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CuO supported on HY zeolite (CuO/HY) catalyst was prepared via a simple electrolysis method under dif-
ferent levels of current density, and its properties and photoactive performance were investigated. The
physicochemical properties of the catalyst were examined using X-ray Diffraction (XRD), surface area
analysis, Ultraviolet–Visible Diffuse Reflectance Spectroscopy (UV–Vis DRS), Fourier Transform Infrared
(FTIR) spectroscopy, and pyridine adsorption FTIR. The analyses indicated that CuO/HY catalyst contains
both CuO nanoparticles and incorporation of copper into the HY framework. In parallel with the forma-
tion of Cu0 in the electrolysis system, the Cu2+ ions also underwent isomorphous substitution subsequent
to dealumination to form a Si–Cu–O bond, as confirmed by the FTIR result. The formation of the Si–Cu–O
bond was found to decrease at elevated current density and this lowered the photocatalytic decoloriza-
tion of malachite green (MG) by CuO/HY. The CuO/HY prepared at 10 mA cm�2 was the optimum catalyst
and produced complete and 50% decolorization of 10 and 15 mg L�1 of MG, respectively. The results indi-
cating the decrease in chemical oxygen demand (COD) and total organic carbon (TOC) demonstrated the
degradability of MG molecules. The CuO/HY is also stable and showed no leaching effect even after six
reaction cycles, with just small decreases in the decolorization percentage (<89%). The catalyst has the
potential to be applied in textile wastewater treatment which is always in low concentration level. It
is also believed that this study will be useful for synthesis of other catalysts that necessitate a degree
of isomorphous substitution of metal ions in a zeolite network.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Up to 200,000 tons/year of dyes, used extensively in various
textile industries, are discharged into the effluent during drying
and finishing operations [1]. This is an important source of envi-
ronmental pollution. Therefore, treatment of the wastewater is
necessary before releasing it into the environment because the
dyes are carcinogenic and mutagenic and inhibit photosynthesis.
Three main treatment techniques have been applied for the re-
moval of dyes from wastewater including physical, chemical, and
biological methods. However, biological and physical processes
are always reported as ineffective methods [2] and generate sec-
ondary waste [3]. Therefore, the use of a heterogeneous photocat-
alyst for wastewater treatment has become more popular because
it can be operated in mild conditions and transforms the toxic or-
ganic pollutants into nontoxic products [4,5].
Recently, copper oxide (CuO) photocatalyst has received much
attention from researchers due to its narrow band gap (�1.7 eV),
low cost, low toxicity, and high availability [6,7]. It has been also
reported to be more photoreactive than Al2O3, ZnO, and NiO [6].
Accordingly, many techniques have been developed for the synthe-
sis of nanosized CuO, including microwave radiation, impregna-
tion, co-precipitation, and the sol–gel method [8–10]. However,
the size control, size distribution, shape, degree of acidity, and so
on, remains a challenge [11]. Later, it has been reported that CuO
on various supporting matrixes such as zeolites and mesoporous
materials could enhance the photoactivity of the catalysts [7,12].
The high surface area and cation exchange capabilities of such
materials offer good interactions with the metal oxides and im-
prove the properties of the catalysts [13].

We have reported a new method for the preparation of zinc me-
tal nanoparticles by a simple electrochemical technique and its
successful use in the synthesis of various types of drug precursors
[14,15]. By applying the corresponding method, Zn and Ni
promoted on zeolite catalysts led to efficient isomerization of pet-
rochemical products [16–18]. Recently, we also reported the
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preparation of highly photoreactive a-Fe2O3, ZrO2 and ZnO sup-
ported on HY zeolite catalysts for efficient decolorization of dyes
[19–21]. Although the metal/metal supported catalysts were pre-
pared by the same technique, they underwent different synthesis
mechanisms, which led to different properties in terms of particle
size, acidity, and structure, which gave advantages to their
application.

It was also found that variation of the electrolysis conditions
such as temperature, current density, type of solvents, and so on
affects the efficiency of the subsequent applied organic reactions
[22,23]. However, until now there is no detailed report relating
the effect of such specific electrolysis conditions on the physico-
chemical properties of the supported metal oxide catalysts. New
findings regarding this matter would be advantageous for the de-
sign of new catalysts for various applications because the corre-
sponding electrosynthesis method is very facile as the catalyst
can be prepared in a short time without using metal salts solutions.
Recently, we found that the properties and photoactive perfor-
mance of the metal supported on zeolite catalysts were strongly af-
fected by the current density applied during electrolysis. Therefore,
in this study we report, for the first time, on the effect of the level
of current density on the physicochemical properties of CuO sup-
ported on HY zeolite (CuO/HY) catalyst. The characterization of
the catalyst was carried out by X-ray Diffraction (XRD), surface
area analysis, Ultraviolet–Visible Diffuse Reflectance Spectroscopy
(UV–Vis DRS), Fourier Transform Infrared (FTIR) spectroscopy, and
pyridine adsorption FTIR. The performance of CuO/HY prepared
under different levels of current density for the photodecoloriza-
tion of malachite green (MG) dye under fluorescent lamp irradia-
tion was examined. Different levels of current density were
found to affect the dealumination of the HY framework, ion ex-
change capacity, particle size, and acidity of the catalysts, which
then influenced the band gap and subsequent MG photodecoloriza-
tion. The activation energy, kinetics, and reusability of the catalysts
were also investigated in detail.
2. Materials and methods

2.1. Materials

HY zeolite (Zeolyst International, USA, Si/Al = 80) was used as a
support for CuO. Naphthalene (Fluka Chemie) was used as a medi-
ator in the electrolysis reaction. Platinum and copper plate cells
(Nilaco and Tanaka Metal Corporation, Japan) were utilized as elec-
trodes. Hydrochloric acid and sodium hydroxide were added to ad-
just the pH of the sample solution. N,N-dimethylformamide (DMF)
was used as solvent, and MG was used as an organic pollutant. All
reagents were purchased from Merck (USA).
2.2. Preparation of the catalyst

The CuO loading on the HY support was maintained at 5 wt% for
all catalysts studied. The procedure for the preparation of 5 wt%
CuO/HY catalyst was as follows: a DMF solution was added to a
one-compartment cell fitted with a platinum plate cathode
(2 cm � 2 cm) and a copper plate anode (2 cm � 2 cm) containing
tetraethylammonium perchlorate, naphthalene, and HY zeolite.
Naphthalene was added as a mediator to accelerate the reaction
by producing anion radicals for the reduction of the copper cations
[22]. Then, the electrolysis was conducted at a constant current of
10 mA cm�2 and 273 K under an N2 atmosphere. The required cop-
per loading on the HY support was calculated based on Faraday’s
law of electrolysis. After electrolysis, the mixture was impregnated
at 353 K in an oil bath before being dried overnight at 373 K and
calcined for 3 h at 823 K to give gray-colored CuO/HY. The 5 wt%
CuO/HY was prepared under three different levels of current den-
sity by adjusting the electrolysis time according to the Faraday’s
law of electrolysis, which were 10, 30 and 120 mA cm�2 in 99.9,
33.3 and 8.32 min, respectively.
2.3. Characterization of the catalysts

The properties of catalysts were determined using differential
analytical techniques. XRD patterns of the catalysts were obtained
using a Bruker Advance D8 X-ray powder diffractometer with a Cu
Ka (k = 1.5418 ÅA

0

) radiation source. The UV–Vis diffuse reflectance
spectroscopic studies were carried out using a Perkin Elmer Lamb-
da 900 UV/VIS/NIR spectrometer with an integrating sphere. The
surface area was calculated with the Brunauer–Emmett–Teller
(BET) method, and pore distributions were determined by the Bar-
rett–Joyner–Halender (BJH) method whereas the micropore area,
micropore volume, and external surface area were estimated by
t-plots. FTIR spectra were obtained with a KBr pellet using a Perkin
Elmer GX FTIR spectrometer over the range of 4000–370 cm�1.
2.4. Photocatalytic activity measurement

The photocatalytic testing was carried out by placing a dosage
of 0.38 g L�1 of catalyst in a 200 mL MG solution at a certain con-
centration and stirring in the dark for 2 h in a batch reactor to al-
low the mixture to reach the adsorption–desorption equilibrium.
A fluorescent lamp with a definite power of 20 W as the light
source was mounted above 10 cm of the solution. The entire sys-
tem was placed inside a chamber covered with aluminum foil to
prevent the passage of other light into the reactor. During irradia-
tion, aliquots of approximately 2 ml of the solution were taken at
intervals of 30 min over a 3 h period. The concentration of the sam-
ples was verified by measuring their absorption band at 616 nm,
the kmax of MG, using a UV–Vis spectrophotometer. The decoloriza-
tion efficiency was calculated as follows:

Decolorization% ¼ Ai � At

Ai

� �
� 100 ð1Þ

where Ai is initial absorbance of the MG and At is absorbance of the
MG at any time interval after irradiation of the MG at 616 nm.

The COD test values were measured using a HACH DR4000
spectrometer and COD reactor. A Shimadzu TOC-VCPH spectropho-
tometer was used for TOC measurements in each experiment be-
fore and after a reaction time of 180 min for evaluation of the
mineralization of MG dye.
3. Result and discussion

3.1. Characterization of the catalyst

3.1.1. XRD
Fig. 1 illustrates the XRD pattern of HY zeolite and 5 wt% CuO/

HY catalysts which were prepared under three different current
densities: 10, 30, and 120 mA cm�2. No other diffraction peaks
were observed except HY, indicating the absence of any structural
damage to the catalysts [24]. The peak intensity of HY decreased as
the current density increased, most probably due to the presence
of copper oxide, which affects the morphology of the HY finger-
print. In fact, our previous study confirmed that the diffraction
peaks at 2h = 35.15� and 38.45�, which are shown in the inset, cor-
respond to the peaks of copper oxide. Similar results showing that
the peaks between 2h = 35� and 39� correspond to the formation of
copper oxide have also been reported in the literature [8,10].
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Fig. 1. XRD patterns of (a) HY and 5 wt% CuO/HY catalysts prepared under current
density of, (b) 10 mA cm�2, (c) 30 mA cm�2 and (d) 120 mA cm�2.
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The prominent peak was used to roughly estimate the average
crystallite size of CuO in the CuO/HY by using the Debye–Scherrer
equation:

D ¼ kk
b cos h

ð2Þ

where k = 0.94 is a coefficient, k = 1.541 Å is the X-ray wavelength, b
is the full width at half maximum (FWHM) of the peak, and h is the
diffraction angle at 38.5�. As tabulated in Table 1, the increase in
current density was found to decrease the particle size of the
catalyst.

3.1.2. Specific surface area analysis
The specific surface area and pore volume of pure HY and 5 wt%

CuO/HY catalysts prepared under different current densities are
presented in Table 1. The results showed that the CuO loading onto
HY support decreased the specific surface area and pore volume of
the catalyst. This is most probably due to the presence of CuO and
the incorporation of CuO in the HY framework [19,20]. The restruc-
turing of the catalyst may occurs when the larger size of Cu2+ ion
was exchanged with the Al3+ ion in the HY framework. A similar re-
sult showing that the pore volume decreased with incorporation of
the CuO in zeolite framework was also reported in the literature
[6].

The increase in current density was found to increase the spe-
cific surface area and pore volume of the catalyst. This result is
in agreement with the result for the crystallite size of the catalyst
Table 1
Specific surface area of HY and CuO/HY catalysts with varying current densities.

Catalyst Crystal size (nm)a

HY 23.2
CuO/HY (10 mA cm�2) 23.0
CuO/HY (30 mA cm�2) 21.2
CuO/HY (120 mA cm�2) 20.5

a Determined by XRD using Debye–Scherrer equation.
calculated by the Scherrer equation (Section 3.1.1), in which a rise
in the current density caused the particle size to decrease (Table 1).
It was also reported that the elevated current density in a similar
system enhanced the reactivity of zinc metal towards production
of organozinc compounds, implying a higher specific surface area
and smaller particle size of zinc metals prepared under a higher
current density compared to a lower current density [23]. The re-
sult of BJH analysis shown in Fig. 2 indicates that the CuO/HY pre-
pared under higher current density produced more pore blockage
than that prepared under lower current density, illustrating the
smaller particle sizes of catalyst prepared at 120 mA cm�2 in com-
parison to preparation at 30 and 10 mA cm�2.

3.1.3. UV–Vis DRS and band gap determination
The UV–Vis DRS profile of HY, pure electrolyzed CuO, and CuO/

HY catalysts prepared under different current densities are shown
in Fig. 3. The pure CuO shows a very strong adsorption band at
260 nm and a broad band in the range of 380–780 nm [25]. For
CuO/HY, the spectroscopy appears to be significantly affected by
the introduction of CuO. All catalysts showed a weak broad band
in the range of 380–750 nm which not observable in pure HY, con-
firming the adsorption band for copper oxide species [26,27]. In
addition, there are no adsorption bands around 340–360 nm,
assigning the absence of Cu clusters on the support, which indi-
cated that the CuO nanoparticles were in a highly dispersed state
[26].

Band gap energy is an important factor for catalysts in photo-
catalytic reactions. An accurate value of the band gap energy can
be obtained by recording the spectra in reflection mode rather than
absorption spectra in order to minimize the scattering effect [28].
The band gap energy was determined by using the following equa-
tion [29],

K ¼ ð1� RÞ2

2R
¼ FðRÞ ð3Þ

where K is the reflectance transformed according to Kubelka Munk
and R is the reflectancy (%) from the sample by plotting the function
(K�hv)1/2 versus hv and extrapolating the linear part of the curve to
(K�hv)1/2 = 0, as demonstrated in Fig. 4. It was found that the values
of band gap energy for CuO/HY catalysts prepared at 10, 30, and
120 mA cm�2 were 1.20, 1.40, and 1.70 eV, respectively; in other
words they increased with increasing current density. This may
be attributed to the quantum size effect (QSE), as supported by
the XRD and surface area analysis results, which indicate that the
increase in current density led to the decrease in the particle size
[30]. The QSE led to discretization of energy bands and resulted in
widening of the band gap [31].

3.1.4. FTIR
The FTIR spectra of pure HY and CuO/HY prepared under vary-

ing current densities are shown in Fig. 5. The CuO/HY catalysts
showed bands of varying intensity and width that were typical
for pure HY at about 1177, 1079, 790, 530, and 460 cm�1, which
corresponded to internal and external vibration of (Si,Al)O4 of the
HY framework (Fig. 5A) [32,33]. The spectra of CuO/HY catalysts’
Surface area (m2 g�1) Pore volume (cm3 g�1)

654 0.445
576 0.424
579 0.426
585 0.431
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bands did not show significant changes compared with pure HY.
However, a sharp band at 613 cm�1 which corresponds to an
Si�O�M bond (M refers to either Al or Cu) was found to increase
with copper loading (Fig. 5Ba) but decrease with increasing current
density (Fig. 5Bb–Bd), indicating the possible interaction of copper
in the HY structure instead of Si–O–Al (Fig. 5B) [34,35]. This may be
due to an isomorphous substitution of Cu that occurred in the
framework of aluminosilicate HY after the dealumination [20]. A
new peak appeared clearly in the 575 cm�1 band when the catalyst
was prepared under a current density of 120 mA cm�2, which may
correspond to a vibration of Cu(II)�O [36]. This result is well
matched with the XRD data, indicating the presence of copper
oxide particles in the HY. According to these results, it could be sta-
ted that the lower the current density the longer the electrolysis
time (Table 1), which allowed more dealumination to occur in
the system, accompanied by isomorphous substitution, resulting
in more formation of Si–O–Cu bonds in the HY framework [20].
However, due to the limited electrolysis time, exactly the same
phenomenon did not take place in the system at higher current
density (120 mA cm�1), the unbounded copper oxide species was
more dominant compared to incorporated CuO, and it is presumed
that the CuO nanoparticles were distributed well on the HY sur-
face, as verified by the results shown in Figs. 1 and 5Bd [20]. The
greater pore blockage demonstrated by the CuO/HY prepared at
higher current density could also support this result (Fig. 2).

To clarify this hypothesis, the evacuated FTIR analysis was per-
formed at 673 K for 1 h in order to further study the hydroxyl
group involved in the catalysts’ structure. As shown in Fig. 5C,
the spectrum of pure HY gave two bands at 3745 and 3740 cm�1

and a small absorption band at 3700 cm�1 due to the germinal, ter-
minal silanol group and a hydroxyl group in a defect site of the HY
framework, respectively [37]. The peak at 3745 cm�1 disappeared
with elevated current density, suggesting that a weak interaction
occurred between the isolated silanol groups and the neighboring
metal species [38]. Krijnen also reported that the shift of the peak
from 3745 to 3740 cm�1 may be due to the dealumination that oc-
curs in the zeolite. The peak at 3700 cm�1 decreased in intensity as
the copper was loaded onto HY, which is a sign of the interaction of
Cu species with weak hydrogen bridges in defect sites of hydroxyl
groups. A new peak was observed at 3660 cm�1, which increased in
intensity with decreasing current density, indicating that the
amount of hydroxyl groups of the extra framework aluminum spe-
cies (Al(O)OH) increased when the current density decreased.
These results support the above observation that more dealumina-
tion occurred when the current density was lower, leading to more
isomorphous substitution of Cu in the framework of aluminosili-
cate HY [19,20].

3.1.5. Pyridine adsorption FTIR
Fig. 6 shows the infrared spectra of pyridine adsorbed onto HY

and 5 wt% CuO/HY catalysts prepared under 10, 30, and
120 mA cm�2 of current density. The spectra exhibit both the ex-
pected bands assignable to pyridine bound on Brønsted acid sites
(1545–1550 cm�1) and pyridine bound on Lewis acid sites
(1430–1460 cm�1). Generally, Brønsted sites are attributed to the
bridging hydroxyls neighboring the tetrahedrally coordinated Al
sites, and Lewis acid sites can be assigned to aluminum in defect
positions or to extra framework Al species [39]. It can be observed
from Fig. 6 that the peak of Lewis acid sites of HY shifted to a high-
er wavenumber when the copper was added, indicating the
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exchange of copper ions with Al in the HY framework [16]. The
number of Brønsted sites was not very different from the parent
peak but the number of Lewis sites decreased significantly when
the current density increased. This result indicates that less dealu-
mination and isomorphous substitution of Cu ions occurred at ele-
vated current density.

3.1.6. Proposed mechanism
In accordance with the above results, the probable reaction

mechanism in the preparation of CuO/HY catalyst under different
current densities is demonstrated in Fig. 7. Similar to our previous
study, electrolysis of a DMF solution results in anodic dissolution of
Cu metal at a Cu anode, with the Cu cation being reduced at a Pt
cathode via transfer of electrons from the naphthalene radical an-
ion to give zero-valent Cu metal nanoparticles [20,22]. Naphtha-
lene reacts as a mediator in the system and is preferentially
reduced prior to the Cu cation, which could be observed instantly
as a dark green color cloud-like on the surface of the cathode after
the current was started. The cyclic voltammetry was also carried
out to verify this occurrence and the result is shown in inset figure.
The voltammogram was done in 0.1 M TEAP–DMF using an Ag/Ag+
reference electrode. It was observed that the naphthalene was re-
duced prior to Cu2+ in the DMF solution. This result was also in
line with the previous study, which showed that naphthalene
was reduced prior to Zn2+ in the same DMF system [23]. In par-
allel, the copper cation was also exchanged with the aluminum
ion in the aluminosilicate framework of HY via isomorphous sub-
stitution to give incorporated CuO, which was proved by the FTIR
results. In fact, the dealumination and isomorphous substitution
occurred during electrolysis, but not during calcination, as con-
firmed by our previous study [19]. The pure Cu metal was oxi-
dized to CuO under calcination and presumably distributed well
on the surface of the HY support, as confirmed by the XRD,
UV–Vis, FTIR, and surface area analyses. The lower the current
density applied to the system, the longer the electrolysis time re-
quired to produce the same mass of Cu loading, and thus seem-
ingly higher numbers of Cu cations are substituted with the Al
in the HY framework. However, a higher current density tends
to produce CuO nanoparticles which are smaller in size, as re-
ported by Kurono et al. [23].
3.2. Photocatalytic activity

3.2.1. Performance of the catalysts
The performance of the catalysts prepared under different cur-

rent densities for the decolorization of MG under fluorescent lamp
irradiation was tested, and the results are shown in Fig. 8. All of the
catalysts present high photocatalytic activity which completely
decolorizes 10 mg L�1 of MG after 180 min of reaction. Another
series of experiments performed on 15 mg L�1 of initial MG con-
centration led to only 50, 41, and 26% decolorization when using
CuO/HY prepared at current densities of 10, 30, and 120 mA cm�2,
respectively. These results demonstrate the compatibility of the
CuO/HY catalyst for application in wastewater treatment of textile
industry effluents, which are always at low concentration [40].

The results indicate that the CuO/HY catalysts prepared at
10 mA cm�2 have higher photoactivity compared to those prepared
at 30 and 120 mA cm�2, which may be attributed to the narrower
band gap of this catalyst, which facilitates excitation of electrons
from the valence band to the conduction band, leading to the pro-
duction of hydroxyl radicals [41]. It appears that the incorporated
CuO plays an important role in the photocatalytic reaction rather
than the unbounded CuO species. In fact, the Cu2+ of the incorpo-
rated CuO are active catalytic species that led to the formation of
three highly reactive radicals including the �OH, HO�2 and O��2
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radicals that participated in the MG photocatalytic decolorization.
The irradiation of CuO/HY generated an electron–hole pair and
Cu2+ ions [35],

CuOþ hm! CuOðhþVB þ e�CBÞ ð4Þ

CuOðCu2þÞ ! CuOvacancy þ Cu2þ ð5Þ

The electron in the conduction band (e�CB) is highly potential and
negatively enough to reduce Cu2+ to Cu+ and then re–oxidize Cu+ to
Cu2+ to ensure the formation of O�2 radicals. Subsequent reaction of
the Cu+ with the partial O�2 radicals results in the formation of
H2O2.
CuOðCu2þÞ þ e�CB ! CuOðCuþÞ ð6Þ

CuOðCuþÞ þ O2 ! CuOðCu2þÞ þ O�2 ð7Þ

Hþ þ O�2 ! HO�2ðpartial O�2Þ ð8Þ

CuOðCuþÞ þHO�2ðpartial O�2Þ þHþ ! CuOðCu2þÞ þH2O2 ð9Þ

On the other hand, the valence band hole (hþVB) is positively en-
ough to generate free �OH and led to direct (Eq. (18)) and indirect
(Eqs. (11) and (17)) oxidation of the dye.

OH�ads þ hþVB ! �OHads ð10Þ

H2Oads þ hþVB!
�

OHads þHþ ð11Þ

The electrons in the conduction band (e�CB) on the catalyst sur-
face can also reduced O2 to O��2 (Eq. (12)).

O2ðadsÞ þ e�CB ! �O�2ðadsÞ ð12Þ

The O��2 species is responsible for the production of free hydro-
xyl and hydrogen peroxides radicals:

�O�2ðadsÞ þHþ ! HO�2ðadsÞðin acidic mediumÞ ð13Þ

2OH�ads ! O2 þH2O2 ð14Þ

H2O2 þ �O�2ðadsÞ ! O2 þHO� þHO� ð15Þ

�O�2ðadsÞ þHO�2ðadsÞ þ Hþ ! H2O2þO2 ð16Þ

Thus, it can be concluded that the Cu2+ of the CuO are active cat-
alytic species that led to the formation of three highly reactive rad-
icals including the �OH, HO�2 and O��2 radicals that participated in
the MG oxidation. The high oxidation potential of the holes (hþVB)
in the catalyst also permits the direct oxidation of MB to reactive
intermediates.
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Dyeþ OH� ! decolorization of dye ð17Þ
Dyeþ hþVB ! oxidation of dye ð18Þ
Dyeþ e�CB ! reduction of dye ð19Þ

As a comparison, the photodecolorization was also conducted
using a non-electrochemically catalyst, in which the commercial
CuO was impregnated with HY zeolite. Only 68% of 10 mg L�1

MG was decolorized (figure not shown), this may be due to the lack
of active sites of Si–O–Cu bonds which play important role in the
photodecolorization [19,20]. In addition, the agglomeration of
commercial CuO on the surface of HY might also lead to the lower
decolorization. In contrast, electrolysis allowed the dealumination
accompanied by the substitution of Cu2+ with the Al3+ ions to be
occurred in the HY framework to form the Si–O–Cu bond. The par-
ticle size of the CuO could be also controlled by the current density,
which results in better dispersion of the CuO nanoparticles on the
HY surface.
3.2.2. Kinetic study
The kinetics of the photocatalytic activity rate of most organic

compounds is described by pseudo first order kinetics:

Ln
Co

Ct

� �
¼ k0t ð20Þ

where k0 is the rate constant, t is the reaction time, and Co and Ct are
the initial concentration and concentration at time t of MG, respec-
tively. Fig. 9 shows that the photocatalytic activity of CuO/HY pre-
pared at current densities of 10, 30, and 120 mA cm�2 for the
decolorization of MG follows the pseudo first order kinetic per-
fectly. The k0 values are calculated to be 0.0038, 0.0027 and
0.0018 min�1, which means that they decrease with increasing cur-
rent density. These results provide further verification supporting
the efficient performance of the CuO/HY prepared at 10 mA cm�2.
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Fig. 9. Pseudo first order kinetic model for photodecolorization of MG (pH 4,
0.38 g L�1, 15 mg L�1 initial MG concentration).
3.2.3. Determination of apparent activation energy
A series of experiments was performed at varying reaction tem-

peratures from 303 to 323 K in order to determine the effect of the
apparent activation energy (Ea) on the photocatalytic decoloriza-
tion of MG. Ea was calculated from the Arrhenius equation as fol-
lows [42]:

kapp ¼ Aexp�Ea=RT ð21Þ

where A is a temperature independent factor (1 h�1), Ea is the
apparent activation energy of the photocatalytic decolorization
(J mol�1), R is the gas constant (8.314 J K mol�1), and T is the solu-
tion temperature.

As shown in Fig. 10, the plot of In (kapp) versus 1/T gives a linear
relationship. The slope of this straight line is equal to �Ea/R, and
thus the calculated apparent activation energies were 22.9, 37.5
and 75.8 kJ mol�1 for CuO/HY catalysts prepared under current
densities of 10, 30, and 120 mA cm�2, respectively. The result also
supports the efficiency of photodecolorization of MG using CuO/HY
catalyst prepared under lower current density.

3.2.4. Reusability
The reusability of photocatalyst was important to establish its

stability for practical application [43]. In this study, only a slight
decrease in the percentage decolorization, from 97% to 89%, was
detected for at least six reaction cycles (Fig. 11). In all cases, after
each cycle, the CuO/HY catalyst was simply recovered by filtration,
dried overnight, and calcined at 550 �C for 3 h before being reused
in a successive batch. This result indicated that the CuO/HY cata-
lyst prepared under a current density of 10 mA cm�2 is a stable
photocatalyst in which deactivation hardly occurred during the
reaction.

3.2.5. Degradation of MG
Chemical oxygen demand (COD) and total organic carbon (TOC)

analyses were carried out before and after 180 min of irradiation in
order to study the toxicity and degradability of the 10 mg L�1 MG
solution over CuO/HY catalyst prepared at 10 mA cm�2 (Fig. 12).
The COD result showed a decrease in the concentration of MG from
68 to 9 mg L�1, indicating that 87% degradation of MG molecules
had occurred after 3 h of reaction. The TOC also decreased from
29 to 5 mg L�1, demonstrating that only 18% of TOC remained in
-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

0.00305 0.00315 0.00325 0.00335

ln
 (k

ap
p)

1/T (1/K)

Ea=22.86 kJ/mol

O Ea=37.51 kJ/mol

Ea=75.76 kJ/mol

Fig. 10. Apparent activation energy for decolorization of MG using CuO/HY
catalysts prepared under various current density. ( ) 10 mA cm�2 ( ) 40 mA cm�2

( ) 120 mA cm�2. (pH 4, 0.38 g L�1, 15 mg L�1 initial dye concentration).



0

20

40

60

80

100

1 2 3 4 5 6

D
ec

ol
or

iz
at

io
n 

(%
)

Number of Cycle

Fig. 11. Reusability of CuO/HY (10 mA cm�2) on photocatalytic decolorization of
MG (pH 4, 0.38 g L�1, 10 mg L�1 initial MG concentration).

0

20

40

60

80

COD TOC

C
on

ce
nt

ra
tio

n 
(m

g/
L)

0 min

180 min

Fig. 12. The graph of COD removal and TOC reduction levels after 180 min of
reaction.

A.A. Jalil et al. / Journal of Electroanalytical Chemistry 701 (2013) 50–58 57
the solution due to the formation of some long-lived byproducts
which resist further degradation.

The degradation of MG molecules occurs when the hydroxyl
radical attack to the central carbon atom of MG to form N,N-
dimethylamino phenyl ring then was converted into two different
compounds known as N,N-dimethyl-benzenamine and 4-dimeth-
ylamino-benzophenone [44]. The N,N-dimethyl-benzenamine was
attacked by hydroxyl radicals to give a reactive cationic radical
and demethylated to form benzenamine, and further oxidized to
nitrobenzene. Next, the 4-dimethylamino-benzophenone is deme-
thylated to form 4-amino-benzophenone and oxidized to 4-nitro-
benzophenone before converted to benzophenone and NO�3 . The
cleavage of benzophenone yields benzaldehyde and benzene. The
complete mineralization followed by ring opening of aromatic
compounds contributed in the formation of CO2 and H2O.

4. Conclusion

CuO/HY catalysts have been successfully prepared by a simple
electrolysis method under three different levels of current density:
10, 30, and 120 mA cm�2. The surface area analysis indicated that
the size of the CuO/HY particles decreased while the surface area
and pore volume increased with increasing current density. These
properties led to an increase in the band gap energy due to the
quantum size effect. Cu nanoparticles were formed during the elec-
trolysis and were then oxidized to CuO after drying/calcination and
distributed well on the CuO/HY catalyst surface, as verified by XRD,
FTIR, and UV–Vis analyses. In parallel, dealumination accompanied
by isomorphous substitution of Cu2+ also occurred in the HY frame-
work during the electrolysis, as confirmed by the FTIR and pyridine
adsorption FTIR results. The formation of Si–O–Cu bonds was
found to increase due to the decrease in the current density, which
then enhanced the performance of the photoactive decolorization
of MG. These findings show the possible controllable ion exchange
capacity, acidity, particle size, and band gap energy of the photo-
catalyst. The CuO/HY catalysts prepared at a current density of
10 mA cm�2 demonstrated the highest photoactive performance
compared to the others. The decrease of >83% in the COD and
TOC analyses confirmed the degradability of the MG solution over
the CuO/HY catalyst. The good stability found in the reusability
studies is expected to widen the potential applications of CuO/
HY. In addition, it is also believed that the electrosynthesis system
studied could be applied for synthesis of various supported metal
catalysts.
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