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ABSTRACT

A highly photoreactive electrogenerated catalyst (EGZrO,~EGZnO/HY) was prepared by a facile one-pot
electrochemical method. The restructuring of the aluminosilicate protonated Y zeolite (HY zeolite) frame-
work presumably occurred during electrolysis via dealumination accompanied by the insertion of Zr and
Zn ions resulting from anodic dissolution to form a new active species, Si coordinated with Zr and Zn in
the HY framework. The photoactivity of the photocatalyst was examined by photodecolorization of
methylene blue (MB) under varying pH, catalyst dosage, and initial concentrations of MB. An amount
of 0.60 g L™! 1 wt.% EGZrO,-1 wt.% EGZnO/HY was found to be the optimum dosage for 10 mg L~! MB,
which gave almost complete photodecolorization of methylene blue after 1 h under visible light at
pH 11 and room temperature. The photocatalytic reaction followed pseudo first-order kinetics which
were rationalized in terms of the Langmuir-Hinshelwood model, and provided nearly complete mineral-
ization. After five cycling runs, the catalyst was still stable and showed no leaching effect. High decolor-
ization percentage (>80%) of other dyes such as malachite green (MG), Congo red (CR), and methyl orange
(MO) were also obtained.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Advanced oxidation processes (AOPs) using semiconductors
such as TiO,, ZnO, WOs3, Fe,03, Cu0, ZrO,, and CdS as photocatalysts

There are several methods for the removal of organic pollutants,
particularly dyes, that have been reported, including chemical and
biological oxidation [1], adsorption [2], coagulation and floccula-
tion [3], electrochemical [4], ion exchange [5], and membrane
separation [6]. However, these methods have their own limitations
as they are time-consuming, expensive, commercially unattractive,
and generate secondary wastes [7].
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are an essential technique in wastewater treatment because they
can convert a wide range of harmful dyes into non-toxic products,
CO, and water at ambient temperatures [8-14]. The most popular
metal oxide used is TiO,, but ZnO has also attracted much attention
due to its band gap energy, which is similar to TiO, (3.20 eV); it also
demonstrates high photosensitivity and stability when degrading
various pollutants [9,10]. In parallel, mixed metal oxides such as
TiO,-Zr0,, Ag-ZnO0, Fe;05-TiO,, Sn-Zn0O and Ag-TiO, can also ex-
hibit better performance and enhance the photocatalytic activity
[9,11,15-17].
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The use of mesoporous materials, such as zeolite, as a support
for metal oxides (TiO,-HZSMS5, Co-ZSM5, CuO-X, CdS-zeolite A,
and CdO-zeolite A) has become the focus of intensive research be-
cause these materials influence the catalytic performance through
structural features [18-23]. Zeolitic materials offer high surface
areas, are thermally stable, eco-friendly in nature, and have specific
photophysical properties for controlling charge- and electron-
transfer processes [24,25]. The interaction between zeolite and
metal oxides also leads to an enhancement of the contact between
the catalyst surface and irradiation, as well as a reduction in the
amount of metal oxide required [26].

Recently, we reported a new preparation method for an o-Fe,03
supported HY catalyst by a simple and rapid electrochemical pro-
cess, which exhibited high photoactivity in the decolorization of
methyl orange [8]. The nanosized metal oxides were found to play
important roles in the enhancement of the reaction, as well as the
synergistic effect provided by both metal oxide and support [27].
Accordingly, the EGZrO,/HY and EGZnO/HY catalyst, which was
prepared by the same method, also showed the best performance
for the photodecolorization of methylene blue [28,29]. The intro-
duction of a second metal improved and endowed extra properties
to the photocatalyst by altering and restructuring the materials
[11]; therefore, we attempted to prepare ZrO, and ZnO supported
on HY zeolite by the corresponding method. ZrO, was chosen due
to its specific optical and electrical properties, thermal stability,
and strong mechanical strength as well as the presence of acid-
base and redox capabilities [30-32].

For the first time, we report the facile synthesis of an electrogen-
erated ZrO, and ZnO supported HY (EGZrO,-EGZnO/HY) catalyst
and its remarkable performance regarding the photodecolorization
of methylene blue (MB). The 1 wt.% EGZrO,-1 wt.% EGZnO/HY pho-
tocatalyst was electrosynthesized in less than 4 min. The catalysts
were then characterized by X-ray photoelectron spectroscopy
(XPS), 29Si and 2’Al magic angle spinning nuclear magnetic reso-
nance (MAS NMR) imaging, Fourier transform infrared (FTIR) anal-
ysis, X-ray diffraction (XRD), transmission electron microscopy
(TEM), field emission scanning electron microscopy (FE-SEM), Bru-
nauer-Emmett-Teller surface area analysis (BET), ultraviolet-visi-
ble diffuse reflectance spectroscopy (UV-vis/DRS), and inductively
coupled plasma mass spectrometry (ICP-MS). Based on the 29Si
and 2’Al MAS NMR, FTIR, and XPS results, a structure and reaction
pathways for the formation of the new catalyst were also proposed.
The performance of EGZrO,-EGZnO/HY was compared with bare
HY, EGZrO,/HY, and EGZnO/HY catalysts and the appropriate condi-
tions for photodecolorization were examined under varying pH lev-
els, catalyst dosages and initial concentrations of MB. The kinetic
behavior of the catalyst was also studied to determine the surface
interaction of the catalyst with MB. The EGZrO,-EGZnO/HY photo-
catalyst was then applied to other dyes such as malachite green
(MG), Congo red (CR), and methyl orange (MO), in order to demon-
strate the effectiveness of the photocatalyst used.

2. Experimental
2.1. Materials

The HY zeolite had a Si/Al ratio of 80 and was purchased from
Zeolyst International. N,N-dimethylformamide (DMF) was pur-
chased from Merck and naphthalene was obtained from Fluka. So-
dium hydroxide, hydrochloric acid, methylene blue (C.I. 52015 for
microscopy), malachite green, Congo red, and methyl orange were
obtained from QReC™. The platinum (Pt), zirconia (Zr), and zinc
(Zn) plate cells were obtained from Nilaco Metal, Japan. Degussa
P25 TiO, was obtained from Acros Organics, Belgium. All of the re-
agents were analytical grade and were used as received. The deion-

ized water was used for the preparation of pH solution. Adjustment
of the pH solution was performed using a 0.1 M HCl and NaOH
solution.

2.2. Catalyst preparation

1 wt.% EGZrO,-1 wt.% EGZnO/HY catalyst was prepared accord-
ing to the previous reported procedure [33,34]. A 10 mL DMF solu-
tion containing 0.1 M tetraethylammonium perchlorate was
electrolyzed in the presence of 6 mmol naphthalene as a mediator
and 1.5 g HY zeolite in a normal one-compartment cell fitted with
a Pt plate cathode (2 x 2 cm?) and a Zr plate anode (2 x 2 cm?),
then switched to a Zn plate anode (2 x 2 cm?) at a constant current
density of 120 mA/cm? under a nitrogen atmosphere at 273 K.
After electrolysis the mixture was impregnated, oven dried over-
night at 378 K, and calcined at 823 K for 3 h to yield a white pow-
der, EGZrO,-EGZnO/HY catalyst, which ready for characterization
and photocatalytic testing.

The bare EGZrO, and EGZnO were prepared using the same pro-
cedure as above but in the absence of HY zeolite. The required
weight percent of the EGZrO, and EGZnO supported on HY was cal-
culated by the time of electrolysis, which is based on the Faraday’s
law,

t:<§>(2xn) 1)

where t is the total time for the constant current applied (s); Fis the
96,486 C mol~! which is the Faraday constant; I is the electric cur-
rent applied (mA); z is the valency number of ions of substance
(electrons transferred per ion); and n is the number of moles of sub-
stance (number of moles, liberated n = m/M).

2.3. Characterization

The chemical oxidation state of the EGZrO,-EGZnO/HY catalyst
was determined using XPS conducted on a Kratos Ultra spectrom-
eter 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 107'°Pa during data acquisition. To correct the energy shift
due to surface charging of the samples, the binding energy of the
Cys peak at 284.5 + 0.1 eV was taken as the internal standard. 2°Si
and 2’Al MAS NMR spectra were recorded on a Bruker Solid NMR
(JEOL 400 MHz) spectrometer using tetramethylsilane (TMS) as
an external reference at room temperature.

FTIR (Perkin Elmer Spectrum GX FTIR Spectrometer) was per-
formed using the KBr method with a scan range of 400-
4000 cm™ . The crystalline structures of the catalysts were studied
by XRD recorded on a D8 ADVANCE Bruker X-ray diffractometer
using Cu Kot radiation at a 20 angle ranging from 3° to 90°. The par-
ticle sizes of the catalysts were calculated using the Debye-Scher-
rer equation,

k.
- f cos 0 2)

where k = 0.94 is a coefficient, 1 = 1.5406 A is the X-ray wavelength,
B is the full width half maximum (FWHM) of the sample and 6 is the
diffracting angle. The phases were identified with the aid of the
Joint Committee on Powder Diffraction Standards (JCPDS) files.
The morphological properties of the EGZrO,-EGZnO/HY cata-
lyst as well as the distribution of EGZrO,-EGZnO deposited on
the HY surface were examined by TEM (JEOL JEM-2100F). The
topological properties of the catalysts were observed by FE-
SEM (JSM-6701F). The textural properties (i.e., specific surface
area, pore volume, and pore diameter) were determined from



256

Fluorescent light

Dyes solution

EGZrO,- EGZnO/HY
photocatalyst
Magnetic bar

Magnetic stirrer

Fig. 1. Schematic diagram of the photocatalytic reaction.

nitrogen adsorption-desorption isotherms at liquid nitrogen
temperature using a Micromeritics ASAP 2010 instrument. The
surface area was calculated with the BET method, and pore dis-
tributions were determined by the Barrett-Joyner-Halender
(BJH) method. Prior to measurement, all the samples were de-
gassed at 383 K to 0.1 Pa. The optical absorption properties of
the catalyst were obtained using a UV-vis DRS (Perkin Elmer
Spectrophotometer) in the range of 200-800 nm at room tem-
perature. The band gap of EGZrO,, EGZnO, and EGZrO,-EGZnO
was determined from plots of the Kubelka-Munk (K-M) func-
tion [fi_m = (hv/2)'?] as a function of the energy of the excita-
tion light [hv].

2.4. Photocatalytic testing

The photocatalytic activity of the prepared EGZrO,-EGZnO/HY
catalyst was tested for the decolorization of MB using a batch
experimental set up as shown in Fig. 1. A 0.12 g of the catalyst in
powder form was dispersed in 200 mL of 10 mg L~! MB aqueous
solution. The adsorption-desorption equilibrium was achieved un-
der dark conditions after 1 h, and the mixture was then irradiated
at room temperature for 1.5 h with constant stirring using a fluo-
rescent lamp (Philips TLD 36 W/865; 15,000 h; 6500 K; 420-
520 nm emission). At specific time intervals, 2.5 mL of the sample
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solution was withdrawn and centrifuged prior measurements for
the remaining MB concentration by a UV-vis spectrophotometer
(Thermo Scientific Genesys 10 uv Scanning) using the characteris-
tic adsorption band at 664 nm. In addition, the characteristic
adsorption band of MG, CR, and MO dye were observed at
616 nm, 498 nm, and 464 nm, in respectively. The decolorization
percentage was calculated as follows,

(G -G
Co

Decolorization (%) x 100

= 3)
where Cy represents the initial concentration and C; denotes a var-
iable concentration.

2.5. Analyses

The elemental analyses of Zr and Zn in a solution during an
experiment were determined by ICP-MS using ELAN 6100 Perkin
Elmer ICPMS. The HACH DR4000 spectrometer was used for chem-
ical oxygen demand (COD) measurement. In addition, the total
organic carbon (TOC) removal was determined using a TOC Shima-
dzu Vcph spectrophotometer for each run before and aftera 1.5h
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. Chemical oxidation state determination

XPS analyses were performed to determine the chemical states
of Zr and Zn in the catalyst (Fig. 2a and b). A doublet peak with
binding energies of 183.1 eV (Zrsgs;2) and 185.2 eV (Zrzqsz) was
observed, which exactly matched the chemical oxidation state of
Zr*" ions [35]. The Znyp3), peak at 1022.4 eV corresponds to the
characteristic peak of Zn?* [36]. However, the observed value for
the EGZrO,-EGZnO/HY sample was slightly shifted to higher bind-
ing energies, compared to the reported values of pure ZrO,
(182.2 eV and 184.5 eV) and ZnO (1021.2 eV), suggesting an inter-
action between the EGZrO,-EGZnO and HY [31,37]. Atom of a high-
er positive oxidation state exhibit a higher binding energy due to
the extra coulombic interaction between the photo-emitted elec-
tron and the ion core, therefore, discriminate between different
oxidation states and chemical environments. In this case, Si is more
electronegative and was expected to withdraw more electron den-
sity that implies a shift of the binding energies to higher values
[28,38,39].

(b) Znygy,

1020 1022 1024 1026
Binding Energy (eV)

1018

Fig. 2. XPS spectra of (a) Zr3gq and (b) Znyp3/2 for EGZrO,-EGZnO/HY catalyst.
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Fig. 3. MAS NMR spectra of (a) 2°Si, and (b) 2’Al of bare HY and EGZrO,-EGZnO/HY
catalyst.
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Fig. 4. FTIR spectra of catalysts at region (a) 4000-370 and (b) 1770-370 cm ™.

3.1.2. Nuclear magnetic resonance

295i MAS NMR chemical shifts were used to define the Si envi-
ronments and provide information regarding the coordination of
Si. As illustrated in Fig. 3a, the intensity of the sharp peak observed
for bare HY at —107 ppm was shifted to a higher ppm for EGZrO,-
EGZnO/HY. A doublet peak at —120 to —140 ppm is characteristic
of a six-coordinated Si environment, as reported in the literature
[40-42]. Next, 2’Al MAS NMR was employed to distinguish Al in
framework sites or extra-framework sites (non-framework).
Fig. 3b indicates that the peak corresponding to the tetrahedral
Al framework in HY was eliminated when EGZrO,-EGZnO was
added and a new peak appeared at 29 ppm. According to Klinow-
ski, this peak corresponds to the presence of penta-coordinated
aluminum (non-framework) [43].

To clarify the substitution of Zr or Zn into the HY framework,
the amount of unbounded Zr and Zn in the framework was studied.
The corresponding catalyst was stirred in a DMF solution for
30 min and then filtered before being subjected to ICP-MS analysis.
It was found that 1.58 x 10'® Zr and 1.20 x 10'® Zn atoms were

——EGZr02-EGZn0O

—— EGZrO2 (o
—EGZn0 (*)
el
o £(101)
%‘ m(111)  t(112)
= m (1) m(002) t (211)
b= t (110)
- (101)
(002)
(100) (110)
(102)" " (103) 12
[ )
3 23 43 63 83

O

5
S
= —— EGZr02-EGZnOMHY
g EGZnOMHY
= vt | ——EGZIO2HY
—— HY zeolite
1 AN

— EGZr02-EGZnOMHY
— HY zeolite

Intensity (a.u.)

26 36 46 56 66 76 86
2-Theta (8)

Fig. 5. XRD patterns of catalysts (a) and (b) for full range 3-83° and (c) for range
26-86°.
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Fig. 6. TEM micrographs of (a-d) EGZrO,-EGZnO/HY in low and high magnification and the insert of Fig. 5 (a-d) are its corresponding FFT.

detected in the filtrate solution, referring to unbound EGZrO,
(1.6%) and EGZnO (8.7%). Therefore, 98.4% of Zr and 91.3% of Zn
ions appeared to be bound to the HY framework. All of the calcula-
tions were based on the ratio of elements in HY,
(Al7S117045)-32(H,0).

3.1.3. Vibrational spectroscopy

Fig. 4a shows the FTIR spectra of the prepared catalysts, which
demonstrate a broad band at 3465 cm ! due to the H,O molecules
adsorbed on the catalyst surface, and at 1638 cm™!, attributed to
the vibrational distortion of O-H groups on the catalyst surface.
The peak at 1220 cm~! was attributed to the 8oy vibration of the
hydrogen bonded OH groups of the HY and disappeared after the
addition of EGZrO,-EGZnO, this may be due to overlapping with
the broad band at 1027 cm™'. The Yoy vibration at 820 cm™! re-
duces after metal oxides loading due to the interaction of the mol-
ecules [44]. The weak bands between 800 and 370 cm™!, which
correspond to the Si-O-Si flexural vibration, decreased in intensity
with EGZrO,-EGZnO loading, signifying the possible superposition
of Si-0-Si and Si-O-M bonds (M = Zr, Zn) [45]. An obvious band
was observed at 1027 cm™!, corresponding to the vibration of the
Si-O-Zr bonds, verifying that Zr was inserted into the zeolite
framework (Fig. 4b) [46]. The formation of Si-O-Zn bonds was con-
firmed by the existence of the corresponding peak at 902 cm™'
(Fig. 4b) [47].

3.1.4. Crystallinity, phase and structural studies

The XRD pattern of the prepared EGZrO,-EGZnO/HY catalysts
was compared with EGZrO,, EGZnO, EGZrO,-EGZnO, and bare
HY, and the results are shown in Fig. 5. Almost all of the peaks cor-
responding to EGZrO, and EGZnO were detected in EGZrO,-EGZnO,

indicating that the prepared catalysts were well-mixed (Fig. 5a). A
series of peaks were observed for EGZrO, and EGZnO, which is con-
sistent with the tetragonal and monoclinic phase of ZrO, (JCPDS
file PDF No. 01-072-2743), and the hexagonal wurtzite structure
of ZnO (JCPDS file PDF No. 01-071-6424), respectively, with no
other diffraction peaks being detected. This indicates the purity
of the prepared catalysts [10,48,49].

Table 1

The d-value of EGZrO, and EGZnO lattice obtained from XRD and TEM analysis.
2-Theta (0)* hkl di® (A) d-spacing® (nm)
EGZrO,
28.2 -111 3.16 0.320
30.2 101 2.95 0.296
315 111 2.83 nd
345 002 2.59 nd
35.2 110 2.54 0.255
50.3 112 1.81 0.182
60.2 211 1.54 nd
EGZnO
319 100 2.80 0.281
34.6 002 2.59 0.258
36.4 101 247 0.247
47.7 102 1.91 nd
56.7 110 1.62 0.159
63.0 103 1.47 nd
66.5 200 1.40 nd
68.1 112 1.38 nd
69.2 201 1.36 nd

nd Not detected
@ Value obtained from XRD analysis.
b Lattice fringes obtained from TEM analysis.
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Fig. 7. FE-SEM images of EGZrO,-EGZnO/HY catalyst in (a) 45,000 and (b) 60,000x magnification.

The peak intensity of HY decreased as EGZrO, and EGZnO were
loaded onto HY (Fig. 5b). This suggested that the presence of for-
eign substances affected the morphology of the supported HY fin-
gerprint. Fig. 5¢ shows the enlargement of a selected area of an
XRD pattern from 26° to 86° for EGZrO,—EGZnO/HY and bare HY.
There are several peaks detected which correspond to ZrO, and
ZnO, verifying the presence of EGZrO, and EGZnO metals in the
HY framework.

The average crystallite size of the metal oxide catalysts was
estimated using the Debye-Scherrer equation on the basis of the
major peaks of EGZrO, (101) and EGZnO (101), which are
14.6 nm and 30.2 nm, respectively. However, the crystallite size
of both metal oxides in the hybrid EGZrO,-EGZnO catalyst in-
creased to 15.4 nm and 33.2 nm, respectively, which may be due
to interaction between the zirconia and zinc species [50].

3.1.5. Morphological properties

The morphological properties of the EGZrO,-EGZnO/HY cata-
lysts were examined by HR-TEM, and the images are shown in
Fig. 6a-d. The inset images show the Fast Fourier Transform pat-
terns (FFT), and the magnification of the selected areas in the FFT
patterns shows the atomic arrangement of the crystal, which al-
lowed the estimation of the inter-planar distance. The value of
the inter-planar distance (d-spacing) of the lattice fringes esti-
mated from this image was consistent with the value of the lattice
spacing of EGZrO, and EGZnO obtained from the XRD analysis,
which is tabulated in Table 1. Based on this result, it was confirmed
that EGZrO, and EGZnO existed in the HY support, which is in
agreement with the FTIR result.

3.1.6. 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. 7.
The influence of the addition of zirconia and zinc on the HY zeolite
structure can also be confirmed from SEM images. The micro-

Table 2
The textural properties of the catalysts.

Catalysts Surface area Average pore Pore volume
(m?g™1) diameter® (nm) (ecm3g™1)

EGZrO, 54.9 11.1 0.153

EGZnO 61.3 6.37 0.263

EGZr0,-EGZnO 138 5.69 0.325

HY 654 2.73 0.447

EGZr0O,-EGZnO/HY 536 2.76 0.439

2 Adsorption average pore diameter (4 V/V by BET).

—0— HY Zeolite

—O— EGZrO2-EGZnO/HY

dv/dD (cm3/g.nm)

02 1 1 1
20 60 100 140 180

Pore Diameter (A)

Fig. 8. Pore size distribution curves of catalysts.

graphs show the presence of small crystallites like uniformly dis-
tributed along some intergrowth. The fine particles of zirconia
and zinc oxide may be well dispersed but their presence did not re-
sult in significant contrast at magnification up to 60,000 x. Smooth
surface with multi-dimensional of 1 wt.% EGZrO,-1 wt.% EGZnO/
HY catalyst was observed that could provide better contact angle
area to light penetration, thereby improving the utilization rate
of photodecolorization of MB [16].

3.1.7. Study of textural properties

The surface area analysis data obtained from the BET method
and the pore volume and pore diameter determined by the Bar-
rett-Joyner-Halenda (BJH) desorption isotherms method are pre-
sented in Table 2. The addition of EGZrO,-EGZnO onto HY
decreased the surface area and pore volume of the catalysts result-
ing in blockage of the pores (Fig. 8), and increased the pore diam-
eter, which may be attributed to the uneven particle sizes of the
metal oxides. The improvement in the surface contact of the cata-
lyst after the modification of both metal oxides and HY enhanced
light irradiation, thereby increasing the photodecolorization of
MB. A similar observation was also reported for the photoreduction
of methyl orange by TiO, supported on a zeolite matrix [51].

3.1.8. Study of optical properties

Fig. 9a shows the UV-Vis reflectance spectra of the prepared
catalysts. Both EGZrO, and EGZnO resulted in a blue shift at
245 nm and 386 nm, respectively, signifying that the photoreac-
tion was suitable to be conducted in the UV light region. However,
the combination of EGZrO, and EGZnO improved and enhanced
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Fig. 9. (a) UV-vis reflectance spectra of catalysts and (b) the (fx_m) vs. (hv) spectra of catalysts.

their optical properties (the band gap energy was reduced to
2.90eV) [52,53]. The outcome of this sort of modification suggests
that the EGZrO,-EGZnO/HY catalyst was preferable and capable of
performing under visible light conditions. The band gap energies of
EGZrO,, EGZnO, and EGZrO,-EGZnO were determined using the
Kubelka-Munk (K-M) spectrum by plotting fyx_m = (hc/A)* as a
function of hv; the results are shown in Fig. 9b [54]. The band
gap values of EGZrO, and EGZnO were similar and agree with those
reported in the literature [55].

3.1.9. Reaction pathways of the EGZrO,-EGZnO/HY photocatalyst
Probable reaction pathways of the constitution of EGZrO,-EGZ-
nO/HY are shown in Fig. 10, on the basis of restructuring the alumi-
nosilicate HY framework. During electrolysis, dealumination of HY
occurred and formed non-framework Al, (AlOs)*, which provided
an oxygen source in combination with the oxygen from the frame-
work and allowed the insertion of the Zr ions, resulting from the
anodic dissolution, to form Si-O-Zr [8,28,33,56]. Afterwards, a
similar phenomenon also occurred for Zn ions when the Zr anode
was switched to a Zn anode, which finally gave the EGZrO,-EGZ-
nO/HY catalyst. The presence of a nucleophilic agent (DMF) in
the reaction may also have been responsible for the formation of
the transition state of Si into the six-coordinated state of Si [57].
On the other hand, electron transfer from naphthalene radical an-
ions at the cathode also occurred to form pure metals (EGZr® and

EGZn®), which then were oxidized to EGZrO, and EGZnO during
calcination [34].

The formation of penta-coordinated Al was detected by 27Al
MAS NMR. The FTIR results obtained confirmed the presence of
Si-O-Zr and Si-O-Zn bonds in the catalyst. The XPS spectra of
Zr3q and Znyp3), established the chemical oxidation state of Zr+
and Zn?* ions, respectively. Therefore, it was proposed that dealu-
mination occurred and then Zr and Zn filled in the Si sites in the HY
framework during electrolysis. In addition, the 2°Si MAS NMR spec-
tra demonstrated six-coordinated Si, and the total number of un-
bound Zr and Zn atoms in the framework obtained by ICP-MS
also supports this result. This study also showed that dealumina-
tion followed by restructuring of the aluminosilicate HY frame-
work could be performed easily by the electrolysis system
without using strong acids, reactive compounds, and/or hydrother-
mal treatment [58]. However, the exact structure of EGZrO,-EGZ-
nO/HY is still under study.

3.2. Photocatalytic testing for the decolorization of MB

3.2.1. Catalyst performance

The photoactivity of the prepared EGZrO,-EGZnO/HY catalyst
was tested and compared with EGZrO,/HY, EGZnO/HY, Degussa
P25 TiO,, and bare HY on the decolorization of MB (Fig. 11). Each
experiment was performed in the dark for 1h to achieve

Pt cathode
Zr anode P 4[Naphl 2[Naphl- Zn2+ Zn anode
4e
YA 0 Z 0
r 4Naph 2e 2Naph n
(HY zeolite)
Electrolysis

EGZrO,—EGZnO/HY

Fig. 10. Proposed mechanism for the formation of a Si coordinated with Zr and Zn catalyst.
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Fig. 11. Catalyts performance on decolorization of MB [Cyg=10mgL~", pH =11,
W=0.60gL", t=6h, 303K].

adsorption-desorption equilibrium before irradiation under a fluo-
rescent lamp at room temperature for 6 h with constant stirring.
The results show that complete decolorization of MB was achieved
within a very short contact time (1.5 h) under visible light condi-
tions when using EGZrO,-EGZnO/HY, indicating the high photoac-
tivity of Si coordinated with the Zr and Zn catalyst compared to the
other catalysts. EGZrO,/HY, EGZnO/HY, and TiO, demonstrated
lower activity, with <80% of MB decolorization under the studied
conditions after 6 h of contact time. In addition, a control experi-
ment was also conducted under photolysis conditions which gave
only 6% MB decolorization following a long period of exposure to
fluorescent light (6 h) with constant stirring (Fig. 11).

3.2.2. Effect of pH

The effect of pH on MB decolorization using the EGZrO,-EGZ-
nO/HY catalyst was studied in the pH range of 3-11 under visible
light conditions; the results are presented in Fig. 12a. The highest
level of decolorization was obtained at pH 11 with total decoloriza-
tion of 99.7%, whereas the other results were 75.2%, 63.9%, 65.7%,
and 76.9%, at pH 9, pH 7, pH 5, and pH 3, respectively. The ampho-
teric behavior influences the surface charge properties of the cata-
lyst when the photoreaction occurs on the surface of
semiconductor [59]. This behavior can be described on the basis
of zero point charge (pHz) of the EGZrO,—EGZnO/HY, which
was determined to be at pH 6.4 (Fig. 12b). At pH > 6.4, the surface
of the EGZrO,—EGZnO/HY became negatively charged, thus the MB
cations are easily attracted to the catalyst surface. Besides, the
exposure of abundance hydroxyl anions to visible light at pH 11 in-
creased the formation of hydroxyl radicals and the photocatalytic

00 | (@) %

90

o | ;

Decolorization (%)

4 6 8 10 12
pH

reaction rate, which led to an increase in MB decolorization up to
99.7% after 1.5 h of contact time. Similar results were reported in
the literature regarding the photodecolorization of MB using a
CuO/X zeolite at pH 11 [20].

However, lowering the pH to acidic conditions caused the sur-
face of the EGZrO,—EGZnO/HY became positively charged and this
inhibited the dye cations from approaching the catalyst surface,
thus reduced the efficiency of the reaction to 76.9%. The same phe-
nomenon was reported in the decolorization of methylene blue in
the presence of TiO,/ZnS nanocomposites under acidic conditions
[60]. In contrast, changing the conditions to a neutral pH appeared
to decrease the photocatalytic activity. This may be due to the sur-
face of the catalyst was in zero net charged (pH,p. = 6.4). In addi-
tion, the hydroxyl formation reduced under neutral conditions,
resulting in fewer radicals being generated via an electron-hole
pair, which is the most crucial factor for the initiation of photode-
colorization activity. Therefore, the reaction did not perform well
under neutral conditions. The nanosized ZnO was also found to
be stable at alkaline pH (>pH 10) in term of dissolution and good
photoactivity as well [61]. In this study, the introduction of second
metal, EGZrO, toward EGZnO is believed to make this catalyst
more stable. Generally, the passivity region (Pourbaix diagram) of
ZnO begins at pH around 8.2-12.1, and note that the thermody-
namic calculation predictions may contradict to the experimental
result [62].

3.2.3. Effect of catalyst dosage

Fig. 13 shows the effect of catalyst dosages ranging from 0.10 to
1.20gL! on MB decolorization. The increase in decolorization
percentage was most likely the result of an increase in the number
of active sites with higher amounts of catalyst loading, which con-
tributed to an increase in the number of photons and dye mole-
cules absorbed [50]. The most effective decolorization of MB was
achieved with a catalyst dosage of 0.60 g L~!, while a further in-
crease in the catalyst dosage resulted in a decrease in decoloriza-
tion. Higher particle concentrations led to greater turbidity of the
suspension, which reduced light penetration and inhibited photo-
decolorization [63].

3.3. Kinetic analysis

To study the kinetics of MB photodecolorization, a series of
reactions were performed at pH 11 with different initial concentra-
tions of MB ranging from 10 to 100 mg L~! (Table 3). The results of
the experiment demonstrated that the concentration of 10 mg L™!
gave almost complete decolorization (99.7%) after 1.5h of
irradiation. Higher concentrations showed lower efficiency of
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Fig. 12. Effect of pH on decolorization of MB [Co=10mgL~', W=0.60 g L', t = 1.5 h, EGZrO,-EGZnO/HY, 303 K] and (b) the isoelectric point (pH,pc) of the EGZrO,-EGZnO/

HY catalyst.
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Fig. 13. Effect of catalyst dosage on decolorization of MB [C,=10mgL~!, pH =11,
t=1.5h, EGZrO,-EGZnO/HY, 303 K].

Table 3
The kinetics parameters of photodecolorization at different initial concentration of
MB.

Initial concentration  Reaction Initial reaction Decolorization
(mgL™1) rate, k (h™') rate, r, (mgL'h 1) (%)

10 1.21 12.1 99.7

20 0.840 16.8 78.7

30 0.453 13.6 50.6

50 0.290 14.5 33.1

70 0.204 14.2 21.2
100 0.143 14.3 15.6

photocatalytic decolorization due to the formation of several layers
of adsorbed dye on the catalyst surface, which was increased at
higher dye concentrations. In addition, large amounts of adsorbed
dye were found to inhibit the reaction with the dye molecules,
since there was no direct contact of the catalyst with photogener-
ated holes or hydroxyl radicals [64]. An increase in the dye concen-
tration also prevented the dye molecules from reaching the
catalyst surface in order to adsorb light and photons.

Generally, the influence of the initial concentration of most or-
ganic compounds on the photocatalytic decolorization rate is de-
scribed by pseudo first-order kinetics, which is rationalized in
terms of the Langmuir-Hinshelwood model that can be modified
to accommodate reactions occurring at a solid-liquid interface
[65]. At low initial dye concentrations, the simplest equation for
the rate of photodecolorization of MB is given by:
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In C;=—kt+1n Co (4)

where k is the pseudo first-order rate, and Cy and C; are the concen-
trations of MB at the start and at time t, respectively. The integra-
tion of Eq. (4) yields Eq. (5):

n (&) -k 5

The straight line resulting from a plot of In (Cy/C;) as a function of
time shown in Fig. 14a confirmed that MB photodecolorization cat-
alyzed by EGZrO,-EGZnO/HY follows a pseudo first-order kinetics
model. The slope of the line is the apparent first-order rate constant
(kapp)- The values of k obtained from these experiments are listed in
Table 3 and reveal a significant and favorable effect of EGZrO,-EGZ-
nO/HY on the photodecolorization of MB. A lower concentration of
MB resulted in a higher first-order rate constant, demonstrating the
suitability of the system for low dye concentrations. Indeed, the
concentration of dye in wastewater from textile industry effluents
is always in the range of 10-50 mg L' [66].

Hypothetically, the photodecolorization of MB by EGZrO,-EGZ-
nO/HY could be an interface process [67], which might follow the
Langmuir-Hinshelwood model (Egs. (6) and (7)):

dC  KeKiuCo

ST T T Ky ©
1 1 Co
Kep  KeKur * Kr @)

where Ky is the reaction rate constant and K; is the Langmuir-Hin-
shelwood adsorption equilibrium constant.

A linear plot was obtained by plotting 1/kq,, as a function of Co
(Fig. 14b), indicating that the photodecolorization of MB by
EGZr0,-EGZnO/HY is consistent with the Langmuir-Hinshelwood
model. The reaction rate constant and the adsorption equilibrium
constant were calculated to be Kz=143mgL'h™! and
Kiy=7.49 Lmg™!, respectively. Since the value of K was larger
than Ky, these results suggest that the dye adsorption was the
controlling step of the process [68,69].

3.4. Leaching and reusability of photocatalyst

To study the effect of zirconia-zinc leaching into the solution,
the samples were kept in the dark for 1 h and then irradiated under
fluorescent light for 1.5h using an amount of 0.60gL ' 1 wt%
EGZrO,-1 wt.% EGZnO/HY for 10 mg L~! MB, at pH 11 and at room
temperature before being subjected to ICP-MS. The results showed
that no Zr and/or Zn ions were detected, indicating that the

(b)

0 1 1 1 1 1
0 20 40 60 80 100

Concentration (mg L)

Fig. 14. (a) Photodecolorization kinetics of MB using EGZrO,-EGZnO/HY at different MB concentrations and (b) the relationship between 1/k.p, and initial concentration of

MB.
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Fig. 15. (a) Reusability of EGZrO,-EGZnO/HY on photocatalytic decolorization of MB [Co=10mgL~', pH=11, W=0.60g L', t= 1.5 h, 303 K] and (b) the COD removal and
TOC reduction levels [Co=10mg L', pH=11, W=0.60gL ', t = 1.5 h, EGZr0,-EGZnO/HY, 303 K].

occurrence of photocatalysis is mainly due to the Zr and/or Zn that
exists on the catalyst surface.

Cycling runs for MB decolorization were also performed to eval-
uate the photocatalytic activity of EGZrO,-EGZnO/HY (Fig. 15a).
The initial concentration of MB was maintained (10 mgL~!) at
pH 11 for 1.5 h of irradiation time, and the catalyst was recycled
after filtration and calcination at 823 K for 3 h after every cycle.
A high degree of MB decolorization (>90%) was maintained after
9 h with five cycles run without any obvious catalyst deactivation
[8,28,29].

3.5. Investigation on biodegradability

The chemical oxygen demand (COD) and total organic carbon
(TOC) for the MB solution were measured; the results are shown
in Fig. 15b. Indirectly, the COD was used to investigate the amount
of organic compounds that were present in the aqueous solution.
The initial COD value of the dye solution was found to be
144 mg L', and was reduced to 4mgL~! after irradiation with
fluorescent light for 1.5 h. The graph shows that the percentage
of COD increased rapidly during the first 1 h of reaction, which
may be due to the degradation of MB into two different com-
pounds of hydroxylated and amine-substituent products, and then
gradually increased until the reaction was completed. The hydrox-
ylated compound was converted into a sulfoxide form. The latter
mineralization of amine substituent and spontaneous oxidation
followed by ring opening of phenolic compounds contributed in
the formation of CO, and H,0 as the final products [20,70].

The total organic carbon ratio (TOC/TOCy) showed a significant
decrease, which may be attributed to the fact that structured dye
molecules were fragmented and converted into small organic mol-
ecules, thus enhancing mineralization during the irradiation pro-
cess [71]. In order to provide some evidence, changes in pH were
monitored before and after the reaction. This showed that the solu-
tion reaction was shifted from pH 11 to pH 7.3, reflecting the fact
that the MB dye most probably oxidized and decomposed into CO,
and H,0 to some extent [72].

3.6. Application to other dyes

In order to study the proficiency and effectiveness of the
EGZr0,-EGZnO/HY photocatalyst, various types of dyes such as
malachite green (MB), Congo red (CR), and methyl orange (MO)
were tested; the results are shown in Fig. 16. The initial concentra-
tion of the respective dye was held constant (10 mgL~!) and was
prepared using laboratory tap water, then irradiated under fluores-
cent light for 3 h of contact time. A high decolorization percentage
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Fig. 16. Application of EGZrO,-EGZnO/HY on photocatalytic decolorization of
various types of dye [Co=10mgL~!, pH=7, W=0.60gL™', t=3h, under
fluorescent light].

(>80%) of the various types of dye was obtained, showing the
potential of these electrogenerated photocatalysts.

4. Conclusions

In this study, a new one-pot electrosynthesis method of highly
photoactive Si coordinated with Zr and Zn catalysts was introduced
for efficient degradation of MB. The excellent photoresponse of
EGZrO,-EGZnO/HY under visible light conditions was achieved
using an amount of 0.60 g L™! of catalyst, resulting in 99.7% MB
decolorization after 1.5 h at pH 11 under room temperature. The
photocatalytic decolorization of MB followed pseudo first-order
kinetics and the rate constants were determined using the Lang-
muir-Hinshelwood model, and were found to be Kz =143 mgL~! -
h~' and K;;;=7.49 L mg~'. This suggested that the dye adsorption
was the controlling step of the process. The mineralization of MB
was measured by COD removal and TOC/TOC, ratio analyses,
which were 97.2% and 0.03%, respectively, after 1.5 h of contact
time. The catalyst was still stable after five cycling runs and the
leaching test showed negligible leaching effects. Malachite green
(MG), Congo red (CR), and methyl orange (MO) gives 89.5%,
85.6%, and 80.1% decolorization, respectively, compared to MB
(97.6%) using an amount of 0.60 gL~! in 10 mg L™! of initial dye
concentration at pH 7 after 3 h of contact time under fluorescent
light. Significantly, the simple operation, short synthesis time, high
decolorization percentage of MB, and above all, the unique struc-
ture of EGZrO,-EGZnO/HY, may make this synthesis method an
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obvious choice for the preparation of various catalysts for a variety
of applications. However, the exact structure of EGZrO,-EGZnO/HY
is still under study.
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