNTs2-TiO2
MWCNTs3-TiO2
TiO2 -P25

C0 /(mg/L)
47.5
43.5
45.6
46.8
48.8

kapp ×10−3 min−1
1.8
6.4
3.4
2.6
−

R
−
3.6
1.9
1.4
−

ξr
1.0
3.3
1.6
1.4
−

X9h /%
65
96
76
69
30

XTOC /%
66
90
74
72
39

cess of electron/pair formation when exposed to UV-Vis
irradiation.

B. Photocatalytic degradation of phenol

The photocatalytic degradation of phenol in aqueous suspension of composite catalysts containing MWCNTs and TiO2 follows apparent ﬁrst-order kinetics.
The standard reaction was monitored within 3 h, and
the kinetic plots are shown by linear transform in
f (t)=ln(C0 /C) in Fig.4. No appreciable phenol conversion can be observed for the blank photolysis without
any solid under the same reaction conditions.
It is evident that all the MWCNTs-TiO2 composite catalysts exhibit higher phenol degradation activity
than neat TiO2 . For the composite catalysts with diﬀerent MWCNTs diameters, the activity increases with the
decrease in MWCNTs diameter, and the MWCNTs1TiO2 with the smallest MWCNTs diameter shows the
maximum synergetic eﬀect. The activities of the prepared catalysts can be evaluated by comparing their
apparent ﬁrst-order rate constants (kapp ) listed in Table II. A synergy factor (R) is deﬁned to qualify the
synergetic eﬀect as [19]:
R=

kapp (MWCNTs TiO2 )
kapp (TiO2 )

(1)

The introduction of MWCNTs into TiO2 obviously creates a kinetic synergetic eﬀect photodegradation of phenol with an increase in kapp by a factor of 3.6, 1.9, and
1.4 respectively for the composite catalysts with the increase in MWCNTs diameter.
From Table II, it is also observed that all the samples
show a similar phenol concentration after the 60 min
dark adsorption period, which indicates an identical adsorption capacity for diﬀerent solids. Diﬀerent from the
system of TiO2 and activated carbon [19,20], the introduction of MWCNTs into the composite catalysts does
not provide an apparent additional eﬀect on their adsorption capacities [25,26]. Therefore, the synergetic effect induced by MWCNTs can favor not only higher rate
constants but also higher reaction rates for MWCNTsTiO2 composite catalysts.
It is important to evaluate the photonic eﬃciency of
the process from the point view of energy consumption
DOI:10.1088/1674-0068/22/04/423-428

FIG. 4 Apparent ﬁrst-order linear transform f (t)=ln(C0 /C)
kinetic plots for photocatalytic degradation of phenol over
TiO2 and MWCNTs-TiO2 composite catalysts.

by the deﬁnition of quantum yield [33]. From the kinetics standpoint, the initial quantum yield (φ0 ) can be
deﬁned as the ratio of the reaction rate (r0 ) to the efﬁcient photo ﬂux (φ) [34]. The value of quantum yield
may vary in a wide range, according to the characteristics of catalysts, the experimental conditions and especially the nature of the reactions under consideration.
In order to compare the photonic eﬃciency of the process over diﬀerent photocatalysts, the relative photonic
eﬃciency (ξr ) [35] can be suggested as
ξr =

φ0 (MWCNTs TiO2 )
φ0 (TiO2 )

(2)

Considering the present photocatalytic processes under
identical experimental conditions, this value may be calculated as:
ξr =

r0 (MWCNTs TiO2 )
r0 (TiO2 )

(3)

where r0 can be obtained from the corresponding values
of C0 and kapp in Table II. Consistent with the evolution of the synergy factor, the result displays the advantage of the introduction of MWCNTs into TiO2 , which
features higher photonic eﬃciency during the photocatalytic process, especially a pronounced relative photonic
eﬃciency of 3.3 in the presence of MWCNTS1-TiO2 .
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served over MWCNTs-TiO2 composite catalysts, which
exhibit higher photocatalytic activity and photonic eﬃciency in comparison with neat TiO2 and commercially
available P25. The decrease in MWCNTs diameter enhances the synergetic eﬀect on photocatalytic degradation of phenol. The observed synergetic eﬀect may
be explained in terms of the intimate contact between
MWCNTs and TiO2 phases, and MWCNTs might act
as a photosensitizer in the composite catalysts.
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FIG. 5 Phenol removal during long-term photodegradation
reactions over TiO2 and MWCNTs-TiO2 composite catalysts.

During a long-term running photodegradation reaction (Fig.5), the complete disappearance of phenol
(more than 95% conversion) over MWCNTS1-TiO2 can
be achieved within 9 h. By contrast, phenol conversion
after 9 h of photoreaction (X9h ) over diﬀerent solids is
also seen in Table II as well as the TOC removal results
XTOC . The commercially available TiO2 -P25 shows
phenol conversion of 30%, while all the sol-gel prepared
catalysts reveal much better performances with more
than double conversion after 9 h of irradiation, which is
also in line with the TOC removal results.
With the exception of acting as an adsorbent or dispersing agent, it is more reasonable to ascribe the observed synergetic eﬀect of MWCNTs-TiO2 composite
catalysts to MWCNTs acting as a photosensitizer [36].
Taking into account the semiconducting property of carbon nanotubes, MWCNTs may absorb the irradiation
and inject the photo-induced electron into the TiO2
conduction band. This charge transfer was experimentally supported by other observations of enhanced photocurrent for the composite materials containing carbon
and TiO2 [36−39]. The electron transfer can trigger the
formation of superoxide radical ion O2 ·− and hydroxyl
radical HO· , which are very reactive radicals and responsible for the degradation of the organic compound.

IV. CONCLUSION

MWCNTS-TiO2 composite photocatalysts containing MWCNTs with diﬀerent diameters were prepared
using a modiﬁed sol-gel process. Material characterization indicates a relatively homogeneous MWCNTs dispersion in nanocrystallite TiO2 matrix with
modiﬁed UV-Vis absorption properties, suggesting a
strong interphase structure eﬀect between MWCNTs
and TiO2 in the composite materials. Synergetic eﬀect
on the photocatalytic degradation of phenol was obDOI:10.1088/1674-0068/22/04/423-428
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