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Composite of multi-walled carbon nanotubes (MWCNTs) and zinc oxide (ZnO) were prepared by the sol-gel method. The photocatalytic
function of the MWCNTSs/ZnO was validated for cyanide degradation as a model of organic pollutant under irradiation of visible light.
The catalysts were characterized by X-ray diffraction, specific surface area measurement, energy dispersive X-ray spectrum analysis,

promotion is mainly contributed from electron transfer between ZnO and MWCNT.

| transmission electron microscopy and UV-visible absorption spectra. The results show that the ZnO/ MWCNTSs composites (4 % mass |
| ratio of MWCNTs) exhibits much higher photocatalytic activity than other ratios and in addition higher than that of TiO, (P-25). The |
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INTRODUCTION

Environmental problems, especially, the sustained pollu-
tions of air and water by various organic and metallic ion
contaminants receive extensive attentions. Many efforts are
dedicated to the remediation of environmental pollution. For
instance, photodegradation of organic compounds provides
an available way for remediation of water pollution'*. Nanostruc-
tured semiconductors are proved to be an excellent photocatalyst
which can degrade most kinds of persistent organic pollution.

Photocatalytic technology has attracted extensive attention
for its cleaning, no second pollution and deep oxidation-reduc-
tion reaction under ambient temperature. A number of research
topics in photocatalysis have emerged and offered the poten-
tials for commercial development and environmental protec-
tion, such as splitting water to produce hydrogen fuel’*, selec-
tive synthesis of organic compounds’, removal of organic or
inorganic pollutants®’, solar cells and sensors'’. In addition to
TiO,, other binary metal oxides have been studied to determine
their photocatalytic oxidation properties. Zinc oxide has been
often considered a valid alternative to TiO-!!, because of its
good optoelectronic, catalytic and photochemical properties
along with its low cost. Zinc oxide has a band gap of 3.3 eV
that is lower than that of anatase. Due to the position of the
valence band of ZnO, the photogenerated holes have strong
enough oxidizing power to decompose most organic com-
pounds'?. Zinc oxide has been tested to decompose aqueous
solutions of several dyes*** and many other environmental
pollutants***, Several studies have shown that ZnO is quite

active under visible light illumination for the photodegradation
of some organic compounds in aqueous solution'®>"*,

Since being reported in 1991, carbon nanotubes have
received much interest for their unique electrical property and
large specific surface area and hence been used as a represen-
tative system for the study of electronic transport at the nano-
scale’®*’. The physical properties of high mechanical strength
and large specific surface area, hollow and layered structures
of carbon nanotubes make carbon nanotubes to be a good
supporting material for catalysts. In addition, carbon nanotubes
show higher electron conducting ability and higher adsorption
capacity, which means they can act as promising materials in
environmental cleaning. Combining the efficient photocatalytic
activity of ZnO with the excellent adsorption and charge
transfer abilities of carbon nanotubes, the composites of titania
and carbon nanotubes have been considered as more advanced
candidate of photocatalyst. Various different structural forms
of titania-carbon nanotubes photocatalysts have been prepared,
such as ZnO nanoparticles on MWCNTs, it shows noticeable
performances because of the excellent electron conducting
properties of MWCNT. Multi-walled carbon nanotube is an
excellent one-dimension supporter. It has shown unique
superiority when it is decorated with metal particles and metal
oxides*™>'. Furthermore, MWCNT could be considered as a
good electron acceptor for its unique structure’”. Owning the
unique features, it can serve as a good template of photo-
catalyst. The photoexcited electron will transfer from semicon-
ductors to MWCNT when the photocatalytic semiconducting
oxides are coated on MWCNT. The transfer prohibits the
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recombination rates of electron-hole pairs. This offers a feasible
way to improve the photocatalytic efficiency. The previous
studies indicated that some semiconductors-MWCNT compo-
sites exhibited enormous application perspective in photo-
catalysis™ >,

In this study, MWCNT/ZnO nano-composites were synthe-
sized via acid-catalyzed sol-gel method, the characterization
the resulting composite explained under experimental section
in details .This work has been motivated by potential appli-
cation of ZnO/MWCNT nano-composite as a novel photo-
active material for cyanide removal under visible-irradiation.
Furthermore, compared to the present work; (ZnO, P»s and
MWCNT) were employed within the photodegradation test.

EXPERIMENTAL

High purity MWCNT was purchased then used in the
procedure as received, (Sigma-Aldrich Co., Ltd., USA). Zinc
diethyl Zn (C,Hs), (52 %, Aldrich) and Nitric acid (65 %) were
used. All the reagents were used as received. All aqueous
solutions were prepared using doubly distilled water.

Synthesis of MWCNT/ZnO: MWCNT-ZnO was synthe-
sized using a modified acid-catalyzed sol-gel method. In typical
method, 0.1 mol of Zn (OC,Hs), was dissolved in 200 mL of
ethanol, then the solution was stirring in ambient temperature
for 0.5 h, this is followed by adding 1.56 mL of nitric acid, the
resulted solution mixture labeled (A).

Subsequently, as a second step a certain amount of
MWCNT was introduced into the previous solution mixture
(A), then; covered and kept stirring until a homogenous
MWCNT contained gel formed. The gel was left in air for
several days and then the obtained xerogel was crushed into a
fine powder. The powder was calcined at 400 °C in a flow of
N, for 2 h in order to obtain MWCNT/ZnO composite
materials. MWCNTSs and ZnO were dispersed in the solution
with different MWCNTSs: ZnO mass ratios of 0:1, 1:1, 2:1,
3:1,4:1, 5:1; named after ZnO, 1 MWCNT-ZnO, 2 MWCNT-
Zn0,3 MWCNT-ZnO, 4 MWCNT-ZnO and 5§ MWCNT-ZnO
respectively.

Characterization techniques: Different techniques were
applied for the characterization of MWCNT/ZnO nanocom-
posite. X-ray diffraction (XRD) (Philips X pert pro) was employed
to determine crystalline phases and average crystalline size.
Energy dispersive X-ray (EDX) and microscopic structures
were investigated with a JEM 2100 transmission electron
microscope (TEM) to analyze the surface chemical compo-
sition of the prepared catalyst. The Brunauer-Emmet-Teller
(BET) surface area of the MWCNT/ZnO was evaluated from
the N,-absorption-desorption isotherms at 77 k were measured
using a Nova 2000 series apparatus (Chromatech) and the
surface area was calculated according to the corresponding
BET equation. UV-visible spectrometer (Perkin ElImer Lambda
950) was used to record the UV-visible absorption spectra.

Photocatalytic degradation: Application of synthesized
nanocomposite for the photodegradation of cyanide was
investigated under visible light. The experiments were carried
out using a horizontal cylinder annular batch reactor. The
photocatalyst was irradiated with a blue fluorescent lamp
(150 W, maximum energy at 450 nm) doubly covered with a

UV cut filter .The intensity data of UV light is confirmed to
be under the detection limit (0.1 mW/cm?) of a UV radiometer.
In a typical experiment, 0.0166 wt. % of calcined ZnO/
MWCNTs, ZnO and TiO, degussa P»s were dissolved into a
300 mL, 100 mg/L potassium cyanide (KCN) solution (pH =
8.5), which was adjusted by ammonia solution. The reaction
was carried out isothermally at 25 °C and samples of the
reaction mixture were taken at different intervals for a total
reaction time of one hour. The CN'q concentration in the
samples was estimated by volumetric titration with AgNO3,
using potassium iodide to determine the titration end-point™.
The removal efficiency of CNq has been measured by
applying the following equation:

% Removal efficiency = (C, - C)/C, x 100

where C, is the initial concentration of uncomplexed CN ) in
solution and C is the concentration of unoxidized CNq) in
solution.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis was carried out to detect
the presence of various species. Fig. 1 presents the XRD spectra
of pristine MWCNT, ZnO and MWCNT/ZnO.
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Fig. 1. X-ray diffraction patterns of (a) MWCNT, (b) ZnO, (c) I- MWCNT-
ZnO, (d) 2- MWCNT-ZnO, (e) 3- MWCNT-ZnO, (f) 4- MWCNT-
ZnO and (g) 5- MWCNT-ZnO

A deep look reveals that, in case of the MWCNT/ZnO
composites; it is difficult to elicit the characteristic peak of
MWCNT from the spectrum of the composites because of the
good crystallization of ZnO and their fine attachment on to
MWCNT. It is noteworthy that only ZnO phase appeared in
the spectra pertaining to both ZnO and MWCNT/ZnO
composites which means that, the structure of ZnO in the
composites is almost the same. This indicates that there is no
difference in the microstructure of ZnO before and after
combination with MWCNT. The width of the reflections is
considerably broadened with increase of the weight ration of
MWCNT for the composites, indicating a small crystalline
domain size, which can be roughly quantified by Scherrer's
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equation. According to Debye-Scherrer formula, the average
crystallite size of neat ZnO is 57.6 nm while this size is decrea-
sing to 12.3 nm with the attachment of ZnO to MWCNT in
ZnO/MWCNT composites and the same observation detected
with all molar ratios as tabulated in Table-1. Because the size
of ZnO is about 57 nm and size of MWCNT is about 22 nm,
therefore addition of high wt % of MWCNT will decrease the
size of ZnO and made the peak more broad and consequently,
the size will be decreased.

TABLE-1
SURFACE AREA VALUES (Sggr) PERTAINING AND CRYSTAL
SIZE VALUES PERTAINING TO ZnO, MWCNTs AND THE
DIFFERENT MASS RATIOS OF THE PREPARED COMPOSITES

Sample BET (m’g") d (nm)
Zn0O 75 57.6
1-MWCNT- ZnO 80 42.6
2-MWCNT- ZnO 85 33.2
3-MWCNT- ZnO 97 14.1
4-MWCNT- ZnO 108 12.3
5-MWCNT- ZnO 155 10.6
MWCNTSs 150 21.7

Energy dispersive X-ray (EDX) spectrum analysis of
MWCNT/ZnO samples Fig. 2 clearly reveals the presence of
C, O and Zn elements, also indicating the actual deposition of
ZnO on MWCNT. The spectra of other composite catalysts
indicate different intensity of peaks assigned to C due to diffe-
rent MWCNT content.
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Fig. 2. EDX spectrum of 4-MWCNT-ZnO
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Morphology study of (ZnO, MWCNTs and ZnO/
MWCNTSs): The BET surface area of ZnO, MWCNTSs and
MWCNT/ZnO composites with different molar ratios are tabu-
lated in Table-1. The surface area of ZnO and MWCNT are 75
and 150 m%g, respectively. The BET surface area of MWCNTS/
ZnO composites vary from 80 to 156 m%g, increasing with
increasing MWCNTs content in the composites. This can be
explained by the fact that MWCNTs have a high surface area
and the combination of MWCNTs with ZnO can increase the
surface area of ZnO in the composites. This suggests that
MWCNTs has a significant effect on the adsorption ability of
ZnO. All the adsorption-desorption isotherms obey type IV;
which confirm that a mesoporous pore texture of the nanotubes

can be preserved after the introduction of ZnO. Fig. 3 illustrates
the adsorption-desorption isotherm pertaining to MWCNT/
7ZnO (1:4) mass ratio. The isotherm of MWCNT is identical
with the reported ones, where pores in MWCNT can be mainly
divided into inner hollow cavities of small diameter and
aggregated pores formed by interaction of isolated MWCNT®,
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Fig. 3. N,-adorption -desorption isotherm of 4-MWCNT-ZnO

Direct evidence of the formation of ZnO nanoparticles
on the MWCNT surface is given by TEM images. Fig. 4 presents
TEM micrographs of MWCNT/ ZnO with different mass ratios.
The images reveal that the MWCNTSs come in contact with
one another and embedded the ZnO nanoparticles as presented
in Fig. 4a. On the other side, Fig. 4b illustrates uniformly
dispersion and coverage of all ZnO nanoparticleson MWCNT
surface, which is observed more explicitly with high magni-
fication which indicates again that MWCNTs were all well
dispersed on the surface of the ZnO particles and that the
MWCNTs and ZnO particles were in close contact with each
other. The average particle size of ZnO determined from the
TEM images is about 7.5 nm, which is consistent with XRD
results.

UV-visible spectroscopy: The diffuse reflectance UV-
visible spectra of different solid catalysts, where Kubelka-
Munk equivalent absorption units are used, are displayed in
Fig. 5.

The synthesized MWCNTSs showed a shift of the absor-
ption edge towards higher wavelengths (red shift) which corres-
ponds with a decrease in the band gap energy. Besides, the
synthesized ZnO has no shift of its sharp fundamental absor-
ption edge which located at 400 nm. The band gap energies
(Eg) calculated on the basis of the corresponding absorption
edges are shown in Table-2. It can be seen from Table-2 that
the absorption edge of the MWCNT/ZnO, or the band gap
energy, changed with the MWCNT percent. The band gap
energy of the coupled MWCNT/ZnO photocatalyst decreased
with the increasing the MWCNT per cent.

Moreover, the composite catalyst ZnO/ MWCNT absorbs
at wavelengths higher than that of ZnO, which constitutes an
advantage considering sun light harnessing and increases with
MCWNT content’”*®, where; an apparent enhancement of
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Fig. 4. TEM images of 4-MWCNT-ZnO; (a) overall view of MWCNT
embedding in ZnO matrix and in inset MWCNT surface covered
with ZnO nanoparticles: (b) ZnO nanoparticle on MWCNT surface
with a higher magnification
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Fig. 5. UV-visible spectra of (a) ZnO, (b) -MWCNT-ZnO, (¢) 2-MWCNT-
ZnO, (d) 3-MWCNT-ZnO, (¢) 4-MWCNT-ZnO, (f) 5-MWCNT-ZnO

TABLE-2
RELATIONSHIP BETWEEN THE COMPOSITION
AND BAND GAP ENERGY
Sample Band gap energy, eV
MWCNT —
Zn0O 3.10
1 % MWCNT/ZnO 297
2 % MWCNT/ZnO 2.90
3 % MWCNT/ZnO 2.89
4 % MWCNT/ZnO 275
5 % MWCNT/ZnO 2.70

absorption is observed even for the composite catalyst with
1 % MWCNT content, then the absorption is totally over the
whole range of the UV-visible spectrum for 5 % MWCNT
content and this a clear meaning on the relation between
absorption and MWCNT content. These observations may
indicate an increment of surface electric charge of the oxides
in composite catalysts (ZnO/MWCNTs) due to the introduction
of MWCNT.

Photocatalytic performance

Effect of deposition amount of MWCNTSs on ZnO
activity: As shown in Fig. 6, the photocatalytic activity decre-
ases gradually as the amount of MWCNTs present in the
composites decreases. This behavior may be attributed to the
positive effect of MWCNTs. Since it can conduct electrons™,
so it has the ability to avoid recombination of electron/hole
pairs. In addition to the photo-induced electrons in MWCNTs
may tigger the formation of radicals in ZnO (superoxide radical
ion and/or hydroxyl radical), which are responsible for the
degradation of the organic compound®®. The observation
suggests that the high amount of MWCNTs inhibits the
photocatalytic activity of ZnO, because of the color of MWCNT's
is black which can shield the light absorption by ZnO. If there
is no light absorption for ZnO, the samples cannot show any
photocatalytic activity therefore the photocatalytic effect
decreases.
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Fig. 6. Relation between cyanide degradation % and MWCNTSs content

Effect of different catalyst on photocatalytic degradation
of cyanide: Fig. 7 compares the photocatalytic degradation
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of cyanide in the presence of the neat ZnO powder, TiO,
degussa P>s, MWCNTs and ZnO/ MWCNTSs composites under
irradiation of UV-visible light. It is obvious that ZnO/MWCNTs
nanocomposites 4 % present a high photocatalytic activity
compared to the neat ZnO powder and P»s. This behavior may
be attributed to: (1) MWCNTSs can conduct electron and reduce
electronic accumulation of ZnO, they can decrease the recombi-
nation of electron/hole pairs. At the same time, MWCNTSs
without highly tangled structure can be suspended, sorted and
manipulated more easily, hence the light can well penetrate
into the inner tubes. (2) Their large specific surface area, hollow
and layered structures indicate that they can adsorb the cyanide
substance of solutions, centralize on the surface of ZnO and
also favor the photocatalytic activity. (3) Because of the lights
only penetrate the outer surface of nanoparticles about 1-2
nm, when the catalyst is pure ZnO nanoparticles, the effect of
utilization is only confined to the outer surface. Once it comp-
ounds with MWCNTs, because MWCNTs are open at both
ends, the light will enter into the inner space of MWCNTs,
the composite will form two depletion layers®*-one is on the
outer surface of the ZnO nanoparticles and the other is at the
interface between MWCNTs and ZnO and thus the activity of
catalyst can be strongly strengthened.
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Fig. 7. Effect of different catalysts on photocatalytic degradation %

Kinetics study of reaction: To obtain a quantitative under-
standing on the reaction kinetics of the cyanide degradation,
we apply the pseudo-first order model® as expressed by equa-
tion Log C, = -kt + Log C,, which is generally used for
photodegradation if the initial concentration of the pollutant
is low®. Where C, and C, represent the concentration of the
substrate in solution at zero time and t time of illumination,
respectively and k represents the apparent rate constant (min™).

Fig. 8 depicts the photocatalytic reaction kinetics of cyanide
degradation in solution. The apparent rate constants are summa-
rized in Table-3. The reaction constant k is 0.003: 0.0223 min’!,
indicating that the 4 % MWCNT/ZnO composites have a great
photocatalytic activity towards the photodegradation of cyanide.
As mentioned above, MWCNT /ZnO composites are rich in
surface hydroxyl groups. Furthermore, electronic interaction
between the surface ZnO and MWCNT substrate could occur

for composites. The abundant hydroxyl groups adsorbed on
the surface of composites can lead to the formation of consi-
derable hydroxyl radicals, which oxidizes the adsorbed cyanide
on the surface®.

2.5
+ MWCNT
20 mZnO
e ATIOH(Pys)
% y =—0.0003x + 2 x 4 % MWCNT/ZnO
3 |y=-0.0149x + 2

y =-0.0191x + 2
0.5 {y =—0.0223x + 2

0 10 20 30 40 50 60 70
Reaction time (min)

Fig. 8. Rate constant of reaction kinetic of cyanide with different catalyst

types
TABLE-3

RATE CONSTANT VALUES OF CYANIDE REACTION KINETIC
Sample k x 10* (min™)
MWCNT 3
7ZnO 149
TiO, (Py5) 191
4 9% MWCNT/ZnO 223

Fig. 9 shows the schematic mechanism of the photocatalysis
by MWCNT/ZnO composites when MWCNT introduced.
Considering the semiconductive properties of carbon nanotubes,
MWCNTSs might accept the photo-induced electron (e”) into
the conduction band of the ZnO particles by visible irradiation
(Eqn. 1). It is considered that the electrons in MWCNTSs are
transferred to the conduction band in the ZnO particles. In
this time, the electrons in conduction band might react with
O,, which can trigger the formation of very reactive superoxide
radical ion (O,"). Simultaneously, a positive charged hole (h*)
might be formed with electron transfer from valence bond in
ZnO to MWCNTs (eqn. 3). The positive charged hole (h*)
might react with the OH™ derived from H,O. With this under-
standing, the role played by MWCNTs can be illustrated by
injecting electrons into ZnO conduction band under visible
irradiation and triggering the formation of very reactive super-
oxide radical ion O," (eqn. 2) and hydroxyl radical OH" (eqn.
4). Consequently, both radical groups (superoxide radical ion
0, and hydroxyl radical OH") are responsible for the degra-
dation of the organic compound. The as-suggested electron
transfer between carbon and ZnO was experimentally supported
by our early investigation.

MWCNT/ZnO — MWCNT*/ZnO~ (1)
MWCNT*/ZnO + O, - MWCNT*/ZnO + O, (2)
MWCNT*/ZnO — MWCNT/ZnO* 3)
MWCNT/ZnO* + (H,O* + H" + OH") —
MWCNT/ZnO + H" + OH® ()
Conclusion

An easy approach to prepare a recoverable and effective
photocatalyst with a uniform microstructure of MWCNTSs/ZnO
composite was proposed. In this approach MWCNTSs/ZnO
have been prepared by the sol-gel method.
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hv

OH +H* == H,0 QH"+H*

h* VB
OH™ +H* == H,0 OH"+H"
Fig. 9. Mechanism for the CNT/ZnO composites

The morphology of MWCNTs covered with ZnO was
carried out by HRTEM images. The size of ZnO nanoparticles
on the surface of the MWCNTs revealed by XRD measurements
approved by HRTEM. The microstructure of ZnO before
combination with MWCNTs is similar with that of ZnO after
combination with MWCNTs. The addition of MWCNTSs to the
composites improved the photocatalysis of ZnO. The MWCNTSs/
ZnO composite was evaluated on the basis of the degradation of
model compounds such as cyanide (one of the organic pollutants).

The presence of a small amount of MWCNTSs can enhance
photocatalytic activity of ZnO greatly; this success is attributed
to the synergistic effect of ZnO and MWCNTs in the MWCNTSs/
Zn0O composite during the photo-catalytic reaction. The MWCNTSs/
ZnO composite is an effective photo-catalyst for the removal
of cyanide from waste water.
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