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Nanoparticles  of  electrogenerated  zinc-supported  HY  zeolite  (EGZnO/HY)  catalyst  were  prepared  by  a
simple electrochemical  method.  The  interaction  between  zinc  species  and  HY  support  during  the  elec-
trolysis  was  found  to affect  the EGZnO/HY  structure.  In  addition  to the  formation  of EGZnO  nanoparticles
(<30  nm  in  size)  that  distributed  on  the  surface  of  HY  support,  an  isomorphous  substitution  of  Al with
Zn  also  occurred  in  the aluminosilicate  framework  to  result  in  a Si O Zn  bonds.  The  photoactivity  of
EGZnO/HY  was  tested  on the  decolorization  of methylene  blue  (MB).  An  amount  of 0.375  g L−1 of 1  wt%

−1

GZnO/HY
lectrochemical
somorphous substitution
hotodecolorization
ethylene blue

EGZnO/HY  was  found  to be  the  optimum  dosage  for 10 mg  L MB,  which  resulted  in 80%  of  maximum
decolorization  after  6  h  of  contact  time  at pH 3  under  fluorescent  light  (420  nm).  Increasing  the  EGZnO
loading  led  to additional  formation  of  Si O  Zn  bonds  and  lessened  the  number  of  EGZnO  nanoparticles,
which  then  reduced  the  photodecolorization  percentage  of  MB.The  photocatalytic  reaction  was  follows
the first-order  Langmuir–Hinshelwood  model,  and  gives  partially  mineralization.  The  photocatalyst  was
still stable  after  five  cycling  runs  with  no  Zn  leaching.
. Introduction

Recently, an environmental problem of water pollution due to
apid industrialization has drawn considerable attention among
cientific communities. Approximately 22% of the total volume
f industrial wastewater was generated, which comes from
he textile industry whereas over 100,000 dyes were avail-
ble with more than 7 × 105 tons of dyestuff produced annually
1,2]. However, most of the unused dye produces undesirable
ffluents, which are discharged into the environment with or
ithout further treatment. These effluents enter natural water

odies and can cause severe problems if not treated prop-
rly because the dyes are toxic, mutagenic, and carcinogenic
o human life [3] as well as inhibit photosynthesis of aquatic

ife even in small quantities such as 1 ppm [4].  To overcome
his problem, several methods for the removal of dyes have
een reported, including chemical and biological oxidation [5],

∗ Corresponding author. Tel.: +60 7 5535581; fax: +60 7 5536165.
E-mail address: aishah@cheme.utm.my (A.A. Jalil).
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adsorption [6],  coagulation and flocculation [7],  electrochemical
oxidation [8],  ion exchange [9] and membrane separation [10].
However, these methods have their own  limitations of being time
consuming, expensive, and commercially unattractive as well as
resulting in the generation of secondary wastes.

Advanced oxidation processes (AOPs) using semiconductor
metal oxides, such as TiO2, WO3, Fe2O3, ZnO, CuO, ZrO2, CdS, In2O3,
and SnO2, as photocatalysts have become important because the
AOPs can convert a wide range of harmful dyes into non-toxic prod-
ucts, CO2, and water at ambient temperature [11–13].  In addition,
the use of mesoporous materials, such as zeolite, as a support for the
metal oxides has recently become the focus of intensive research
because the catalyst support influences the catalytic performance
through structural features and the interaction between the materi-
als leads to enhancement of the contact between the surface and the
irradiation [14] as well as reduction in the amount of metal oxides
required [13]. A review of recent studies has revealed that some of
the important metal oxide-supported zeolites include TiO2-HZSM-

5, Co-ZSM-5, CuO-X zeolite, and Fe-exchange zeolite [15–18]. The
most popular metal oxides used were TiO2 and ZnO, but in partic-
ular, ZnO has attracted much attention with respect to its ability
to degrade various pollutants due to its high photosensitivity and
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tability as well as suitable alternative to TiO2 since it has similar
and gap energy, which is equal to 3.20 eV [19,20].  To the best of
ur knowledge, reports on ZnO-supported zeolite as photocatalysts
re still scarce.

The nanosized ZnO has evoked a great deal of interest in recent
ears, especially in the area of photocatalytic studies for enhancing
ts performance such as an increase in surface area and changes
n surface properties as well as in quantum effect of photocata-
yst materials [20–22].  Upon light irradiation, this nanosized ZnO
enerated a highly active radical species, thus it can easily oxidize
n organic waste such as dyes into less harmful residues [22,23].
arious routes to synthesize nanosized zinc particles such as
ol–gel, hydrothermal, alkali precipitation, thermal decomposition,
rgano-zinc hydrolysis, spray pyrolysis, microwave irradiation, and
onochemical synthesis [20,24–26] have been reported, but there
re still limitations to study the preparation of nanosized zinc par-
icle using electrochemical technique.

We have reported a new method for preparing very fine par-
icles of electrogenerated zinc metal (EGZn) with high reactivity
sing a simple electrochemical method and its successful use in
he synthesis of anti-inflammatory agents [27]. It was  also found
hat the zinc oxide nanoparticles (EGZnO) led to the generation of
rotonic acid sites when supported on HZSM-5, which enhanced
he n-alkane isomerization [28]. By the corresponding method, an
-Fe2O3 and EGZrO2 supported HY catalyst was also successfully
chieved, which possesses high photoactivity in the decolorization
f methyl orange and methylene blue, respectively [29,30].

Additionally, exploring a new application dealing with the use
f the nanoparticles EGZnO would be of interest, particularly
n the area of photocatalytic reaction. Therefore, in the present
tudy, we report for the first time, the preparation of EGZnO sup-
orted on HY zeolite (EGZnO/HY) and its photoactivity toward

 decolorization of methylene blue (MB). The prepared catalyst
as characterized by X-ray diffraction (XRD), thermogravimet-

ic simultaneous differential thermal analysis (TG-SDTA), field
mission scanning electron microscopy coupled with energy dis-
ersive X-ray (FE-SEM/EDX), transmission electron microscopy
TEM), Fourier transform infrared (FTIR), ultraviolet–vis diffuse
eflectance spectroscopy (UV–vis DRS), photoluminescence (PL),
runnauer–Emmett–Teller (BET) surface area analysis, 29Si and
7Al magic angle spinning nuclear magnetic resonance (MAS NMR),
-ray photoelectron spectroscopy (XPS), and inductively coupled
lasma mass spectrometry (ICP-MS). A new structural model for
GZnO/HY was proposed on the basis of characterization and pho-
odecolorization results. The decolorization of MB  was optimized
nder various parameters such as the effect of pH, EGZn loading,
atalyst dosage, and initial MB  concentration. The kinetics behavior
f the catalyst was also studied to determine the surface interaction
f the catalyst with MB.

. Experimental

.1. Materials

The HY zeolite had a Si/Al ratio of 80 and was purchased from
eolyst International. N,N-dimethylformamide (DMF) was  pur-
hased from Merck and naphthalene was obtained from Fluka.
odium hydroxide (NaOH), hydrochloric acid (HCl), hydrogen per-
xide (H2O2), and methylene blue (C.I. 52015 for microscopy) were
btained from QReCTM. Ammonium oxalate was purchased from
iedel–De Haen AG Seelze–Hannover while isopropanol was pur-
hased from Systerm®. The platinum (Pt) and zinc (Zn) plate cells

ere obtained from Nilaco Metal, Japan. All reagents were of ana-

ytical grade and were used as received. Deionized water was used
or the preparation of the pH solution and adjustments to the pH
ere performed using a 0.1 M HCl and NaOH solution.
 General 456 (2013) 144– 158 145

2.2. Catalyst preparation

EGZnO was prepared following a previously reported protocol
[27,31]. A DMF  solution (10 mL)  containing 0.1 M tetraethy-
lammonium perchlorate was electrolyzed in the presence of a
naphthalene mediator (6 mmol) in a normal one-compartment cell
fitted with a Pt plate cathode (2 cm × 2 cm)  and Zn plate anode
(2 cm × 2 cm)  at a constant current density of 120 mA/cm2 under
a nitrogen atmosphere at 273 K. After electrolysis, the mixture was
impregnated, oven dried overnight at 378 K, and calcined at 823 K
for 3 h to yield a white powder (EGZnO) for characterization and
photocatalytic testing.

The EGZnO/HY catalyst was prepared using the same procedure
except for the addition of the HY zeolite (1.5 g) prior to electrol-
ysis, and a white powder was obtained as the final product. The
required weight percent of the EGZnO supported on HY and the
time required for complete electrolysis was calculated based on
Faraday’s law of electrolysis,

t =
(

F

I

)
(z × n) (1)

where t = total time for the constant current applied (s);
F = 96,486 C mol−1, which is the Faraday constant; I = the electric
current applied; z = the valency number of ions of substances (elec-
trons transferred per ion); and n = the number of moles of Zn (no of
moles, liberated n = m/M).

2.3. Characterization

The crystalline structures of the catalysts were studied by XRD
recorded on a D8 ADVANCE Bruker X-ray diffractometer using Cu
K� radiation at a 2� angle ranging from 3◦ to 90◦. The particle sizes
of the catalysts were calculated using the Debye–Scherrer equation,

D = k�

 ̌ cos �
(2)

where k = 0.94 is a coefficient, � = 1.5406 Å is the X-ray wavelength,
 ̌ is the full width half maximum (FWHM) of the sample and � is

the diffracting angle. The phases were identified with the aid of the
Joint Committee on Powder Diffraction Standards (JCPDS) files.

The thermal stability behavior of establish catalysts was  exam-
ined by thermogravimetric simultaneous differential thermal
analysis (TG-SDTA) (TGA/SDTA851 Instrument). The measurement
was carried out from 278 to 1173 K with heating rate of 278 K min−1

under nitrogen flow at rate of 40 mL  min−1. The topological prop-
erties as well as semi-quantitative determination of percentage
metal loaded were observed by field emission scanning electron
microscopy coupled with energy dispersive X-ray spectrometer
(FE-SEM/EDX) (JSM-6701F). The morphological properties of nano-
sized EGZnO and the EGZnO/HY catalyst as well as the distribution
of EGZnO deposited on the HY surface were examined by TEM
(JEOL JEM-2100F). FTIR (Perkin Elmer Spectrum GX FTIR Spec-
trometer) was performed using the KBr method with a scan
range of 400–4000 cm−1. The optical absorption properties of the
catalyst were obtained using a UV–vis DRS (Perkin Elmer Spec-
trophotometer) in the range of 200–800 nm at room temperature.
The photoluminescence (PL) (JASCO Spectrofluorometer) (FP-8500)
with 150 W Xe lamp as excitation source were employed to study
the electronic structure, optical and photochemical properties of
semiconductor materials, by which information such as surface
oxygen vacancies and defects, as well as the efficiency of charge car-

rier trapping, immigration and transfer can be obtained. The band
gap of EGZnO was determined from plots of the Kubelka–Munk
(K–M) function [fK-M = (h�/�) 1/2] as a function of the energy of the
excitation light [h�].



146 N. Sapawe et al. / Applied Catalysis A: General 456 (2013) 144– 158

u
a
u
w
d
t
2

N
a
d
c
r
d
i
T
t
t

2

w
d
o
o
u
a
o
e
t
M
t
b
f

d

w
a

w
(

2

m
I

31 41 51 61 71

In
te

ns
ity

 (a
.u

.)

2-Theta ( )

(a)

(b)

31 41 51 61 71

31. 9º(100)

34.6º  (00 2)

36.4º  (10 1)

(100)

(002 )

(10 1)

(102) (11 0)
(103)

(200)
(112 )

(201)

736353433323133

In
te

ns
ity

 (a
.u

.)

EGZn O
5 wt% EGZnO/HY
3 wt% EGZnO/HY
1 wt% EGZnO/HY
0.5  wt%  EGZnO /HY
HY Zeoli te
Fig. 1. Schematic diagram of the photocatalytic reaction.

The textural properties (i.e., specific surface area, pore vol-
me, and pore diameter) were determined from nitrogen
dsorption–desorption isotherms at liquid nitrogen temperature
sing a Micromeritics ASAP 2010 instrument. The surface area
as calculated with the BET method, and pore distributions were
etermined by the Barrett–Joyner–Halender (BJH) method. Prior
o measurement, all the samples were degassed at 383 K to 0.1 Pa.
9Si and 27Al MAS  NMR  spectra were recorded on a Bruker Solid
MR (JEOL 400 MHz) spectrometer using tetramethylsilane (TMS)
s an external reference at room temperature. The chemical oxi-
ation state of the EGZnO/HY catalyst was determined using XPS
onducted on a Kratos Ultra spectrometer equipped with a Mg  K�

adiation source (10 mA,  15 kV) in the range of 0–800 eV. The pow-
ered sample was pressed into a small Inox cylinder and analyzed

nside an analysis chamber at 1 × 10−10 Pa during data acquisition.
o correct the energy shift due to surface charging of the samples,
he binding energy of the C1s peak at 284.5 ± 0.1 eV was  taken as
he internal standard.

.4. Photocatalytic testing

The photocatalytic activity of the prepared EGZnO/HY catalyst
as tested for the decolorization of MB,  and a simple schematic
iagram used for the testing is shown in Fig. 1. A 0.075 g sample
f the catalyst was dispersed in 200 mL  of 10 mg  L−1 MB  aque-
us solution. The adsorption–desorption equilibrium was achieved
nder dark conditions after 2 h, and the mixture was  irradiated
t room temperature for 6 h with constant stirring using a flu-
rescent lamp (Philips TLD 36 W/865; 15,000 h; 6500 K; 420 nm
mission). At specific time intervals, 2.5 mL  of the sample solu-
ion was withdrawn and centrifuged prior measurements of the

B concentration by a UV–vis spectrophotometer (Thermo Scien-
ific Genesys 10 uv Scanning) using the characteristic adsorption
and at 664 nm.  The decolorization percentage was calculated as
ollows,

ecolorization (%) = (C0 − Ct)
C0

× 100 (3)

here C0 represents the initial concentration and Ct denotes a vari-
ble concentration.

The effect of different scavengers on photocatalytic performance
as also carried out using ammonium oxalate (0.15 g), isopropanol

10%, v/v), and hydrogen peroxide (10%, v/v).

.5. Analyses
The elemental analyses of Zn in a solution during an experi-
ent were determined by ICP-MS using ELAN 6100 PerkinElmer

CPMS. The biochemical oxygen demand (BOD) of the solution were
Fig. 2. XRD patterns of catalysts for (a) full range 3–73◦ and (b) range 31–71◦ .

measured using YSI model 33, whereas the BOD bottles were incu-
bated at 293 K for five days and the difference in dissolved oxygen
was used to calculate BOD5. The HACH DR4000 spectrometer was
used for chemical oxygen demand (COD) measurement. In addi-
tion, the total organic carbon (TOC) removal was determined using
a TOC Shimadzu Vcph spectrophotometer for each run before and
after a 6 h reaction time for the evaluation of the mineralization
of MB  dye. TOC was calculated as the difference between the total
carbon (TC) and inorganic (IC) in the liquid sample.

3. Results and discussion

3.1. Characterization

3.1.1. Crystallinity, phase and structural studies
The XRD pattern of the prepared EGZnO/HY catalysts were com-

pared with EGZnO and bare HY, and the results are shown in
Fig. 2. The peak intensity of HY decreased as the EGZnO loading
increased because the presence of foreign substances affected the
morphology of the supported HY fingerprint (Fig. 2a). A series of
characteristic peaks were observed for EGZnO at 31.9◦ (1 0 0), 34.6◦

(002), 36.4◦ (1 0 1), 47.7◦ (1 0 2), 56.7◦ (1 1 0), 63.0◦ (1 0 3), 66.5◦
◦ ◦
(2 0 0), 68.1 (1 1 2), and 69.2 (2 0 1), which were in accordance

with those of the hexagonal wurtzite structure of ZnO (Interna-
tional Center for Diffraction Data, JCPDS 36-1541) [20]. However, no
other diffraction peaks were detected, which indicated the purity of
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Table 1
The crystallite size and d101 value of the catalysts.

Catalysts Crystallite size (nm) d101 value (Å)

EGZnO 30.5 2.47
HY  Zeolite 33.2 –
0.5  wt% EGZnO/HY 40.8 2.47
1  wt% EGZnO/HY 40.8 2.47

t
i
i
3
E

t
(
t
w
t
H

3

E
e
t
b
l
1
f

3  wt% EGZnO/HY 27.2 2.47
5  wt% EGZnO/HY 24.5 2.47

he prepared EGZnO. The enlargement of selected area XRD pattern
n Fig. 2a from 31◦ to 71◦ for each weight percent loading is shown
n Fig. 2b. The three peaks located at 31.9◦ (1 0 0), 34.6◦ (0 0 2), and
6.4◦ (1 0 1) correspond to ZnO, thereby verifying the presence of
GZnO metal on the framework of HY.

The average crystallite size of the catalysts was estimated by
he Debye–Scherrer equation on the basis of major peak of EGZnO
101) at 2� = 36.4 to have d101 values of approximately 2.47 Å and
hese values are listed in Table 1. The crystallite size decreased as
ith EGZnO, and the values ranged from 40.8 to 24.5 nm due to

he interaction and agglomeration between the zinc species and
Y [32].

.1.2. Thermal stability of photocatalysts
The thermogravimetric analysis curves of HY zeolite and

GZnO/HY are presented in Fig. 3. The HY showed only small
ndothermic weight loss (4%) in the range of 293–403 K, attributed
o water removal (Fig. 3a). In case of EGZnO/HY (Fig. 3b), the

ehavior is completely different; two types of endothermic weight

osses were detected, from room temperature to 513 K (20%) and at
123–1173 K (4%). The former interpreted the elimination of sur-
ace water and a few volatile compounds, which were used during
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Fig. 3. TG/DTG thermograms of (a) HY zeolite and (b) 1 wt%  EGZnO/HY.
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the preparation of EGZnO/HY. The latter may  indicate the formation
of Zn intermediates as reported in [33].

3.1.3. Topological properties
The topological properties of the EGZnO and EGZnO/HY cata-

lysts were studied by FE-SEM and the results are shown in Fig. 4.
The influence of the addition of zinc on the HY zeolite structure
can also be confirmed from SEM images. The micrographs showed
the presence of small crystallites uniformly distributed along some
intergrowth. It can be seen that nanosized EGZnO particle less than
30 nm in size with uniform shape was successfully synthesized
and they exist in single homogeneous phase with narrow size dis-
tribution and agglomerate with each other (Fig. 4a and b). It is
demonstrated that the morphology and particle size of EGZnO/HY
catalysts did not change with respect to those of HY zeolite, indicat-
ing that no crystalline transformations occurred during the addition
of zinc onto HY zeolite. Zinc oxide were finely dispersed as their
presence did not result in significant contrast at magnifications up
to 30 000×. A smooth surface was  observed in 1 wt% EGZnO/HY
(Fig. 4d), and further increase in percentage loading up to 3 wt%
and 5 wt% EGZnO/HY (Fig. 4c, e, and f) demonstrated a rough sur-
face with extent to some agglomeration between particles. Such
roughness provided a limited contact angle area to light penetra-
tion, thereby reducing the utilization rate of photodecolorization
of MB  [34].

The EDX analysis was  employed to determine the composition
of the EGZnO (Table 2). The peaks of Zn and O correspond to ZnO and
Al and that of Si to HY, whereas Pt and C originated from the coated
material as well as the platform of the holder sample. No other
element was  detected, indicating that EGZnO/HY is free from other
impurities. From the semi-quantitative analysis, we can estimate
the amount of EGZnO loading onto the HY.

3.1.4. Morphological properties
The morphological properties of the EGZnO and EGZnO/HY cat-

alysts were examined by HR-TEM, and the images are presented
in Fig. 5. Fig. 5a and b illustrates that the EGZnO was successfully
prepared with well-defined boundaries and no connecting necks,
which indicated the absence of sintering effect between the parti-
cles. The average particle size for EGZnO varied in a narrow range
from 10 to 30 nm,  which is parallel to FE-SEM analysis results. The
theoretical value of the particle size (D) was  found to be 29.7 nm,
which was  estimated from the following equation,

D = 6
�S

(4)

where � is the theoretical density of the EGZnO powder and S is the
surface area determined by N2 adsorption–desorption isotherms
assuming that the particles are spherical in shape [35].

However, the micrographs show particles with elliptical and
irregular shapes, which may  be due to overlapping of particles [36].
The inset figures are the fast Fourier transform patterns (FFT) and
indicate that the materials either have a crystalline (Fig. 5b and g)
or an amorphous (Fig. 5d) phase. Magnification of the selected area
in the FFT patterns showed the atomic arrangement in the crystal
and allowed the estimation of the interplanar distance (Fig. 5c and
h). The value of the interplanar distance (d-spacing) of the lattice
fringes estimated from this image was consistent with the value
of lattice spacing of EGZnO obtained from the XRD analysis at d101
(2.47 Å) and d002 (2.59 Å). This agreement confirms that the EGZnO
nanoparticles were deposited and well dispersed on the HY support
as seen in Fig. 5e–g.
3.1.5. Vibrational spectroscopy
FTIR spectroscopy is a very useful technique for obtaining vibra-

tional information about the species in materials. Therefore, the



148 N. Sapawe et al. / Applied Catalysis A: General 456 (2013) 144– 158

.5 wt%

p
a
3
a
o
b
u
b
A

T
E

Fig. 4. FE-SEM images of (a, b) EGZnO in low and high magnification (c) 0

repared catalysts were subjected to FTIR analysis, and the results
re shown in Fig. 6. The EGZnO/HY catalyst showed broad band at
445 cm−1 due to the H2O molecules adsorbed on catalyst surface
nd 1634 cm−1, which was attributed to the vibrational distortion
f O H groups on the catalyst surface (Fig. 6a). The weak bands

−1
etween 800 and 400 cm , which correspond to the Si O Si flex-
ral vibration, decreased in intensity as with the EGZnO loading
ecause of the superposition of Zn O and Si O bonds (Fig. 6a) [37].

 significant decrease in the intensity of the peak at 1079 cm−1

able 2
lemental compositions of catalysts determined by EDX analysis.

Catalysts Elemental compositions (%) 

C O Zn 

EGZnO 1.22 3.02 88.92 

HY  zeolite 8.02 27.21 – 

0.5  wt%  EGZnO/HY 7.12 30.25 0.66 

1  wt%  EGZnO/HY 28.93 26.75 1.95 

3  wt%  EGZnO/HY 30.13 26.87 5.49 

5  wt%  EGZnO/HY 15.67 33.08 7.12 
 EGZnO/HY (d) 1 wt% EGZnO/HY (e) 3 wt%  EGZnO/HY (f) 5 wt% EGZnO/HY.

was observed after EGZnO loading, which suggested a possible
interrelationship between EGZnO and the Si O Si group (Fig. 6a)
[37]. This result suggests that Zn may  be inserted into the zeo-
lite framework during electrolysis [38]. However, no obvious band
was observed, which corresponds to the vibration of the Si O Zn

bond. It may  be because of overlapping with zeolite characteristic
stretching frequencies in the region [39]. For further investigation,
the samples were evacuated at 673 K for 1 h prior to IR measure-
ment to remove the physisorbed water, and the results are shown

Total (%)

Si Al Pt

– – 6.84 100
51.17 2.93 10.67 100
47.24 1.75 12.98 100
20.42 3.21 18.74 100
22.02 0.26 15.23 100
30.02 0.15 13.96 100
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ig. 5. HR-TEM micrographs of catalysts in low and high magnification for (a–c) EGZ
FT.

n Fig. 6b. The sharp peak at 3745 cm−1 was shifted to a lower
ave number (3740 cm−1) and the intensity increased with EGZnO

oading, which could be attributed to a weak interaction between

he isolated silanol groups located at the surface and the neigh-
oring metal species (Zn) [40]. According to Krijnen, the shift in
his peak to 3740 cm−1 may  also suggest that dealumination has
ccurred in the zeolite [41]. The peak at 3700 cm−1 decreased in
 HY zeolite (e–h) EGZnO/HY and the insert of Fig. 4 (b, d, and g) are its corresponding

intensity with metal loading, which may  correspond to the inter-
action of Zn species with weak hydrogen bridges in defect sites
of hydroxyl groups. A new peak appeared at 3685 cm−1, which

increased in intensity with EGZnO loading, indicating the increase
of the hydroxyl groups of the extra framework aluminum species
due to the ion exchange between Zn and Al ions in the framework
[41].
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ig. 6. FTIR spectra of catalysts at region (a) 4000–370 and (b) 3800–3600 cm−1

evacuated system).

.1.6. Nuclear magnetic resonance
To elucidate the structure of the prepared catalyst, 29Si and

7Al MAS  NMR  spectra were obtained for the 5 wt% EGZnO/HY
ith respect to bare HY. 29Si MAS  NMR  chemical shifts were used

o define the Si environments and provide information regarding
he coordination of Si with other Si or Al atoms. As illustrated
n Fig. 7a, the intensity of the sharp peak observed for bare HY
t −107 ppm was reduced by approximately 30% upon the intro-
uction of EGZnO, which could indicate dealumination effect or

somorphous substitution with zinc [42]. 27Al MAS  NMR  was
mployed to distinguish the Al in framework sites (tetrahedral)
rom extra framework sites (octahedral). In Fig. 7b, the peak cor-
esponding to the tetrahedral Al framework in HY was eliminated
hen EGZnO was added. However, no other peaks were detected

ignifying neither the presence of octahedral extra framework alu-
inum nor the reinsertion of the eliminated aluminum into the

i framework [43,44].  As reported by Klinowski, the eliminated
luminum may  be present as invisible aluminum such as Al(OH)3,
l(OH)2+, Al(OH)+

2, and Al2O3 or as certain polymeric aluminous
pecies [42].

To clarify the isomorphous substitution between Zn and Al, the
mount of unbounded Zn and Al in the HY framework was  stud-
ed using 5 wt% EGZnO/HY catalyst. The corresponding catalyst was
tirred in DMF solution for approximately 30 min  and then filtered
efore subjecting to ICP-MS analysis. It was found that approxi-

ately 1.96 × 1020 Zn atoms were detected in the filtrate solution,

eferring to the unbounded EGZnO (27%). Therefore, 73% of total
n ions in 5 wt% EGZnO/HY catalyst were exchanged with the Al
n HY framework. However, the number of Al atoms detected from
 General 456 (2013) 144– 158

the same solution was 2.18 × 1021, which was  more than estimated
number of Al that were exchanged with the Zn in the aluminosili-
cate framework. The superfluous amount of Al (1.65 × 1021) is most
probably due to dealumination, whereas the remaining undetected
Al (∼30%) might correspond to polymeric aluminous compounds
that could not pass through the filter as reported in NMR  studies.
All the calculations were based on the ratio of element in the HY
(Al7Si17O48)·32(H2O).

3.1.7. Chemical oxidation state determination
The dealumination of zeolite after the addition of zinc was con-

firmed by the FTIR and NMR  data. XPS analyses were performed to
determine the chemical states of the surface Zn in the catalyst. Fig. 8
shows the XPS spectra of Zn2p3/2 and O1s for the 5 wt%  EGZnO/HY
catalyst. The deconvolution of Zn2p3/2 shows the existence of two
peaks. The peak at 1023.0 eV was similar to the uniform oxidation
state of Zn2+ [45,46]. The observed value was slightly higher than
that reported for pure zinc oxide probably because of the interac-
tion between EGZnO and HY [47]. The low intensity peak at lower
binding energy (1021.1 eV) signifying the formation of Zn species
incorporated with zeolite framework [45].

In addition, the spectra of O1s were obtained to differentiate
the bonded oxygen atoms in silica environments. The photoelec-
tron spectra of O1s shown in Fig. 8 display two oxygen species
present in the nearby region that correspond to Si O Zn and
Si O Si with binding energies of 530.5 and 532.8 eV, respectively
[48,49]. The peak at 530.5 eV can be indexed to the O2− ions in ZnO
lattice or matrix, whereas the peak at 532.8 eV is due to the spe-
cific chemisorbed adsorbed oxygen caused by the surface adsorbed
hydroxyl, which corresponds to O Si bonds in the samples [49]. No
obvious peaks for other elements or impurities were observed.

3.1.8. Study of optical properties
Fig. 9a shows the UV–vis reflectance spectra of the prepared cat-

alysts with different zinc loading. From the figure, the EGZnO shows
a characteristic peak at a wavelength of 386 nm.  The decreased in
the EGZnO loading from 5 to 0.5 wt% onto HY resulted in increase
of peak intensity, and has a spectrum similar to bare HY. This is
most probably because of the low metal loading and highly domi-
nant fingerprint of HY frequencies [30,38]. The band gap energy of
EGZnO was determined using the Kubelka–Munk (K–M) spectrum
by plotting fK–M = (h�/�)2 as a function of h� (Fig. 9b) [50] and com-
pared to the band gap calculated from Eb = 1240/�  [51]. Both the
EGZnO band gap values were similar, which were approximately
close to 3.20 eV and agreed with those reported in [52]. Generally,
the photocatalyst can absorb photon energy that equal or greater
than band gap energy and generates photoexcited electron–hole
pairs in bulk [53].

3.1.9. Photoluminescence study
Fig. 10 shows the photoluminescence (PL) spectra of bare EGZnO

and EGZnO/HY catalysts with excitation wavelength of 325 nm.
EGZnO samples exhibit an intense and sharp peak at 386 nm in the
UV region, and a broad band at 514 nm in the visible region. The UV
emission (near band edge emission) was  generated by the free-
excitation recombination, while the green emission (deep level
emission) was appeared because of the impurities and structural
defects in the deposited structures. The UV emission signifies the
recombination of a photogenerated hole with an electron occupy-
ing the oxygen vacancies, while the green emission signifies the
recombination of electrons in single occupied oxygen vacancies in
ZnO [21]. Generally, highly crystalline ZnO shows a dominated UV

emission with a weak green emission. It is observed that the PL
intensity of EGZnO/HY was  decreased by the addition of zinc oxide,
but 3 wt% EGZnO/HY showed slightly higher PL intensity compared
to 1 wt%  and 5 wt% EGZnO/HY. This is may  be due to the addition
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Fig. 7. MAS  NMR  spectra of (a) 29Si (b) 27Al of bare HY and 5 wt%  EGZnO/HY catalyst.
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Fig. 8. XPS spectra of Zn2p3/2 a

f certain amount of Zn could affects the intensity and response
ange of PL signals which resulted in increase in the content of
urface oxygen vacancies and defects [21]. In fact, the lower the
L intensity, the lower the recombination rate of photoinduced
lectron–hole pairs, which resulted in higher photocatalytic activ-
ty of the catalyst [54,55]. Moreover, the peak positions of PL spectra
or a different weight percent of the EGZnO/HY catalysts apparently
hifted to longer wavelengths, implying the decrease in band gap

nergy of EGZnO. In contrast, 1 wt% EGZnO/HY catalyst shows a dif-
erent pattern of PL emissions compared to others, suggesting the
xistence of different energy levels in the conduction band (CB) to
hich the electrons in the valence band (VB) can be promoted on
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the condition of similar excitation energy, and the excited electrons
with different energy in the CB can come back to VB via different
courses [21]. Thus, 1 wt% EGZnO/HY tends to shifted to the deep
level emission in order to exhibit good optical properties, resulting
the most effective photocatalyst in this study.

3.1.10. Proposed structure of EGZnO/HY
Based on characterization studies, probable reaction pathways
to prepare EGZnO/HY are shown in Fig. 11.  The electrolysis of DMF
solution with a Pt cathode and a Zn anode results in anodic dissolu-
tion of Zn metal to give Zn ions. On the other hand, at the cathode,
a one-electron reduction of naphthalene ([Naph]) molecule occurs
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Fig. 10. PL spectra of the catalysts with the excitation wavelength of 325 nm.

o give a radical anion of naphthalene, which was  shown by the
ppearance of a dark green color on the surface of the cathode [27].
he reduction of Zn ion with naphthalene radical anion gave zero-
alent highly reactive EGZn, which was oxidized to EGZnO when
nderwent calcination after the electrolysis. In parallel, a part of
he Zn2+ ions takes participates in the isomorphous substitution to
orm EGZnO/HY catalyst.

The FTIR results obtained were in agreement with the data
eported by Krijnen, in which the shifted peak from 3745 to
740 cm−1 signifies dealumination in the zeolite framework and
he appearance of a new peak at 3685 cm−1 indicates the pres-
nce of hydroxyl groups of extra-framework aluminum species
41]. In addition, the XPS spectra of Zn2p3/2 and O1s established
he chemical oxidation state of the Zn2+ ions and the presence
f Si O Zn group, respectively. Therefore, it was proposed that
he Al was extracted from the HY framework creating vacant sites,

hich are then filled by Zn2+ during electrolysis (Fig. 11).  The dea-

umination designated by 29Si and 27Al MAS  NMR spectra and the
otal number of unbounded Zn and Al atoms in the HY framework

ig. 11. Proposed mechanism for isomorphous substitution of Al with Zn in the HY
eolite structure.
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obtained by ICP-MS results also support the proposed structure.
This study has shown that the dealumination could be easily per-
formed by the electrolysis system without using strong acids,
reactive compounds, and/or hydrothermal treatment [41]. How-
ever, the proposed model of EGZnO/HY depends on the amount of
EGZnO loading. Based on FTIR results, it was predicted that higher
loading of EGZnO gives higher probability of Si O Zn bond for-
mation. This is verified by the increase in intensity of the peak at
3685 cm−1, which is assigned to hydroxyl group of extra framework
aluminum species, indicating that more Al ions were dealuminated
from the framework, thereby resulting in more Zn ions that will be
replaced by the framework.

3.2. Photocatalytic testing for the decolorization of MB

3.2.1. Performance of the EGZnO/HY as a photocatalyst
The performance of prepared EGZnO/HY catalyst was examined

for the decolorization of MB,  and the results are shown in Fig. 12a.
A controlled experiment was  conducted under four different con-
ditions including photolysis and reaction in the presence of the
bare HY, EGZnO, and EGZnO/HY catalysts. Each experiment was
performed under both dark and visible light conditions. The exper-
iments under dark conditions removed less than 26% of the MB
after 6 h of contact time, which indicated the importance of visi-
ble light in this study, as revealed by the optical properties study.
Under photolysis, 0.96% of the MB was decolorized; this may be
because of the degradation of the substance after long exposure
to fluorescent light. Only 13.2% and 23.5% of the MB  was removed
when using bare HY under dark and visible light conditions, respec-
tively. The porosity of the catalyst surface may play an important
role in adsorption, as previously reported for liquid–gas adsorption
systems used to treat wastewater [56]. The use of EGZnO under
visible light resulted in 14.5% decolorization of MB,  which was 15
times higher than the same reaction under dark conditions. How-
ever, the removal percentage increased up to 80.4% when using
1 wt%  EGZnO/HY. Proper distribution of the EGZnO nanoparticles
on the surface of the HY might facilitate their surface contact with
light, which led to higher efficiency of decolorization. This result
reveals that EGZnO/HY is a potential photocatalyst semiconductor.
Fig. 12b shows the UV spectra of the progress of MB  decolorization
during the 6 h contact time and the color change before and after
the reaction.

3.2.2. Effect of pH
pH is one of the most important parameters that influences the

rate of photocatalytic [57]. However, the interpretation of the effect
of pH is difficult because of its multiple roles including electrostatic
interactions between the catalyst surface, solvent molecules, and
substrate, and charged radicals formed during the reaction [12].
Herein the effect of pH was studied in the range of 1–11 in presence
of 1 wt% EGZnO/HY catalyst under visible light condition, and the
results are presented in Table 3. Each experiment was  performed
under dark conditions for 2 h to reach an adsorption–desorption
equilibrium prior to photocatalytic reaction. The highest decol-
orization was obtained at pH 3 with a total decolorization of 80.4%,
whereas the others were 7.5%, 35.2%, 29.8%, and 19.1%, for pH 1,
pH 5, pH 9, and pH 11, respectively. At pH 1, the pH environment
was considered to be saturated with the excess of H+ ions, thus
inhibiting the MB  from being adsorbed as well as photodecolorized.
However, lowering the acidic condition may  reduce the amount
of positive charges on the surface of the catalyst, thereby result-
ing in added attraction of MB  toward its surface, which facilitates

the formation of more hydroxyl radicals from an active catalytic
species of EGZnO and thus enhancing the MB  decolorization up to
80.4% after 6 h of contact time. In contrast, further increase in pH,
decreases the ability of the photocatalytic activity due to saturation
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Fig. 12. (a) Photolysis and photocatalysts performance on decolorization of MB (b) color change before and after the reaction and UV spectra of the decolorization progress
(CMB = 10 mg L−1, pH 3, W = 0.375 g L−1, t = 6 h, 1 wt% EGZnO/HY).

Table 3
Photodecolorization of MB  dye as a function of experiment key factors.

t (h) Decolorization (%)

pHa EGZnO loadingb (wt%) EGZnO/HY dosagec (g L−1)

1 3 5 9 11 0.5 1 3 5 0.125 0.250 0.375 0.500 0.625

0.5 0.8 17.6 12.8 5.9 2.7 3.6 17.6 4.1 2.0 1.0 1.8 17.6 5.8 6.3
1.5  2.2 32.3 14.8 11.2 5.4 6.9 32.3 9.3 7.3 4.3 5.3 32.3 17.0 14.9
2.0  3.7 56.3 19.2 15.3 8.3 13.0 56.3 17.4 15.4 4.7 12.2 56.3 28.3 23.1
4.0  4.9 68.1 24.7 22.4 13.7 22.1 68.1 30.2 25.8 8.1 24.0 68.1 44.4 40.3
6.0  7.5 80.4 35.2 29.8 19.1 39.2 80.4 45.8 39.1 12.8 35.0 80.4 55.9 52.5
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a (C0 = 10 mg L−1, W = 0.375 g L−1, t = 6 h, 1 wt%  EGZnO/HY, 303 K).
b (C0 = 10 mg  L−1, pH 3, W = 0.375 g L−1, t = 6 h, 303 K).
c (C0 = 10 mg  L−1, pH 3, t = 6 h, 1 wt% EGZnO/HY, 303 K).

s well as highly contamination of the catalyst surface by the MB,
hus inhibiting the light penetration, which is most crucial factor
or generating an electron–hole pair. The amphoteric behavior also
nfluences the surface charge properties of the catalyst when the
hotoreaction occurs on the surface of semiconductor [58]. This
ehavior can be described on the basis of zero point charge (pHzpc)
f the EGZnO/HY, which was determined to be at pH 5.2 (Fig. 13). At
Hs higher than pHpzc, the surface of the EGZnO/HY became nega-
ively charged and electrostatically adsorbed the positively charged

B  cations. Therefore, the photoreaction was not performed well
n alkaline conditions. The same phenomenon was observed in the

ecolorization of methylene blue in presence of TiO2/ZnS nanocom-
osites [59].
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Fig. 13. The isoelectric point (pHpzc) of the EGZnO/HY catalyst.
3.2.3. Effect of EGZnO loading
To study the effect of various EGZnO loading, different cata-

lysts were prepared with different amounts of EGZnO loading on
HY ranging from 0.5 wt% to 5 wt%. An increase in EGZnO loading
resulted in a decrease on the decolorization rate of MB,  and 1 wt%
of EGZnO was found to be the optimum zinc loading in the range
studied, with maximum decolorization of 80.4% was observed after
6 h of contact time (Table 3). The surface area analysis data obtained
from the BET method as well as the pore volume and pore diam-
eter determined by the Barret–Joyner–Halenda (BJH) desorption
isotherms method can be used to verify this result (Table 4). The
increase in EGZnO loading decreases the surface area and pore
volume, but increases the pore diameter. The decrease in pore vol-
ume  was  also confirmed by the pore blockage shown in Fig. 14.
This may  be because of a reflection of the uneven particle sizes of
the catalyst. A higher pore volume with a smaller pore diameter
appears to enhance the photocatalytic activity [30]. Therefore, the

increase in EGZnO loading led to agglomeration on the support sur-
face, resulting in pore blockage and it reduces the surface contact
of HY with light as well as the attraction of MB  toward the cata-
lysts surface. Increasing the zinc loading increased the formation

Table 4
The textural properties of the catalysts.

Catalysts Surface area
(m2 g−1)

Average pore
diametera (nm)

Pore volume
(cm3 g−1)

EGZnO 61.3 6.37 0.263
HY 557 2.69 0.376
0.5 wt% EGZnO/HY 549 2.71 0.301
1 wt% EGZnO/HY 420 2.73 0.213
3 wt% EGZnO/HY 403 2.85 0.208
5 wt% EGZnO/HY 347 2.96 0.182

a Adsorption average pore diameter (4 V/V by BET).
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Thus, it can be concluded that the Zn2+ of the EGZnO are active
Fig. 14. Pore size distribution curves of the photocatalysts.

f Si O Zn bonds, which simultaneously decrease the formation
f active species of EGZnO. As a result the photodecolorization per-
entage of MB  is lessened. Similar observation was  also reported
n photoreduction of methyl orange by TiO2 supported on a zeo-
ite matrix [60,61]. The high crystallinity exhibited by the 1 wt%
GZnO/HY (Fig. 2a) may  also explain its higher photocatalytic activ-
ty compared to other catalysts tested [12,32].

.2.4. Effect of catalyst dosage
Table 3 shows the effect of catalyst dosage on MB  decolorization

anging from 0.125 to 0.375 g L−1. The increase in decolorization is
ost likely due to an increase in the number of active sites with

igher catalyst loading contributing to an increase in the number of
hotons and dye molecules absorbed [32]. The most effective decol-
rization of MB was achieved with a catalyst dosage of 0.375 g L−1,
nd a further increase in catalyst dosage resulted in a decrease in
ecolorization. A higher particle concentration leads to a higher
urbidity of the suspension, which reduces light penetration and
nhibits photodecolorization [62].

.2.5. Effect of different scavengers
According to Zhang and his co-workers, the hydroxyl radical can

e categorized either in form of diffusing or free •OH [63]. The effect
f scavenging agents such as ammonium oxalate (AO) as a hole-
apturer (H+) and isopropanol as a diagnostic tool for the radical
iffusing (•OH), toward the decolorization of MB  was  investigated
nder optimum conditions. As shown in Fig. 15,  the presence of
hese scavengers lowered the rate of photocatalytic activity in the
ystem. The addition of AO enhanced the separation rate between
lectrons and holes. However, the system was interfered due to
he hole-captured by AO and the organic dyes was only mineral-
zed by the free .OH formed by the reaction of O2

•− when electron
as captured by O2 [64]. Thus, a lower percentage decolorization

f MB was obtained, showing that the free •OH is an important
pecies in the photocatalytic process. Besides, isopropanol signifi-
antly inhibited the photocatalytic activity; this may  be due to the
uenching effect [63,65]. On the other hand, the presence of hydro-
en peroxide (H2O2) in the reaction led to the formation of free •OH
nd increased the photodecolorization up to 91%. Similar result was
lso observed for enhanced oxidation of organic pollutants by TiO2
atalyst in the presence of small amount of H2O2 [66]. The enhanced

hotodegradation efficiency in the presence of H2O2 may  be due to
he free •OH produced either directly via conduction band electrons
r indirectly via O2

•− [65].
Fig. 15. Effect of different scavengers on photocatalytic decolorization of MB
(C0 = 10 mg L−1, pH 3, W = 0.375 g L−1, t = 6 h, 1 wt% EGZnO/HY).

Indeed, the photocatalytic decolorization of MB  in the absence of
scavenger, involved the irradiation of EGZnO/HY which generated
an electron–hole pair and Zn2+ ions [17],

EGZnO + h� → EGZnO
(

h+
VB + e−

CB

)
(5)

EGZnO
(

Zn2+)
→ EGZnOvacancy + Zn2+ (6)

The electron in the conduction band (eCB
−) is highly potential

and negatively enough to reduce Zn2+ to Zn+ and then re-oxidize
Zn+ to Zn2+ to ensure the formation of O2

• radicals. Subsequent
reaction of the Zn+ with the partial O2

• radicals results in the for-
mation of H2O2.

EGZnO
(

Zn2+)
+ e−

CB → EGZnO
(

Zn+)
(7)

EGZnO
(

Zn+)
+ O2 → EGZnO

(
Zn2+)

+ O2
• (8)

H+ + O2
• → HO2

• (partial O2
•) (9)

EGZnO
(

Zn+)
+ HO2

• (partial O2
•) + H+

→ EGZnO
(

Zn2+)
+ H2O2 (10)

On the other hand, the valence band hole (hVB
+) is positively

enough to generate free •OH and led to direct (Eq. (19)) and indirect
(Eqs. (12) and (18)) oxidation of the dye [12].

OH−
ads + h+

VB → •OHads (11)

H2Oads + h+
VB → •OHads + H+ (12)

The electrons in the conduction band (eCB
−) on the catalyst sur-

face can also reduced O2 to O2
•− (Eq. (13)).

O2(ads) + e−
CB → •O−

2 ads (13)

The O2
•− species is responsible for the production of free

hydroxyl and hydrogen peroxides radicals:

•O−
2(ads) + H+ → HO2(ads)

• (in acidic medium) (14)

2OHads
• → O2 + H2O2 (15)

H2O2 + •O−
2(ads) → O2 + HO• + HO− (16)

•O−
2(ads) + HO2(ads)

• + H+ → H2O2+O2 (17)
catalytic species that led to the formation of three highly reactive
radicals including the •OH, HO2

• and O2
•− radicals that participated

in the MB oxidation. The high oxidation potential of the holes (hVB
+)
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Fig. 16. (a) Photodecolorization kinetics of MB  using 1 wt% EGZnO/HY at different MB  concentrations and (b) the relationship between 1/kapp and initial concentration of MB.
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where KR is the reaction rate constant and KLH is the
Langmuir–Hinshelwood adsorption equilibrium constant.

A linear plot was obtained by plotting 1/kapp as a function of
C0 (Fig. 16b) indicating that the photodecolorization of MB  by

Table 5
The parameters of photodecolorization at different initial concentration of MB.

Initial
concentration
(mg  L−1)

Reaction rate, k
(h−1)

Initial reaction
rate, r0

(mg  L−1 h−1)

Decolorization (%)

5 0.529 2.65 93.6
10  0.387 3.87 80.4
Time (h) Time (h) Time 

Fig. 17. Reusability of 1 wt% EGZnO/HY on photocatalytic d

n the catalyst also permits the direct oxidation of MB  to reactive
ntermediates.

ye + OH• → decolorization of dye (18)

ye + h+
VB → oxidation of dye (19)

ye + e−
CB → reduction of dye (20)

.3. Kinetic analysis

To study the kinetics of MB photodecolorization, a series of
eactions at different initial concentrations of MB  ranging from

 to 50 mg  L−1 at pH 3 were performed. Generally, the influence
f the initial concentration of the solution on the photocatalytic
ecolorization rate of most organic compounds is described by
seudo first-order kinetics, which is rationalized in terms of the
angmuir–Hinshelwood model modified to accommodate reac-
ions occurring at solid–liquid interface [67]. At low initial dye
oncentrations, the simplest equation for the rates of photodecol-
rization of MB  is given by [68],

n Ct = −kt + ln C0 (21)

here k is the pseudo first-order rate, C0 and Ct are the concentra-
ions of MB  at initial and time t, respectively. The integration of Eq.
21) yields Eq. (22),

n
(

C0

Ct

)
= kt (22)
The straight line resulting from a plot of ln(C0/Ct) as a function
f time shown in Fig. 16a confirmed that MB  photodecolorization
atalyzed by EGZnO/HY follows first-order kinetics. The slope of
he line is the apparent first-order rate constant (kapp). The values
Time (h) Time (h) Time (h)

ization of MB  (C0 = 10 mg  L−1, pH 3, W = 0.375 g L−1, t = 6 h).

of k obtained from our experiments are listed in Table 5 and reveal
a significant and favorable effect of EGZnO/HY on the photodecol-
orization of MB.  A lower concentration of MB results in a higher
first-order rate constant, demonstrating the suitability of the sys-
tem for low dye concentrations. Indeed, the concentrations of dyes
in the wastewater from textile industry effluents are always low
[69].

Hypothetically, the photodecolorization of MB by EGZnO/HY
could be an interface process [68], which might follow the
Langmuir–Hinshelwood model (Eqs. (23) and (24)),

r0 = −dC

dt
= KRKLHC0

1 + KLHC0
= kappC0 (23)

1
kapp

= 1
KRKLH

+ C0

KR
(24)
15  0.231 3.47 60.9
20 0.209 4.18 52.5
30  0.104 3.12 35.2
50 0.071 3.55 22.4
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Table 6
Percentage of Zn detected in the solution after experimental determined by ICP-MS.

Catalysts % Zn detected in the solutions

0.5 wt%  EGZnO/HY No
1  wt%  EGZnO/HY No
3 wt%  EGZnO/HY 0.17

E
T
w
r
r
s
n
t

3

e
i
r

A repeat experiment was  performed with 1 wt% EGZnO/HY cat-
5 wt%  EGZnO/HY 0.53

GZnO/HY is consistent with the Langmuir–Hinshelwood model.
he reaction rate constant and the adsorption equilibrium constant
ere calculated to be KR = 3.49 mg  L−1 h−1 and KLH = 11.0 L mg−1,

espectively. Because of the value of KLH is larger than KR, these
esults suggested that the reaction would occurs both in the bulk
olution and at the surface of the catalyst [30,70]. In addition, the
umber of adsorption sites may  be not abundant enough to initiate
he reaction [30,71].

.4. Leaching and reusability of photocatalyst

To study the effect of zinc leaching into the solution, samples of

xperiment for different weight percent loading of EGZnO loading,
rradiated under fluorescent light, were subjected to ICP-MS. The
esult shows that no Zn ions were detected except for the 3 wt%

OR OR 

CO2 + H2O + SO4
2-

O

S
+

N

S

N

Zn2+ Z

O

(a

(a) Electronic reo rgan ization  du ring  the  pa 

S
+

N

(H3C)N

S

H
N

(H3C)N

O

NH2

SO3H(H3C)2N (H3N(CH3)2

Fig. 19. Suggested photocatalytic degr
Fig. 18. The graph of COD removal and TOC reduction levels after 6 h of reaction and
the  insert table are its corresponding BOD5 (CMB = 10 mg  L−1, pH 3, W = 0.375 g L−1,
t  = 6 h, 1 wt% EGZnO/HY).

and 5 wt% EGZnO loading (Table 6) indicating the photocatalytic
occurred mainly due to Zn, which exists on the catalyst surface.
alyst to study the stability of the catalyst for MB decolorization
(Fig. 17). The initial concentration of MB  was maintained constant
(10 mg  L−1) at pH 3 and 6 h irradiation time, and the catalyst was

OR

+ NH4
+ + NO3

-

OH

n2+ Zn2+

)

ssage  of MB  ad sorbed to su lfoxide form

N(CH3)

N(CH3)

S

H
N

O

N(CH3)2HO3S

NH2

C)2N

adation pathway of MB  [17,64].
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ecycled after filtration and calcination at 823 K for 3 h at every
ycle. It can be observed that after five repeated experiments, the
atalyst was still active, with just small decrease in decolorization
ercentage from 80.4% to 71.1%. The heat treatment most proba-
ly induced the catalyst aggregation after several recycles, which
esulted in decrease of surface area finally leading to a decrease in
hotocatalytic efficiency [72].

.5. Investigation on biodegradability

The chemical oxygen demand (COD), total organic carbon (TOC),
nd biochemical oxygen demand (BOD) for MB  solution were mea-
ured and the results are shown in Fig. 18.  In the present case, COD
ndirectly determines the amount of organic compounds present
n the aqueous solution. The initial COD values of dye solutions of
oncentration 10 mg  L−1 were measured as 144 mg L−1. After irra-
iation with fluorescent light for 6 h, it only shows 57% of COD
emoval, which is less than the percent of decolorization of MB
80%). From this result, it can be concluded that the destruction of
he chromophoric group of the dye molecules is only responsible for
ecolorization [73]. The destruction occurs when MB  is adsorbed
nto the catalyst surface to form sulfoxide compound via electronic
eorganization (conjugation). Then, the sulfoxide form was dissoci-
ted into most probable benzene ring compounds, resulting in only
artial mineralization of the dye molecule [73]. Therefore, herein
e proposed the mechanism of the photocatalytic degradation
athway of MB  as demonstrated in Fig. 19 [17,74].  The TOC reduc-
ion was also measured and it shows only a slight decrease in terms
f TOC/TOC0 ratio, which resulted in 0.46. This type of decrease
ay attribute to the fact that structured dye molecules were frag-
ented into small organic molecules during irradiation [73]. These

mall molecules, which could not be completely removed during
he irradiation, contributed considerably to the TOC. In addition,
he five days biochemical oxygen demand (BOD5) was  determined
o investigate the amount of oxygen, which is consumed by the

icroorganism to degrade the organic matter during a five days
eriod shown in the insert table in Fig. 18.  Note that the BOD5/COD
atio can be used as a biodegradability index for the aqueous dye
olution [75]. Therefore, the BOD5/COD ratio of the non-irradiated
ye solutions was observed 0.26 which indicates that the dye solu-
ions are non-biodegradable. However, after irradiation for 6 h, the
atio increased up to 0.69 suggesting that the non-biodegradable
ye solution became biodegradable.

. Conclusions

In this study, an EGZnO/HY catalyst was prepared by a sim-
le electrochemical method. The physicochemical properties of
he prepared catalysts were studied by XRD, TG-SDTA, FE-SEM,
EM, FTIR, UV–vis DRS, PL, surface area analysis, XPS, 29Si and
7Al MAS  NMR, and ICP-MS. The results show that nanoparti-
les EGZnO with less than 30 nm in size were formed and well
istributed on the surface of the HY, which showed a high pho-
oactivity toward the decolorization of MB  dye. In parallel, an
somorphous substitution of Al with Zn also occurred in the alu-

inosilicate framework during the electrolysis to give Si O Zn
onds, which in contrast, hinder decolorization. An amount of
.375 g L−1 1 wt% EGZnO/HY was found to be the optimum loading,
hich resulted in 80% decolorization at pH 3 after 6 h of contact

ime under visible light irradiation. Based on PL study, it is verified
hat 1 wt% EGZnO/HY is the most effective photocatalyst. Addi-

ion of ammonium oxalate and isopropanol decreased the rate of
hotocatalytic activity, but presence of H2O2 increased in the decol-
rization of MB.  The kinetics studies showed the decolorization
ollowed pseudo first-order kinetics, and the rate constants were

[
[

[
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determined using the Langmuir–Hinshelwood model, indicating
that KR = 3.49 mg  L−1 h−1 and KLH = 11.0 L mg−1, respectively, sug-
gesting that the reaction would occur in the bulk solution as well
as at the surface of the catalyst. In addition, the number of adsorp-
tion sites may  be not abundant enough to initiate the reaction. The
mineralization of MB  was  measured by COD removal, BOD5/COD
and TOC/TOC0 ratio analyses, which achieved 56.9%, 0.69, and 0.46,
respectively, after 6 h of contact time. The structure and morphol-
ogy of the catalyst were still stable after five cycling runs and
the leaching test showed negligible leaching effect. In this simple
preparation method, a low amount of metal loading was required,
and the method exhibited high efficiency toward decolorization of
dye. This system exhibits a great potential for improving the quality
of the wastewater discharged from textile and other industries.
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