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a b s t r a c t

Multi-walled carbon nanotube/zinc oxide (MWCNT/ZnO) composites were synthesized by thermal
hydrolysis method. The composites were prepared using multi-walled carbon nanotubes (MWCNTs)
as a starting material, and zinc nitrate as a precursor. For characterization and morphological studies,
different techniques such as FE-SEM, HRTEM, XRD, UV and FT-IR were applied. The photo catalytic activ-
eywords:
WCNT/ZnO nanocomposite

cetaldehyde
hoto-degradation
atalysis

ity of the prepared composite was evaluated by measuring the degradation of acetaldehyde in aqueous
solution under UV laser irradiation. Almost 50% enhancement in photocatalytic activity for removal of
acetaldehyde was recorded by embedding ZnO nanoparticles on the surface of MWCNTs.

© 2010 Elsevier B.V. All rights reserved.
anotechnology
astewater treatment

. Introduction

Acetaldehyde is one of the hazardous chemicals emitted from
iesel engines, waste incinerators and from building materials
hich could cause the so-called sick house syndrome. Direct release

f acetaldehyde to air or to underground water could cause carco-
enic effect on humans and animals. Because it is in a liquid phase
nd does not bind well to the soil, acetaldehyde makes its way
nto the ground and can seep through the ground and enter to
he groundwater reservoirs to contaminate them. Acetaldehyde ill
ffect on human health and the environment depend mainly on
he amount of acetaldehyde present and the length and frequency
f exposure. Breathing acetaldehyde for short periods of time
an irritate the human respiratory system. Acetaldehyde can also
dversely affect the cardiovascular system. Contact with acetalde-
yde liquid or vapor irritates the skin and the eyes [1]. Keeping in
iew the hazardous effects of acetaldehyde, there is a dire need to
evelop state of the art techniques to remove acetaldehyde from
astewater [2]. Advanced oxidation process (AOP) is one of the
echnologies being developed for removal of organic pollutants.
Most the work reported on AOP so far is in the use of TiO2 and

nO as semiconductor catalyst for water purification. It has been
eported recently that the supports such as activated carbon and

∗ Corresponding author. Tel.: +966 38602351; fax: +966 38602293.
E-mail address: magondal@kfupm.edu.sa (M.A. Gondal).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.10.070
zeolites were effective in enhancing the photodecomposition rate
of several organic pollutants on TiO2 in water or air [3,4]. In these
cases, the supports with high adsorb-ability could attract the tar-
get substances around the catalyst particles, thereby it can enhance
the decomposition rate. Similar enhancement effects were also
reported for the photodecomposition of rhodamine-6G by using
SiO2 as a catalyst [5].

Carbon nanotubes (CNT) have attracted considerable attention
because of their unique structure, high aspect ratio, and having
extraordinary mechanical and electronic properties for many appli-
cations [6]. In order to enhance the efficiency, it is necessary to
attach other substances to the surface of MWCNTs. Therefore, the
surface modification of MWCNTs has been a focus of many envi-
ronmental scientists. Nanocomposite is one of the efficacious ways
to improve the property of the catalyst [7–10].

Multi-walled carbon nanotubes (MWCNTs)-TiO2 composite cat-
alysts prepared by a modified sol–gel method have been used for
photodegradation of phenol [11,12] and to improve photocatalytic
activity in ceramic membrane filters [13] and for photocatalytic
decomposition of dyes [14]. Photoactivity of the Pt/MWCNT/TiO2
composites under UV irradiation was studied for the degrada-
tion of methylene blue (MB) in aqueous solution [15]. Tungsten

carbide/carbon nanotube composite was used to investigate the
electrocatalytic activity of p-nitrophenol reduction by a powder
microelectrode in a basic solution [16]. Photocatalytic applica-
tions of the TiO2/MWCNT composites were investigated for indigo
caramine dye removal [17].

dx.doi.org/10.1016/j.cej.2010.10.070
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:magondal@kfupm.edu.sa
dx.doi.org/10.1016/j.cej.2010.10.070
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an appropriate amount of the MWCNT-ZnO composite was added.
Different parameters such as irradiation power, exposure time,
composite dosage and acetaldehyde concentration were optimized.
Gas chromatography with nitrogen as the carrier gas (GC-8A, Shi-
madzu, equipped with a 2 m Porapak-Q column and a flame
Fig. 1. Schematic diagram illustrating the synthes

Acetaldehyde decomposition was photo-catalyzed by N-
ontaining MOx–ZnO powders (WO3 or V2O5) under UV and
isible-light irradiation [18–20]. The degradation of acetaldehyde
nder visible-light irradiation was also investigated using ordered
esoporous Ag/WO3 [21].
Zinc oxide (ZnO) is an important semiconductor material

pplied in conventional catalysis process. Due to many unique
roperties such as good optical activity, better sensitivity for UV

ight, wide bandgap = 3.3 eV, high stability and catalytic activity and
ow production cost [22–24].

In this work, MWCNT/ZnO nano-composites were synthe-
ized and characterized using special technique explained under
xperimental section. This work has been motivated by potential
pplication of MWCNT/ZnO nano-composite as novel photoactive
aterial for acetaldehyde decomposition.

. Experimental

.1. Synthesis of MWCNT/ZnO nanocomposites

The multiwalled carbon nanotubes used in this study as a
uilding block, were of high purity (>95%) procured commercially
Cheaptube Com.). Further purification of the multiwalled carbon
anotubes was accomplished by stirring MWCNTs in concentrated
itric acid at 70 ◦C for 12 h, followed by filtering and washing with
istilled water, and then drying at 110 ◦C for 6 h. Then, MWCNTs
ere oxidized by refluxing with 50% nitric acid at 120 ◦C for 24 h
nder stirring conditions. The product was then filtered and rinsed
ith doubly distilled water and dried overnight in the oven.

For the preparation of MWCNT-ZnO nanocomposites, an appro-
riate amount of Zn(NO3)2·6H2O was dissolved in doubly deionized
ater. Then ammonia was added drop-wise under continuous stir-

ing into the solution until a clear solution was formed. After that,
n appropriate amount of the oxidized MWCNTS was added into
he solution. After soaking for 60 min, the composite were centrifu-
ally separated and dried at 80 ◦C. The product was then calcined
n vacuum at 300 ◦C for 24 h. The product was then characterized
y different analytical techniques mentioned below. Fig. 1 depicts
schematic showing the process of MWCNT/ZnO composite syn-

hesis.

.2. Characterization techniques
Different techniques were applied for the characterization
f MWCNTs and MWCNT/ZnO nanocomposite. X Ray Diffrac-
ion (XRD) (Shimadzu XRD 6000) was employed to determine
rystalline phases and average crystalline size. The morphology
f the nanotubes and particle size were examined by a Field
WCNT/ZnO composite using a Ball & Stick model.

Emission Scanning Electron Microscope (FESEM, FEI Nova-Nano
SEM-600, Netherlands) and High Resolution Ttransmission Elec-
tron Microscopy (HRTEM). Infrared absorption spectroscopy (FTIR)
spectra were measured at room temperature on a FTIR spectrom-
eter using the KBr Pellet technique. Samples were dried, gently
mixed with 300 mg of KBr powder and compressed into discs at
a force of 17 kN for 5 min using a manual tablet presser. UV–vis
spectrometer was used to record the UV–vis absorption spectra.

2.3. Photodegradation process

The application of synthesized nanocomposite for the pho-
todegradation of acetaldehyde was investigated under UV laser
irradiation. A Q-switched Nd-YAG laser (Spectra Physics Model,
GCR 100) operating at 355 nm wavelength using third harmonic
generator was employed as an excitation source. It can deliver
maximum pulse energy of 300 mJ with a pulse width of 8 ns
and operates at a 10 Hz pulse repetition rate. In this experiment,
a 2 mm diameter aperture was located inside the path of laser
beam in order to get a uniform beam shape, as depicted in Fig. 2.
Acetaldehyde–water solution in known concentration was pre-
pared and added inside the reaction chamber. To this solution,
Fig. 2. Experimental setup for the photodegradation of acetaldehyde using
MWCNT/ZnO composite under laser irradiation.
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Fig. 3. X-ray diffraction of MWCNTs and MWCNT/ZnO nanocomposite.

onization detector) was used to monitor the change in acetalde-
yde concentration.

. Results and discussions

.1. Characterization analysis

Fig. 3 depicts the XRD patterns of the powdered MWCNTs
nd the MWCNT/ZnO nanocomposite. For MWCNTs, the peaks
t the angle (2�) of 25.83◦, 42.99◦, 43.0◦, 44.94◦ and 77.44◦

ere associated with the (0 0 2), (1 0 0), (1 0 1), (0 0 4) and (1 1 0)

iffractions of the hexagonal graphite structure [25–27]. For
WCNTs and ZnO nanocomposite, diffractions of both MWC-
Ts and ZnO could be observed. The main dominant peaks for
nO were identified at 2� = 31.77◦, 34.44◦, 36.25◦, 47.53◦, 56.57◦,
2.85◦, 66.37◦, 67.92◦, 69.03◦ and 77.5◦; which can be indexed

ig. 4. FE-SEM image of (B) MWCNT/ZnO composite, (B) MWCNT/ZnO composite at hig
odel of MWCNT/ZnO composite.
g Journal 166 (2011) 407–412 409

as (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2),
(2 0 1), (0 0 4) and (2 0 2). XRD results of ZnO showed promi-
nent 1 0 0, 0 0 2 and 1 0 1 reflections among which 1 0 1 is of
highest intensity [27–29]. The average particle size of ZnO in
MWCNT-ZnO nanocomposite can be roughly estimated using the
Debye–Scherrer formula for spherical particles and the estimated
size was around 18 nm and the lattice parameters a and c of
the ZnO was estimated using hexagonal structure formula as
described in reference [30] which gives values of a = 0.3257 nm and
c = 0.5257 nm.

Fig. 4(A) and (B) shows the morphology of MWCNT/ZnO
nanocomposite. As clear from FE-SEM image of MWCNT/ZnO com-
posite, a dark ZnO sheath on the surface of the MWCNTS core
has been appeared, which reflects that the MWCNTs had been
embedded by zinc oxide. The morphology, particle size and shape
of MWCNT/ZnO were investigated by high resolution transmis-
sion electron microscope (model: JEM-2100F (HR)), at a voltage of
200 kV. Transmission electron micrograph illustrates directly the
size and shape distribution. The powders are dispersed in ace-
tone by stirring in an ultrasonic tank for 15 min. A drop of this
suspension was then mounted on a carbon-coated copper grid for
analysis. Fig. 4(C) illustrates the TEM images of MWCNT/ZnO com-
posite. Fig. 4(C) clearly illustrates that the surface of MWCNT was
embedded uniformly with ZnO nanoparticles. Based on morpho-
logical studies a space filling model representing the MWCNT/ZnO
composite is depicted in Fig. 4(D).

In order to study the optical properties, the prepared
optical absorption characteristics of the MWCNT/ZnO nanocom-
posites were investigated using UV spectrophotometer. The
measured absorption spectrum is presented in Fig. 5. The excitonic
absorption peaks are observed due to the ZnO nanoparticles at 270

her magnification. (C) HRTEM image of MWCNT/ZnO composite. (D) Space filling
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Fig. 7. Plots of acetaldehyde concentration versus laser irradiation time during the
Fig. 5. UV–vis absorption spectrum of MWCNT/ZnO nanocopmosite.

nd 370 nm which lie below the band gap wavelength of 388 nm
Eg = 3.2 eV) of bulk ZnO [31].

FTIR spectra are useful to understand further the formation of
WCNT/ZnO composite. Fig. 6 reveals different surface chemistry

f MWCNTS and the MWCNT/ZnO composite. In the high frequency
egion, broadened bands around 3420 cm−1 can be observed in
ig. 6(A) and (B), which can be assigned to the bending vibra-
ions of adsorbed molecular water and stretching vibrations of OH
roups. The two peaks at 2920 and 2854 cm−1 correspond to the
–H stretch vibration, originated from the surface of tubes [32].
ompared with MWCNTs (Fig. 6(A)), the two peaks of compos-

te (Fig. 6(B)) are obviously weak, which suggests that the surface
f MWCNTs has been covered by ZnO. The peaks at 1650 cm−1

an be inferred as CO2 stretching vibration of the two samples,
hich is lower in the composite than that of MWCNTs. Further-
ore, peaks observed at low frequency region (around 500 cm−1)

n MWCNT/ZnO composite are assigned to the Zn–O.

.2. Photodegradation of acetaldehyde

In this section, a comparative study to test the acetaldehyde
egradation activity by different materials such as pure MWCNTs,
nO or MWCNT-ZnO composite is discussed. Also, the optimiza-
ion of different parameters such as laser irradiation power, laser
xposure time, composite dosage and acetaldehyde concentration
o achieve high degradation of acetaldehyde are explained and dis-
ussed.
.2.1. Comparative study
In order to test the contribution for degradation of acetalde-

yde by MWCNTs only without laser irradiation (Fig. 7, curve 2),
nd with laser irradiation in presence of no catalyst (Fig. 7, curve
), MWCNTs (Fig. 7, curve 3), ZnO (Fig. 7, curve 4), MWCNT-ZnO

Fig. 6. FT-IR spectra of (A) MWCNTs and (B) MWCNT/ZnO nanocomposites.
photocatalytic degradation of acetaldehyde by (1) laser without any catalyst, (2) in
presence of MWCNTs without laser irradiation, (3) in presence of MWCNTs and laser
(4) ZnO (5) in presence of MWCNT/ZnO composite with laser irradiation power of
120 mJ, dosage of 10 mg.

composite (Fig. 7, curve 5), five sets of acetaldehyde solutions in
equal concentrations were prepared.

In the first experiment, the effect of laser photolysis for the
removal of acetaldehyde was investigated. In this case, very low
(almost negligible) removal was noticed. In the second experi-
ment, the adsorption property of MWCNTs for acetaldehyde was
tested without laser irradiation. It was found that around 30%
of acetaldehyde was adsorbed on the surface of MWCNTs. In the
third experiment, the laser was irradiated on the sample in pres-
ence of MWCNTs. Even in this, the improvement in acetaldehyde
removal was not appreciable. As a mater of fact, it is difficult for
some one to judge if the removal was as result of adsorption or
due to photo-degradation. In the fourth experimental set, the laser
was irradiated in presence of pure ZnO nanoparticles. In this case
56% of acetaldehyde was degraded after 40 min laser irradiation as
depicted in Fig. 7 (curve 4). In the fifth set, the laser was irradiated in
presence of the synthesized MWCNT-ZnO composite. After 20 min,
89% of acetaldehyde was degraded and further improvement of 7%
was found when the irradiation was prolonged for 10 min more. It
was interesting to note that further extension irradiation time for
10 min period, a complete degradation of acetaldehyde occurred.
The comparison of pure ZnO and the MWCNT-ZnO composite con-
firms that an enhancement more than 40% in catalytic activity of
ZnO has been recorded when ZnO was loaded on the surface of
MWCNTs. This enhancement in removal of acetaldehyde could be
explained and attributed to the large surface area available by the
MWCNT-ZnO nano composites for reaction kinetics.

The proposed reaction mechanism for oxidative photo-
degradation of acetaldehyde under our process is as follows:

MWCNTZnO
h�(355 nm)>Eg−→ MWCNTZnO(h+

vb + e−
cb

) (1)

H2O + h+
vb → H2O+ → OH• + H+ (2)

The generated •OH radicals then react with acetaldehyde to gen-
erate CO2 and water, i.e.

•
C2H4O + 4OH → 2CO2 + 2H2O (3)

C2H4O + 7O2 → 6CO2 + 3H2O (4)

As shown in Eq. (1), when the catalyst is irradiated with a pho-
ton of sufficient energy, equal or larger than band gap, electrons
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ig. 8. Plots of the percentage removal of acetaldehyde versus laser irradiation
nergy during the photocatalytic degradation of acetaldehyde by MWCNT/ZnO
anocomposite dosage = 10 mg.

re promoted from valence band to conduction band forming holes
h+) (Eq. (2)) which in turn generate •OH radicals that can oxidize
cetaldehyde (Eq. (3)). This has been also reported in the degra-
ation of organic pollutants using photo-catalysis process [33,34].
ince the pre-adsorption of the target on the surface of catalyst is
rerequisite for enhancement of photo-degradation [35] and due
o the adsorption ability, MWCNT can adsorb the acetaldehyde. As
result the interaction between the generated •OH radicals and

cetaldehyde would be enhanced and in turn the rate of photocat-
lytic degradation increases.

.2.2. Influence of laser irradiation energy on catalytic activity
Fig. 8 depicts the plot of the percentage degradation of acetalde-

yde versus laser irradiation energy. It was observed that laser
rradiation energy of 60 mJ with duration of 10 min led only to
6% degradation of acetaldehyde. The percentage degradation of
cetaldehyde was increased to 60% by increasing the laser irradi-
tion energy to 120 mJ. The maximum degradation was achieved
hen the laser irradiation energy was increased up to 150 mJ. The

nhancement effect of laser energy on the degradation process
ould be explained as follows. As the laser energy increases, more
hotons takes part in excitation of electrons from the valence to
onduction band thus creating more electrons and hole pairs which
n turn generate more hydroxyl radicals. The increase in radicals
nhances the degradation rate of acetaldehyde.
.2.3. Influence of acetaldehyde concentration on removal process
Fig. 9 shows a typical plot of the percentage removal of

cetaldehyde versus acetaldehyde concentration via photocatalytic
egradation process by 10 mg of synthesized MWCNT/ZnO com-

ig. 9. Plots of the percentage removal of acetaldehyde versus acetaldehyde
oncentration during the photocatalytic degradation process by MWCNT/ZnO
anocomposite with laser irradiation energy = 120 mJ and dosage = 10 mg.
Fig. 10. Plots of the acetaldehyde concentration versus dosage of MWCNT/ZnO
nanocomposite with laser irradiation energy = 120 mJ and laser irradiation
time = 10 min.

posite with laser irradiation energy = 120 mJ. As it is expected, the
higher the concentration of acetaldehyde, the lower the removal
of acetaldehyde will take. This is due to fact that at higher concen-
trations of acetaldehyde, MWCNT/ZnO composite are covered with
acetaldehyde and there is less chance of the laser radiation interac-
tion with MWCNT/ZnO composite and therefore less OH radicals
are generated for degradation process. As one can notice, from
Fig. 9, the degradation was at its optimum below or at 50 ppmv.
Hence one can infer from our study that more acetaldehyde con-
centration removal requires either longer laser irradiation time or
larger catalyst dosage.

3.2.4. Effect of composite dosage on removal of acetaldehyde
Fig. 10 depicts a typical plot of the acetaldehyde concentration

versus different composite dosage in the photo catalytic degrada-
tion of acetaldehyde for 10 min laser irradiation time at laser pulse
energy = 120 mJ. The figure clearly indicates that the larger the sub-
strate concentration, the higher the removal of acetaldehyde takes
place. This is due to the fact at higher substrate concentrations,
more active sites are available for the reaction process and thus
more degradation happens. This study revealed that 40 mg of the
substrate (composite) was enough for the removal of 195 ppmv
acetaldehyde.

3.2.5. The effect of the mass ratio of ZnO and MWCNT on
photocatalytic activity

The effect of the mass ratio of ZnO and MWCNT on photocat-
alytic activity was investigated by synthesis of composites of ZnO
and MWCNTs with mass ratios of 0.5:1, 1:1, 10:1, 20:1 and 50:1.
The photodegradation efficiencies of acetaldehyde over the com-
posites were investigated at fixed irradiation energy of 100 mJ. The
degradation increases by increasing the mass ratio of ZnO between
0.5 and 10. After mass ratio of 10:1, the degradation remains con-
stant in the range 10:1 to 20:1. However it decreases at 50:1 mass
ratio. At higher mass ratio (50:1), agglomeration of ZnO on the sur-
face of MWCNTs could take place and this could slow down the
degradation process.

4. Conclusions

In this work, multi-walled carbon nanotubes zinc oxide

(MWCNT/ZnO) composite was synthesized by a thermal method.
The morphology of MWCNTs covered with ZnO was carried out by
FE-SEM and HRTEM images. The size of the ZnO nanoparticles on
the surface of the MWCNTs was 18 nm as revealed by XRD measure-
ments and proved by HRTEM. FTIR spectra revealed that the surface
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f MWCNTs has been covered with ZnO which is concluded by the
isappearance of the peaks at 2920 and 2854 cm−1 correspond-

ng to the C–H stretch vibration mode, originated from the surface
f carbon nanotubes. For optimization of photocatalytic removal
rocess of acetaldehyde using MWCNT/ZnO composite, different
arameters such as laser irradiation time, laser energy, acetalde-
yde concentration and substrate concentration were investigated.
he MWCNT/ZnO composite prepared with our method showed
trong enhancement in catalytic activity for degradation of carco-
enic material like acetaldehyde.
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