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Interaction between copper and carbon
nanotubes triggers their mutual role in the
enhanced photodegradation of p-chloroanilinef

N. F. Khusnun,® A. A. Jalil,** S. Triwahyono,“ N. W. C. Jusoh,® A. Johari®® and
K. Kidam?”

Copper (Cu, 1-5 wt%) was loaded onto carbon nanotubes (CNTs) by a simple electrochemical method.
The physicochemical properties of catalysts (Cu/CNTs) were characterized by using X-ray diffraction
(XRD), transmission electron microscopy (TEM), nitrogen (N,) adsorption—desorption, Fourier transform
infra-red spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and electron spinning resonance
(ESR). The results showed that the Cu was distributed well on the CNT surface by the interaction of
Cu?* ions with —OH and —COOH groups on the CNT surface, which preferentially occurred at the
defect sites along the CNT backbone. The Cu—O-C bonds formed were found to play an important role
in enhancing the photoactivity of the catalysts. The highest number of Cu-O-C bonds possessed by
3 wt% Cu/CNTs demonstrated the best performance in the degradation of p-chloroaniline (96%) under
UV light irradiation within 5 h of reaction at 27 °C and under neutral pH conditions. Kinetic studies
showed that the degradation followed the pseudo-first order model and the surface reaction was the
controlling step. It is believed that these results could contribute to the synthesis of various supported
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Introduction

Chlorinated p-chloroaniline (PCA) is widely used as an inter-
mediate during the manufacture of a variety of chemicals,
including agricultural chemicals, plastics, azo dyes and pigments,
and in the production of synthetic organic chemicals and poly-
mers, rubber additives, pharmaceuticals, cosmetic products,
pesticides and herbicides, and drugs."” The widespread use of
these compounds has resulted in its presence in the industrial
effluent, sludge and agricultural soil. As one of the most
persistent organic pollutants widely distributed in the environ-
ment, PCA is a priority toxic pollutant that has imposed a serious
risk to public health and the environment.>* Thus, several
technologies such as biodegradation, radiochemical methods,

“ Department of Chemical Engineering, Faculty of Chemical and Energy
Engineering, Universiti Teknologi Malaysia, 81310 UTM Johor Bahru, Johor,
Malaysia. E-mail: aishahaj@utm.my

b Centre of Hydrogen Energy, Institute of Future Energy, Universiti Teknologi
Malaysia, 81310 UTM Johor Bahru, Johor, Malaysia

¢ Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia,
81310 UTM Johor Bahru, Johor, Malaysia

 Department of Environmental Engineering & Green Technology, Malaysia-Japan
International Institute of Technology, Universiti Teknologi Malaysia Kuala
Lumpur, 54100 Kuala Lumpur, Malaysia

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c5¢p08068a

This journal is © the Owner Societies 2016

and adsorption have been developed to degrade this compound.®”
However, their application has been limited due to high cost
and time-consuming use, as well as production of secondary
wastes of some persistent organic pollutants.

Photocatalytic degradation has also become one of the promis-
ing techniques for the removal of organic pollutants due to the
complete conversion of the pollutants to water and carbon dioxide.®
Among the catalysts used, TiO, is the most popular one but
fast electron-hole recombination always suppresses its efficiency.
Hybridization of TiO, with other nanometal oxides such as ZnO,
Fe,03, CuO, ZrO,, CdS, and SnO, as well as supporting TiO, on
several mesoporous materials such as silica, zeolite and alumina
have been among the efforts to overcome the above problem.’
Recently, carbon materials, particularly carbon nanotubes (CNTs),
have also been used as supports for various semiconductor photo-
catalysts due to their interesting features such as high surface area,
good anion and cation adsorption, good mechanical properties,
and high chemical and thermal stability.*"* However, information
on the most important aspects addressing the behavior of indivi-
dual metal ions in or on CNTs, particularly in possible chemical
interactions between both, is still lacking and is of interest. Under-
standing this behavior would lead to the design and synthesis of
superior and efficient catalysts for various applications.

Previously, we reported a simple in situ electrochemical method
for preparing various metal nanoparticles such as o-Fe,O;, CuO,
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and ZnO supported on zeolites and silica."**® Besides the
formation of metallic nanoparticles, metal ions incorporated in
the supports were also discovered during electrolysis, resulting in
photocatalysts with high potential for efficient decolorization of
various dyes. Hypothesizing that a similar interaction would also
occur between metal ions and CNTs when using the same prepara-
tion method, herein we report for the first time electrochemically
prepared Cu ions supported on multi-walled carbon nanotubes
(MWCNTs) and their photoactivity in the degradation of PCA.
Cu was chosen as a model metal system due to its completely
filled d-orbitals which show low affinity for carbon.'” The proper-
ties of the catalysts were characterized in detail by XRD, TEM, N,
adsorption-desorption, FTIR, XPS, and ESR. The photocatalytic
performance, kinetic studies, proposed structures and mechanisms
of the catalysts and photocatalytic reaction are also discussed.

Experimental

Material

Multiwalled carbon nanotubes (MWCNTSs) with a diameter of
10-20 nm and a length of 10-50 nm were purchased from
Chengdu Organic Chemicals Co., Ltd (China). N,N-Dimethyl-
formamide (DMF) was obtained from J. T. Baker and naphthalene
was obtained from Fluka. Copper (Cu) and platinum (Pt) plates
were purchased from Nilaco, Japan. Sodium hydroxide (NaOH) and
hydrochloric acid (HCI) were obtained from Merck. p-Chloroaniline
(PCA) was obtained from Acros. Deionized water was used for the
preparation of the pH solution. All chemicals were used as received
without treatment.

Synthesis of catalysts

The Cu/CNT composite samples were prepared using an in situ
preparation technique.'®2° 15 mL of DMF solution was added
to a normal one-compartment cell fitted with a Pt plate (2 cm x
2 cm) cathode and a Cu plate (2 cm x 2 cm) anode which
contains 0.1 M TEAP, a naphthalene mediator (1.66 mmol) and
CNTs (1 g). Then, electrolysis was conducted at a constant
current density of 120 mA cm™? and by continuously stirring
under an argon atmosphere. After electrolysis, the sample was
impregnated, oven dried overnight at 105 °C, and calcined at
300 °C for 3 h. The required weight of copper loading on the
CNT support was calculated based on Faraday’s law of electro-
lysis, as shown in eqn (1),

SC I

where 7 is the number of moles of Cu, I is the constant current
of electrolysis (A), ¢ is the total time the constant current was
applied (s), F is the Faraday constant (96 486 C mol '), and z is the
valence number of ions of the substance (electrons transferred
per ion). The as-prepared catalysts were obtained and ready to
be characterized and subjected to reaction testing.

Characterization

The crystalline structure of the catalyst was studied by X-ray
diffraction (XRD) performed on a Bruker Advance D8 X-ray
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powder diffractometer using Cu Ko radiation at a 2 theta angle
ranging from 20° to 80°. The phases were identified with the
aid of the Joint Committee on Powder Diffraction Standards
(JcpDS) files.

The morphology of the catalyst was characterized by trans-
mission electron Microscopy (TEM) using a JEOL JEM-2100F
microscope. The samples were ultrasonically dispersed in acetone
and deposited on an amorphous and porous carbon grid. The
textural properties (ie., specific surface area, pore volume, and
pore diameter) were determined by nitrogen physisorption at 77 K
using a Quantachome Autosorb-1 analyzer. Specific surface area
(Sger) values were calculated from the BET isotherm plots, while
the total pore volume was calculated using the Barrett, Joyner, and
Halenda (BJH) method and pore size distributions were calculated
using the Non-Local Density Functional Theory (NLDFT) from the
adsorption isotherm.

The chemical functional groups present in the catalyst
were identified by FT-IR (Perkin Elmer Spectrum GX FTIR
Spectrometer) using the KBr method with a scan range of
400-4000 cm ™', The element composition of the catalyst was
investigated using X-ray photoelectron spectroscopy (XPS) con-
ducted on a Kratos Ultra spectrometer equipped with a Mg Ko
radiation source (10 mA, 15 kV) in the range of 0-800 eV. The
powdered sample was pressed into a small Inox cylinder and
analyzed inside an analysis chamber at 1 x 10~ '° Pa during
data acquisition. To correct the energy shift due to surface
charging of the samples, the binding energy of the C1s peak at
284.5 £ 0.1 eV was taken as the internal standard. The electron
spinning resonance (ESR) spectra were recorded at room tem-
perature using a JEOL JES-FA100 ESR spectrometer to identify
the electronic structure of the catalyst.

Photodegradation of PCA

The photoactivities of the CuO and Cu/CNT catalyst were tested
in the photodegradation of PCA. The photocatalytic reaction was
experimented in a batch reactor fixed with a UV lamp (4 x 9 W;
365 nm emission). 0.375 g L™" of the catalyst was added to PCA
solution with desired concentration (10 mg L™ ') and stirred for
1 h in the dark to achieve adsorption-desorption equilibrium.
The initial pH of PCA solution was 7 and it was carried out at
27 °C. Then, the reaction was carried out for another 5 h under
ultraviolet (UV) light irradiation. The concentration of PCA
prior to irradiation was used as the initial value for the PCA
degradation measurements. The samples were then collected at
a regular interval of 1 h and centrifuged in a Beckman Coulter
Microfuge 16 centrifuge at 14 000 rpm for 10 minutes before
being analyzed using a UV-Vis Spectrophotometer (Agilent
Technology Carry 60 UV-Vis) for the residual concentration
of PCA. PCA degradation was measured at the maximum
adsorption peak at 239 nm.>' The degradation percentage was
calculated using eqn (2).

(Co—C)

Degradation (%) = C
0

% 100 ®)

where C, and C; are the initial concentration of PCA and the
concentration at time ¢, respectively. An Agilent Technologies
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7820A gas chromatograph coupled with an Agilent Technologies
5977E mass spectrometer detector was used for detection of
intermediates formed during photodegradation of PCA for the
proposed mechanism.

Results and discussion
Crystallinity, phase and structural properties of the catalysts

The crystallinity of the catalysts was characterized by XRD and
their diffractograms in the range of 20 = 20-80° are shown in
Fig. 1. The electrosynthesized CuO nanoparticles showed char-
acteristic peaks for the pure monoclinic structure of CuO
(JCPDS 48-1548) at 32.5°, 35.5°, 38.7°, 48.8°, 53.4°, 58.2°
61.5°, 65.8° 67.9°, 72.4°, and 75.1°, which corresponded to
(110), (002), (111), (202), (020), (202), (113), (311), (113), (311),
and (222) planes, respectively (Fig. 1A).>> Fig. 1B shows the
diffractograms of bare CNTs and Cu loaded onto CNT (Cu/CNT)
catalysts with different weight loadings (1-5 wt%). Two main
peaks were observed at 20 = 25.3° (002) and 43° (100) for the
bare CNTs (Fig. 1B(a)), indicating that the structural ordering of
CNTs is similar to the results reported in the literature.?* >® The
intensity of both peaks decreased with increasing Cu loading
(Fig. 1B(b-d)), which demonstrated that the incorporation of Cu
affected the structural arrangement of the CNT.>” The peaks for
CuO were clearly observed in the 5 wt% Cu/CNT (Fig. 1B(c and d)),
suggesting its good distribution on the surface of CNTs.***°

The morphological structure of the catalysts was then examined
by TEM and the results are displayed in Fig. 2. A relatively
uniform structure with a rather smooth and well-graphitized
parallel wall of pristine MWCNTs was observed (Fig. 2A-C),
with an estimated outer diameter of 20-30 nm.*® Fig. 2D-F
shows the images of the 3 wt% Cu/CNT, in which the CNT
seems to twist and bend to each other where CuO is deposited
on the CNT.?" The resulting surface defects on the amorphous
carbon layers are expected to be advantageous for the photo-
activity of the catalyst.

B o CNTACuO

A —Cuo

El

&

Fry

a c

K0

£
b
a

20 40 60 80 20 40 60 80
2 Theta (degree) 2 Theta (degree)

Fig. 1 XRD patterns of (A) CuO and (B) Cu/CNTs (a) CNT (b) 1 wt% Cu/CNTs
(c) 3 wt% Cu/CNTs (d) 5 wt% Cu/CNTs.
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Fig. 2 TEM image of CNTs (A-C) and 3 wt% Cu/CNTs (D-F).

Table 1 The textural properties of the catalysts

Surface area Pore volume Average pore

Catalyst (m*g™) (em® g™ size (nm)
CNT 180 1.05 52.3

1 wt% Cu/CNT 201 0.947 4.89

3 wt% Cu/CNT 205 0.764 4.57

5 wt% Cu/CNT 197 0.879 4.89
CuO 2.00 0.011 6.08

Next, the catalysts were subjected to N, adsorption-desorption
in order to get more information on their specific surface
area, pore volume and pore size distribution. The plot of the
Cu/CNT demonstrated a type IV isotherm model with a H3 type
hysteresis loop (Fig. S1A-D, ESIT), demonstrating the properties
of materials with both micro- and macroporous structures.*?
The surface areas were 2, 180, 201, 205, and 197 m> g~ * for CuO,
CNTs, 1 wt% Cu/CNTs, 3 wt% Cu/CNTs, and 5 wt% Cu/CNTs,
respectively (Table 1).

It was observed that the surface area was increased with the
introduction of Cu into the CNT. Most probably the larger pores
of the CNT were blocked by the Cu nanoparticles to form
numerous smaller pores as shown in Fig. S1E (ESIT).*® The inset
figure in Fig. S1E (ESIT) verified the presence of abundant smaller
pores with increase in Cu loading onto the CNT. However, a
further increase of Cu loading slightly reduced the surface area of
the catalyst. This can be attributed to pore blocking by agglo-
merated copper species with the increased Cu loading.**

Chemical composition of the catalysts

Fig. 3 shows a magnification of the main bands of the FTIR
spectra of CNTs and Cu/CNTs in the range of 1730 to 490 cm ™.
All catalysts exhibited bands attributed to a carbonyl group
(1713 ecm™'), C=C vibration (1646 c¢cm™'), C-C vibration
(1518 cm™'), C-OH groups (1394 ¢cm™ '), and C-O bonding
(1022 ecm ™) vibration (Fig. 3A-E).*>*” The results show that
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Fig. 3

the carbonaceous structure was retained despite the introduc-
tion of Cu, implying that no major changes occurred in the
CNT. For a better view, the intensity of those bands is summar-
ized in Fig. 3H and L. It could be observed that almost all bands
decreased to some degree after the addition of Cu, signifying
that possible interactions occurred between those functional
groups with the Cu species, while a new band appeared at
512 em™ " (Fig. 3F) when Cu was introduced onto the CNT
which seemingly corresponded to the Cu-O-C vibration.*® In
order to study the possible interaction between Cu and hydroxyl
groups on the CNT, the catalyst was also evacuated at 623 K for
1 h prior to IR measurements to remove the physisorbed water
and the spectra are shown in Fig. 3G. The 5 wt% Cu/CNT
showed the highest increase at band 1586 cm ™", indicating the
greatest number of -OH groups compared to other Cu/CNTs.
This is most probably due to the hydroxylation of C=C groups,
which easily occurred under these conditions in the presence of
perchlorate jons from tetra ethyl ammonium perchlorate (TEAP)
during electrolysis. Similar cases have been reported in the
hydroxylation of alkenes under mild conditions using alkaline
permanganate and osmium tetroxide.>® In addition, the decrease
at band 1022 cm™ " showed the possible ring opening of epoxy
groups that already exist in the pristine CNT to form more -OH
groups under the same conditions.*® An oxidative cleavage of C-C
bonds also occurred to form carbonyl groups with increasing Cu
content, as reported in the literature when diols were treated with
sodium periodate to form new carbon-oxygen double bonds.*'
This was confirmed by the decrease of the band at 1518 cm ™"
and the increase of the band at 1713 c¢cm ™" especially for
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(A—G) FTIR spectra of CNTs, and 1-5 wt% Cu/CNTs, (H and I) summary of all peaks intensities based on pristine CNTSs.

3 wt% Cu/CNTs. A significant increase at band 512 cm™ ' and
shift to 503 cm ™" were also demonstrated by the 3 wt% Cu/CNT,
signifying that a stronger interaction of Cu®>" ions with the
oxygen atoms occurred for this catalyst during electrolysis to
form the Cu-O-C bonds.***?

However, the excess of electrolyzed Cu®" ions in the prepara-
tion of 5 wt% Cu/CNTs seemed to favor the formation of CuO
nanoparticles instead of Cu-O-C bonds, as confirmed by the
appearance of a new band at 573 cm ™! which corresponded to the
vibration of Cu(u)O oxide.**
our previous work when electrolyzed metal ions were introduced
into zeolite and silica."”

Next, the interaction between CuO and the CNT was further
investigated by XPS using the 3 wt% Cu/CNT and compared
with the pristine CNT (Fig. 4). The peak for the C 1s signal at
284.5 eV (Fig. 4A) showed a decrease when CuO was incorpo-
rated onto the CNT (Fig. 4B). It was observed from a Gaussian
curve-fitting that the sp? sp®, C-0, and O-C=0 bonds were
decreased, while the C—=0 bonds increased and a new peak for
C-Cu appeared, supporting the FTIR data which verified the
interaction between the CNT and Cu species. In the case of the
O 1s signal shown in Fig. 4C, an increase in the intensity of
the overall peak was perceived (Fig. 4D), mainly due to the
presence of components aroused from the interaction between
copper and oxygen as well as the increase in carbonyl groups.
In parallel with the FTIR results, the peaks for C-O, O-C=0,
and -OH decreased to form a new Cu-O peak.

Next, the catalysts were subjected to ESR in order to study
their electronic structure with unpaired electrons (Fig. 5A).

Similar phenomena were observed in
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Fig. 4 XPS spectra of (A) C 1s CNTs, (B) C 1s Cu/CNTs, (C) O 1s CNTs, and
(D) O 1s for Cu/CNTs.

In fact, the g-value obtained from the ESR has been used to
clarify the properties of metal-carbon nanotubes and their defect
states.”® It was found that the g-value for the pristine CNT was
2.01, which is in agreement with the g-value of 2.01-2.02 reported
by most other researchers.’>*” This is attributed to the inter-
action between the conducting electrons in the CNT trapped at
defects and magnetic ion sites.*® The strong ESR signal observed
with symmetric resonance suggests that the abundant unpaired
electrons on the surface of the pristine CNT as well as the defect

Paper

sites originated from opened tips or defects in the nanotube
lattice, which primarily consists of sp® defects as well as C=0
and C-OH groups.*! It was observed that the addition of Cu onto
the CNT considerably reduced the ESR signal intensity, suggest-
ing that the interactions between Cu and the CNT occurred
preferentially at the defect sites along the CNT backbone, rather
than at the tip.*" The shift in the g-value to 2.11 for the 3 wt%
CuO/CNT can be interpreted as a shift in electron density along
the CNT backbone due to the interaction with the Cu species
decorated along the surface of the CNT, which is similar to that
reported for the attachment of Pt nanoparticles to the SWCNT.*'
A large metal content is known to cause rapid relaxation of
the conducting electrons rendering some of the nanotubes
unobservable.*® Herein, it could be deduced that the functional
groups serve as preferred nucleation points for capturing
Cu”" ions from electrolyzed solution, yielding CNTs that are
uniformly decorated with Cu.

Based on the characterization data above, the structure of
the Cu/CNT catalyst was proposed as illustrated in Fig. 5B. The
FTIR, XPS and ESR analysis confirmed the presence of hydroxyl
and carboxyl groups on the pristine CNT. Introduction of Cu**
ions from the anode during electrolysis led the oxygen atoms
from both functional groups to interact with Cu, which was
verified by the intensity changes of those related peaks in the
FTIR and XPS spectra. The significant reduction of the ESR
spectrum of the CNT by the addition of Cu up to 3 wt% and
above supported the fact that the unpaired electrons of oxygen
atoms from both -OH and -COOH groups are supposed to be
occupied by the Cu species. The decrease in the surface area
and pore volume also verified the deposition of Cu species onto
the surface of CNTs.

Photocatalytic activity in the degradation of p-chloroaniline

The photoactivity of the catalysts was examined in the degradation
of PCA and the results are shown in Fig. 6A. All of the catalysts
were tested both in the dark (the first 60 min) and under UV light
at pH 7 (Fig. S2, ESIT). It could be observed that photolysis
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Fig. 5 (A) ESR spectra of all catalysts, (B) proposed structure of Cu/CNT.
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resulted in only 40% degradation after 6 h of reaction, while the
addition of 0.375 g L™ " CuO (Fig. S3, ESI{) was able to improve
the degradation up to 60%. However, a significant enhancement
was seen when 1 wt% and 3 wt% CuO were added into the CNT
with 82 and 96% degradation achieved, respectively, whereas a
further increase of Cu loading to 5 wt% decreased the degrada-
tion efficiency to 76%. The greater interaction between Cu and
the CNT in the form of Cu-O-C bonds possessed by the 3 wt%
CuO/CNT most probably played an important role in achieving
the highest level of photodegradation."®?”***° Indeed, the higher
surface area as well as smaller pore volume and pore size of the
3 wt% CuO/CNT also contributed to its higher activity. The Cu
species that were on the surface of CNTs were easily exposed to
UV light and generated more active sites. In contrast, the excess
dispersion of less active CuO on the surface of the 5 wt% CuO/CNT
might have impeded the photodegradation.®

Kinetics study

In order to determine the photodegradation rate, a series with
initial concentrations of PCA ranging from 10 to 100 mg L™ "
was performed over 0.375 ¢ L™ " of 3 wt% CuOQ/CNTs at pH 7.
A Langmuir-Hinshelwood (L-H) model was fitted to accommo-
date reactions occurring at a solid-liquid interface and the
result is shown in Fig. 6B. The plot of In(Cy/C;) vs. irradiation
time verified that the reaction process approximately followed
the pseudo-first order kinetic model,>" which is expressed by
the simplified equation below,

Co_

=k
nCl t

3)
where k is the pseudo-first order rate constant and C, and C, are
the concentrations of PCA at initial time and time ¢, respectively.
A significant effect of CuO/CNTs on the photodegradation of
PCA was revealed by the k values listed in Table 2. It is observed
that the k value increased inversely with initial concentration,
demonstrating that the saturation of PCA on the catalyst surface
lowered the photodegradation efficiency. Similar results were
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(A) Performance of the catalysts in the photodegradation of PCA, (B) kinetic studies of photodegradation and (C) relationship between 1/ro and

Table 2 Kinetic parameters for PCA degradation on Cu/CNT catalysts

Initial concentration, kx 1073 o x 1071

Co (mg L) (min ™) R (mg L' min ™)
10 13.6 0.998 1.36

20 8.50 0.999 1.70

30 7.20 0.997 2.16

50 6.10 0.998 3.05

70 4.50 0.996 3.15

100 3.40 0.998 3.40

reported by Shivaraju et al. when studying the effect of organic
substrate concentration on the photo-degradation of sewage
water by a TiO,-based heterogeneous photocatalyst.>> Additionally,
the L-H kinetic model was plotted and the results are shown in
Fig. 6C. The line with an intercept of 1/k, and 1/k;;; was obtained
from the L-H kinetic equation as follows,

L (1)), !
ro  \kikin/) \Co kt

where r, is the initial reaction rate, k; is the reaction rate constant

(4)

(mg L™" min™"), kg is the adsorption coefficient of the reactant
(L mg™ ") and C, is the initial concentration of PCA (mg L™ *). The
calculated values of k, and k;; were 0.3944 mg L™ min~ " and
0.0513 L mg ', respectively, indicating that PCA adsorption
was the controlling step of the process. This is similar to the
kinetics study obtained by the photo-degradation of chloro-
phenol using colloidal a-FeOOH supported by mesostructured
silica nanoparticles.*

Proposed mechanism of the photocatalytic activity of Cu/CNTs
in the degradation of PCA

In order to investigate the mechanism of photocatalytic activity of
the Cu/CNT in the degradation of PCA, the effect of scavenging
agents was examined: sodium oxalate, sodium bicarbonate, and
potassium peroxydisulphate, with roles as scavengers for holes,
OH radicals at the catalyst surface, and electrons, respectively.>*>°

As shown in Fig. 7A, the extent of degradation over the 3 wt%
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Cu/CNT was 55%, 69%, 74%, and 96% for scavengers of holes,
electrons, OH radicals, and without scavengers, respectively.
Thus, it could be deduced that the holes played an important
role in degradation over Cu/CNTs.

It has been reported that the band gap of SWCNTs is 0.5 €V,
and the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) potentials of SWCNTs are 0.2
and 0.7 eV, respectively.”” Based on previous studies, the conduction
band (CB) and valence band (VB) edge potentials of CuO were at 1.0
and 2.7 eV, respectively.’® Considering the results from the effect of
scavengers above, the VB electrons in both the CNT and CuO were
excited to produce photogenerated electron-hole pairs when the
Cu/CNT catalysts were exposed to UV light (Fig. 7B).>**° The elec-
trons generated were able to transfer from the CNT to the CuO
phase, while the photoinduced holes on the surface of CuO could
transfer easily to the CNT through the heterojunctions, since the VB
edge potential of CuO (2.7 eV) is more positive than the LUMO of
the CNT (0.7 eV). This phenomenon could efficiently reduce the
recombination rate of the electron-hole pairs, and thus significantly
improve the photoactivity of the Cu/CNT compared to pure CuO.
The separated electrons and holes could form reactive oxygen
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" H N .
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Fig. 8 Proposed mechanism for the photodegradation pathway of PCA.
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(A) Effect of scavengers on the degradation of PCA and (B) the proposed reaction mechanism over the Cu/CNT photocatalyst.

species with O, and H,O, leading to the formation of O,*" and
OH*, respectively, which are responsible for the degradation of PCA.

The degradation of PCA was further investigated by GC-MSD
and the mechanism is proposed in Fig. 8. It can be seen from
Fig. S4 (ESIT) that the chromatographic structure of the species
with m/z 127 decreased over time, signifying the possible PCA
degradation into other compounds. Firstly, PCA might be trans-
formed into its intermediates via two possible ways; dechlorina-
tion to form aniline or reaction with CO, from the atmosphere to
form 4-chloroformanilide. Subsequently, combination of both
compounds gave 1-(4-chlorophenyl)-3-phenylurea,® which then
further degraded to 2-(2-aminopropanoylamino)-4-methylpentanoic
acid. After several hours, 4-methylpentanoic acid and methylbutyl-
amine were detected before being finally mineralized into CO, and
H,0 (Fig. S5, ESIt).

Conclusions

In this study, Cu/CNT catalysts were prepared via an electro-
chemical method and their physicochemical properties were
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*
N
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202 \‘

OH

115

Phys. Chem. Chem. Phys., 2016, 18, 1232312331 | 12329



Paper

studied by XRD, TEM, N, adsorption-desorption, FTIR, XPS, and
ESR. The XRD results showed that the Cu was well distributed on
the CNT, which reduced the surface area of the catalyst. The
decrease in the number of C—C, C-C, hydroxyl, and carboxyl
groups with increasing amounts of Cu demonstrated by FTIR
suggests the possible interactions between them and Cu”" ions
to form Cu-O-C bonds during electrolysis. This was further
confirmed by the XPS data, which showed a decrease in sp%,
sp®, C-0 and O-C—=O0 peaks. The significant reduction in the
ESR spectra of catalysts by the addition of Cu up to 3 wt% and
above supported the fact that the unpaired electrons of oxygen
atoms from both -OH and -COOH groups were employed by the
Cu, indicating that the interaction between Cu and the CNT
occurred at the sp® defect sites, and C—0 and C-OH along the
CNT backbone. The highest numbers of Cu-O-C bonds pos-
sessed by 0.375 g L' of 3 wt% Cu/CNT demonstrated the best
degradation performance of 10 mg L™ of PCA (96%) under UV
light irradiation within 5 h of reaction at 27 °C and neutral pH.
The kinetic studies showed that the degradation followed
the pseudo-first order model and the surface reaction was the
controlling step. Based on the effect of scavenger studies, the VB
electrons in both the CNT and CuO were excited to produce
photogenerated electron-hole pairs when the Cu/CNT catalysts
were exposed to UV light. The electrons generated are able to
transfer from the CNT to the CuO phase, while the photoinduced
holes on the surface of CuO could transfer easily to the CNT
through the heterojunctions, since the VB edge potential of CuO
is more positive than the LUMO of the CNT. This phenomenon
could efficiently reduce the recombination rate of the electron—-
hole pairs, and thus significantly improve the photoactivity of
the Cu/CNT catalysts compared to pure CuO.
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