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ABSTRACT

Electron–hole recombination is the most important factor limiting the efficiency of
TiO2-based photocatalysts. In this work, multi-walled carbon nanotube (MWCNT) was used
to suppress the electron–hole recombination and enhance the photocatalytic efficiency of
titanium dioxide (TiO2) nanoparticles. Primarily, nanocomposite of MWCNT/TiO2 as a
hybrid photocatalyst with different weight ratio of TiO2 and MWCNT (from 0.95:0.05 to
0.75:0.25) was produced and characterized. The composites were characterized by a series
of analytical techniques including SEM, TEM, XRD, and UV–vis to reveal the textural, crys-
tallographic, and optical properties of the composites. These techniques indicated a uniform,
mesoporous, and well-defined nanometer scale anatase titania (TiO2) layer on individual
MWCNT. Secondly, significantly enhanced photocatalytic activity of TiO2 was systemati-
cally studied by introducing MWCNT in the photocatalytic oxidation and mineralization of
petroleum refinery wastewater (PRW) in a batch circulating photocatalytic reactor. The
results showed that when the proportion ratio of TiO2 and MWCNT reached 0.8:0.2, the
synthesized MWCNT/TiO2 nanocomposite demonstrated the maximum photocatalytic
efficiency on PRW treatment. The increase in the removal efficiency with increase in
MWCNT/TiO2 ratio was due to great capability of MWCNT in the adsorption of organic
molecules and charge separation.
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1. Introduction

The rapid development of industrialization, besides
its benefits, has given rise to certain hazardous effects
on environment and human survival. Wastewater
generated from pesticides, textile, petrochemical,
dyeing, plastic, and paper industries is highly toxic,
carcinogenic, and recalcitrant [1], and yet not freely
degradable. Thus, these hazardous liquids must be
collected and treated before discharge to the
environment to satisfy the discharge standards for its
variable composition and high proportion of refractory
materials.

Wastewater from petroleum refinery has the
characteristics of high concentration of aliphatic and
aromatic petroleum hydrocarbons, which could lead
to heavy pollution on the surface of soil and rivers.
The quantity and quality of pollutions in the wastewa-
ter depend on the process configuration. Refineries
generate polluted wastewater containing phenol, ben-
zene, chrome, nutrients, lead, and other pollutants.
Phenol and phenolic derivatives in the petroleum
refinery effluents pose a significant threat to the envi-
ronment due to their extreme toxicity, stability, poor
biodegradability, and ability to remain in the environ-
ment for long time [2–4]. So, there is an urgent need
to develop efficient and economical methods to
remove these pollutants from petroleum refinery
wastewater (PRW) [2].

In recent years, many strategies have been devised
to remove these pollutants, such as biological oxida-
tion, advanced oxidation processes, chemical, and
physical methods [5,6]. However, these traditional
methods are often costly and may cause secondary
pollution; thus their implementation unfeasible under
industrial conditions. Therefore, more efficient and
economic methods need to be developed [7].

Besides these methods, the initial discovery of
photoelectrochemical water splitting on titanium diox-
ide (TiO2) electrodes by Fujishima and Honda [8]
opened a new area in the destruction of organic pollu-
tions. Photocatalytic oxidation is an alternative means
for pollutant treatment in air and in water, hence
heterogeneous photocatalysis by semiconductors has
attracted much more attention [2,9].

The coupling of carbon nanotubes (CNTs) and
TiO2 has attracted much attention in the literature for
enhanced photo-induced catalysis of ecological and
renewable energy applications such as photocatalysis,
photo-electro-catalysis, and CO2 photoreduction
[10–13]. Combining CNTs with TiO2 at the nanoscale
level can endorse the separation of the generated
electron–hole charges. However, it was demonstrated
that charge separation ability depends on the contact

between CNTs and TiO2, the morphological and
surface properties of the nanoparticles [14,15].

Furthermore, CNTs can provide spatial confine-
ment of TiO2 and large supporting surface areas,
leading to faster observed rates of redox reactions.
Many investigations have focused on the material
and photocatalytic/photo-electro-catalytic properties
of heterogeneous nonuniform coatings of TiO2 onto
CNT. However, it is well known that the charge
separation capability depends on both the quality of
the interfacial contact between CNTs and TiO2 and
also the morphological and surface properties of the
nanocomposites. Hence, tailored uniform core–shell
coatings of TiO2 on the CNTs surface should
improve the transfer of photo-induced free electrons
from the TiO2 matrix to the CNTs and inhibit the
recombination of photo-induced carriers through the
formation of hetero junctions. Core–shell structures of
a semiconductor with small and uniform thickness
hindered electron–hole recombination [7,16]. As well
as the probability of electron–hole recombination
depends on the thickness of the oxide layer over the
entire length of the composite tubes. Some uniform
coatings methods have been investigated for the
nanocomposite preparation such as chemical vapor
deposition, electrospinning, and modified sol–gel
methods [17].

Based on the best knowledge, there are few studies
for photocatalytic oxidation and mineralization of
PRW by multi-walled carbon nanotube (MWCNT)/
TiO2 nanocomposite. Unlike the previous studies, the
present work investigated removal of chemical oxygen
demand (COD) from real PRW. In addition, in the
present study, in order to explore the best operational
conditions achieving high COD removal efficiency, the
effects of initial nanocomposite concentration,TiO2:
MWCNT ratio, pH, and UV and visible light
irradiation on the performance of process were
investigated.

2. Experimental

2.1. Materials

PRW obtained from Petroleum Company in
Kermanshah Iran. CNTs (multi-walled CNTs) were
purchased from Aldrich and used as received (Sigma,
St. Loius, MO, USA). TiO2 nanopowder with the aver-
age size of 25 nm and absolute ethanol was obtained
from Merck Co. (Darmstadt, Germany).

The laboratory tests were accomplished using the
pretreated wastewater (after flotation and coagula-
tion). PRW samples were haphazardly collected from
an oil refinery plant located in the city of Kermanshah,
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Iran. The COD of the PRW sample was about
800 mg/l. The concentrations of COD were character-
ized by means of standard methods.

2.2. MWCNT/TiO2 nanocomposite preparation

As a support, MWCNTs were combined with TiO2

through sonochemical and calcination methods. To
synthesize the TiO2/MWCNTs composite, titanium
oxide was used as a titanium source. Firstly,
MWCNTs were sonicated in 20 mL ethanol for 30 min
to properly disperse them. Then, each mixture of TiO2

and MWCNTs, with a different weight ratio of
titanium and carbon, was sonicated for 30 min to
improve the interaction between the two chemicals.
After adding 80-mL Milli-Q water, the sol samples
formed by the hydrolysis process were treated with
ultrasonic irradiation in an ultrasonic cleaning bath for
another 45 min, followed by aging at 25˚C over night
in order to further hydrolyze the TiO2 and form
mono-dispersed TiO2 particles. These samples were
then dried and the mixtures were calcinated in a
500˚C for 1 h, and the nanocomposites were obtained
with the color from white gray to black, when increas-
ing the amount of CNTs.

2.3. Nanocomposites characterization

X-ray diffraction (XRD) patterns of samples were
recorded using EQUINOX diffractometer (Inel
Company) operating with a Cu anode and a sealed
X-ray tube at room operated at a voltage of
35 kV, current 20 mA. The 2θ scans were recorded
at several resolutions using CuKα radiation of
wavelength 1.548 Å in the range of 20–80 with 0.05
step size.

A surface morphology of MWCNT/TiO2 thin films
was studied by scanning electron microscopy (SEM)
using a Philips XL30 microscope at an accelerating
voltage of 20 kV. After oven drying of the thin film
for 12 h, the sample was coated with a platinum layer
using an SCDOOS sputter coater (BAL-TEC, Sweden)
in an argon atmosphere. Subsequently, the sample
was scanned and photomicrographs were obtained.
Also, the surface properties of MWCNT/TiO2

nanocomposite were visualized using a transmission
electron microscope (TEM) (Zeiss-EM 10C-Germany)
at an accelerating voltage of 80 kV capable of point-
to-point transmission. The Raman spectra were
recorded from 100 to 4,000 cm−1 at room temperature
using Almega Thermo Nicolet Dispersive Raman
Spectrometer with an excitation wavelength of 532 nm
of a Nd:YLF laser with laser power of 30 mW.

2.4. Photoreactor configuration

The photocatalytic activities of the composite
catalysts were assessed by the degradation of PRW
in a photoreactor. The photoreactor was equipped
with thin gap annular photocatalytic reactor (total
liquid volume of photoreactor was 950 mL excluding
volume of the quartz tube (40 tubes in each of
reactor) inside the photoreactor). The UV lamps
(22 cm body length and 16 cm arc length) were
mercury 400 W (200–550 nm) lamps. The UV lamp
was fixed in the inner quartz tube of each reactor
and was totally immersed in the reactor. At first,
PRW flow flowed through annular reactor by means
of peristaltic pump from the wastewater reservoir
and subsequently discharged to the settling tank.
This photoreactor was operated under room tempera-
ture (25 ± 2˚C). The air was presented into the
reactor with a bubble air diffuser at the bottom of
the each reactor, and the air flow rate was controlled
with an air flow meter connected to the blower.
During reaction, 10 mL of mixed solution was with-
drawn periodically from the reactor, followed by
centrifugation and filtration, and the obtained clear
solution was analyzed using UV spectroscopy
(756CRT).

The degradation rate of petroleum refinery was
calculated by the equation d% = (C0 − C)/C0%, where
C0 stands for the initial concentration of petroleum
refinery solution, and C, at any other time [18].

Fig. 1. XRD patterns of TiO2, MWCNT, and TiO2/
MWCNTs composites.
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3. Results and discussion

3.1. Morphological analysis

To characterize the crystalline structure of the sam-
ples, the XRD patterns of TiO2 and TiO2/MWCNTs
composites were obtained. Fig. 1 shows the XRD pat-
terns of several samples including MWCNTs, TiO2,
and MWCNTs/TiO2, indicating that the MWCNTs
sample clearly displays a primary peak at around
25.9˚, which can be indexed to the reflection (0.02) of
graphite and the next peak at ca. 48.5˚ corresponding
to the (1.00) plane of graphite. In agreement with the
reported results in the literature, the pattern of the
titanium oxide nanopowder sample exhibits several
characteristic peaks of anatase phase of TiO2 at 25.2˚,
37.7˚, 48˚, and 54˚. For the MWCNTs/TiO2 (0.10)-450
composite, the diffraction peaks assigned to the
anatase phase of TiO2 and diffraction peaks relating to
MWCNTs can hardly be identified (Fig. 1). This
phenomenon may be caused by the overlap of the
main peak of MWCNTs at 25.9˚ with the main peak of
anatase TiO2 nanotubes at 25.2˚ [7]. Moreover, the
crystalline extent of MWCNTs is much lower than that
of TiO2, leading to the shielding of the peaks of
MWCNTs by those of TiO2 [19,20].

The SEM images of the samples are shown in
Fig. 2. All samples have pores in their structures,
which are connected randomly and lack discernible
long-range order in the pore arrangement. It is also
found that the morphology of TiO2 changes from
spherical particles to big agglomerated particles.
MWCNTs have an effect on the agglomerated mor-
phology of TiO2. Meanwhile, the agglomeration of
mono-dispersed TiO2 particles can be clearly observed
in the SEM and TEM images with a higher resolution.

The spherical TiO2 particles with the size of about
40 nm were composed of the nanoparticles with the
diameter of about 10 nm, which is basically in accor-
dance with the crystalline size calculated from their
XRD patterns [20].

It can be seen from the TEM images Fig. 3 that a
uniform shell of TiO2 with a nanoscale thickness and
surface of MWCNT forms a core–shell structure. The
dark and bright regions correspond to the TiO2 and
the MWCNT shell, respectively. This phenomenon can
be due to their different electron-absorbing abilities,
i.e. the electron binding ability of TiO2 is higher than
that of carbon. Therefore, the TiO2 can be identified as
the darker region compared to MWCNTs.

Raman spectroscopy is an effective tool to explore
and describe carbonaceous materials. Fig. 4 illustrates
the Raman spectra of the MWCNTs and MWCNTs/
TiO2 composite, showing that the two spectra exhibit
several peaks positioned at around 150, 513, 635,
1,350, 1,587, and 2,700 cm−1. These diffraction peaks

Fig. 2. SEM images of TiO2/MWCNTs composites.
Fig. 3. TEM images of MWCNT (a) and TiO2/MWCNTs
composites (b).
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are designated as the characteristic peaks of MWCNTs
and nanocomposite that the two characteristic peaks
correspond to the typical characteristic bands of the
Raman spectrum of multi-walled CNTs, located at
1,349 and 1,587 cm−1, which correspond to the well-
documented D band and G band, respectively. The
broad peak at around 1,600 cm−1 is an unresolved
Raman triplet identified with tangential carbon atom
displacement modes, which is related to the E2g mode
in graphite at 1,582 cm−1 [20]. Also, a well-resolved
TiO2 Raman peak is observed at about 145 cm−1 for
TiO2 and the bonding TiO2/MWCNT composite,
which is attributed to the main Eg anatase vibration
mode [7,21]. These results proved that the MWCNTs/
TiO2 composite has both the characteristic peaks of
TiO2 and the characteristic bands of MWCNTs.

3.2. Photocatalytic activity

Here, the photocatalytic activity of the composites
with high MWCNTs content is much higher. Photocat-
alytic activity of TiO2 may be explained by the UV–vis
absorbance spectra of the samples of TiO2 and the
nanocomposite (Fig. 5). It is found that with the addi-
tion of the MWCNTs to the TiO2 nanoparticles the
absorption of UV light by the composites decreases
greatly and it is shift to visible absorption. The color of
MVCNTs is black so that they can shield the UV light
for the absorption by TiO2 to visible light. For a photo-
catalyst, light absorption is the most critical factor [20].

This bonding TiO2/MWCNT composite should possess
better photocatalytic activity than that of pure TiO2

and the physical mixture of TiO2 + MWCNT due to
the formation of chemical bond, which can enhance
the electron injection into MWCNT, and thus promote
their separation for electron–hole pairs.

The photocatalytic activity of the bonding
TiO2/MWCNT composite toward the degradation of
pollutant was investigated in different conditions in
order to demonstrate the intricate correlation between
structure and property, and the results are shown in
Fig. 6. After UV irradiation for 120 min, as for pure
TiO2 in UV light and visible light, the degradation
ratio in UV condition is much higher (Fig. 6(a)).

Fig. 4. Raman spectra of samples.

Fig. 5. UV–vis spectra of the samples of TiO2 and
MWCN/TiO2 nanocomposite.
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Fig. 6(b) shows the existing effect of nano TiO2 on the
degradation, and it was shown that the TiO2 and light
must exist with each other for pollutant degradation.
Fig. 6(c) demonstrated the effect of MWCNT on the
photocatalytic activity of nanocomposite. From this
figure it was shown that an increase in the carbon
enhanced the effectivity of nano TiO2. This increase in
the photocatalytic activity is relative to the formation
of chemical bond between TiO2 and MWCNT (the
formation of ester bond), and their large surface area
(as Zhou et al. obtained the 171 m2 g−1 for this value)
because MWCNT could also act as a disperser and
supporter of TiO2 for obtaining large surface area
[21,22]. Also, at the interface, electrons will flow from
the higher to lower Fermi level material to align the
Fermi energy levels. In general, CNT is composed of
one-third metal and two-third semiconductor ones.

The formation of ester bonds resulting from a close
contact between TiO2 and MWCNT will form a
Schottky barrier. Therefore, the TiO2/MWCNT
Schottky barrier junction offers an effective route of
decreasing recombination of photogenerated electron–
hole pairs. In this work, the photocatalytic activity of
the composites with varying MWCNT content was
also investigated. While the MWCNT was too little or
too much, the photocatalytic activities were poor. If
the MWCNT was too little, not too much ester bonds
can be formed and thus not in favor of separating
electron–hole pairs. On the contrary, if they were too
much, residual MWCNT, which could not form ester
bond, play only the role of adsorption, thus weaken
the activity of TiO2 and decrease the photocatalytic
activity. Therefore, the content of MWCNT in this
bonding composite must be moderate [23].
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Fig. 6. Photocatalytic activity of TiO2 nanoparticles in different condition: pure nano TiO2 in visible and UV light (a),
degradation of pollutant in different condition (b), the effect of amount of MWCNT in degradation of pollutant.
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As summarized in Zhou and co-workers literature
[21] about this phenomenon, two things could be
presented also in our study: (1) The formation of ester
bond improved the interface of TiO2 and MWCNT,
reduced the distance between TiO2 and SWCNT; thus
it favored the injection of electrons into MWCNT and
inhibited the recombination of photogenerated
electron–hole pairs. (2) Large surface area resulted in
excellent adsorption performance and offered
adequate active sites to participate in photocatalysis.
Moreover, due to the compact contact between them
and MWCNT, some electrons can be deposited, photo-
generated carriers can be effectively separated. All the
above mentioned are considered positive factors for
the enhancement of photocatalytic activity.

3.3. Effect of pH on COD removal efficiency

The effect of pH on the COD removal was investi-
gated in this study. The examination of Fig. 7 shows
that the pH of the emulsion has a crucial effect on
performance. As shown in Fig. 7, the amount of COD
removal is decreased with an increase in pH, which is
due to a repulsion between MWCNT and pollutant
[2].

Interpretation of such positive and negative
impacts of the pH on the COD removal efficiency in
this reactor is a very difficult task in terms of many
organic pollutants and intermediates, which exist in
PRW. However, attempts have been made to explain
this phenomenon. The pH-effect is related to the point
of zero charge (pzc) of TiO2 at pH 6.2 and charge of
organic maters in different pH [24]. In acidic media
(pH < 6.2), the surface of TiO2 is positively charged,
whereas it is negatively charged under alkaline condi-
tions (pH > 6.2) according to Eqs. (1) and (2).

TiOHþHþ , TiOHþ
2 pH\pzc (1)

TiOHþOH� , TiO� þH2O pH[pzc (2)

Since the majority of organic maters in PRW is phenol
and phenolic derivatives are negatively charged due
to the OH groups ionized in water, their electrostatic
attraction to the TiO2 surface is favorable in acidic
solution and forbidden in alkaline media due to the
columbic repulsion between the negatively charged
surface of TiO2 and the organic molecules. Thus, the
reaction rate reached a maximum value at very low
pH. Moreover, the generation of OH radicals by the
effect of UV light on the TiO2 of the composite may
also represent a further factor for increasing reaction
rate in acidic environment [25].

3.4. Effect of initial nanocomposite concentration on COD
removal efficiency

Fig. 8 showed the effect of MWCNT/TiO2 concen-
tration in the pH of 3 on the COD removal. As shown
in this figure, the COD removing is increased with an
increase in the concentration from 2 to 10 g/L, but
with the concentration enhancing from 10 to 15 g/L
the COD removing is decreased, which is due to the
aggregation of nanocomposite in high concentration.
Also, the UV transmission from solution is decreased
with an increase in the concentration, which would
have negative effect on the COD removal.

In order to identify the present of hazardous
organic compounds in the samples and to compare
the efficiency of degradation for different compounds,
5 mL of PRW-treated samples were taken before and
after the degradation. The catalyst particles were
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separated and the samples were analyzed by means of
the gas chromatography (GC). Fig. 9(a) and (b) pre-
sents the chromatograms of the analyzing wastewater
before and after the degradation under optimum
conditions. The major peaks have been labeled by
name according to the GC identification. Comparison
of spectra in the figure verified that all hazardous
compounds were degraded at high efficiencies.

3.5. Proposed degradation mechanism for benzene and
phenol as a constituents of PRW

TiO2 can absorb ultraviolet radiation of λ ≤ 413 nm,
which induces valence band electrons to the conduction
band, leaving positive holes (h+) in the valence band.
Possible reaction pathways have been given below:

Fig. 9. Chromatograms of the analyzing wastewater,
before (a) and after (b) the degradation under optimum
conditions.

+ OH0

H
HHO

0 O2

H

O
HHO

Oo

o

OH

+ HO2
0

Fig. 10. Route of benzene degradation by OH0 radical addition.

Fig. 11. Proposed degradation mechanism for phenol.
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H2O ! OH� þHþ (3)

Hþ
vb þOH� ! OH0 (4)

e� þO2 ! O0
2 (5)

It has also been reported that benzene and toluene is
destructed because of the existing hydroxyl radicals
[26]. Actually, in the presence of h+ hole, benzene
altered to phenol (Fig. 10).

In general, the degradation of phenol follows
the oxidation of phenol to other hydroxylated or
oxygenated compounds, especially cyclic intermedi-
ates, the ring opening reaction to form organic acids,
and mineralization of organic acids to carbon dioxide
(Fig. 11) [26,27].

4. Conclusion

In this study, with the introduction of MWCNT to
TiO2 NPs, MWCNT/TiO2 nanocomposite was fabri-
cated successfully and it shows significantly enhanced
photocatalytic activity for the degradation of PRW in
the presence of UV and visible light irradiation as
compared to pure TiO2. The composites were charac-
terized by a series of analytical techniques including
SEM, TEM, XRD, and UV–vis to reveal the textural,
crystallographic, and optical properties of the compos-
ites. The efficiency of photodegradation of PRW in the
presence of MWCNT/TiO2/UV (or visible) was
investigated with changing various experimental
parameters (TiO2:MWCNT ratio, initial nanocomposite
concentration, pH, and UV and visible light irradia-
tion). The obtained results indicated that introduction
of MWCNT to TiO2 NPs provide shorter distance for
electron transfer to the TiO2 and higher electronic
conductivity of the nanocomposite catalyst that lead to
control the rate of electron–hole recombination on the
photocatalyst surface. Maximum COD removal from
PRW (95%) was achieved at the optimum conditions
(TiO2:MWCNT ratio of 0.8:0.2, initial nanocomposite
concentration of 10 mg/l, and pH of 3).
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