
Scientia Iranica C (2017) 24(3), 1189{1202

Sharif University of Technology
Scientia Iranica

Transactions C: Chemistry and Chemical Engineering
www.scientiairanica.com

Enhanced heterogeneous wet hydrogen peroxide
catalytic oxidation performance of y ash-derived
zeolite by CuO incorporation

E. Subramanian� and N.L. Subbulekshmi

Department of Chemistry, Manonmaniam Sundaranar University, Tirunelveli 627 012, Tamil Nadu, India.

Received 29 September 2015; received in revised form 12 September 2016; accepted 4 March 2017

KEYWORDS
Fly ash;
Zeolite NaX;
CuO;
Wet peroxide
oxidation;
Heterogeneous
catalysis;
Mineralization.

Abstract. Copper oxide incorporated y ash-derived zeolite X (CuO/FAZ-X) was
synthesized from solid waste coal y ash by ion exchange with Cu2+ followed by calcination
process. The synthesized materials were characterized by XRF, FTIR, SEM, EDX, and
BET methods. In the application of the catalysts for wet peroxide oxidative decolorization
of the model dye MB (Methylene Blue), the e�ects of major parameters, such as CuO
loading, initial H2O2 concentration, initial dye concentration, catalyst dosage, and pH, were
investigated to assess the activity of the catalysts. In comparison with the activity of either
y ash-derived zeolite X (FAZ-X) or CuO, the combined catalyst (CuO/FAZ-X) showed
an enhanced wet catalytic activity. Under the optimal condition (catalyst dose 250 mg/L,
100 ppm dye, pH = 6.8, 1 ml H2O2, and room temperature or 30�C), the decolorization
of MB was about 100% in 120 min by CuO/FAZ-X and only 31% and 44% by FAZ-X and
CuO, respectively. Based on the decolorized products identi�ed by HPLC-(-ESI)-TOF-
MS, the decolorization pathway of MB was proposed. Consequently, incorporation of CuO
remarkably improved the catalytic activity of FAZ-X, such that CuO/FAZ-X emerged as
a novel, reusable heterogeneous Fenton-like catalyst for oxidative decolorization of model
dye MB. Thus, the present work demonstrates a simple and facile route for the conversion
of waste coal y ash into a valuable catalyst.

© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

Industrial activities produce large amounts of dye- and
pigment-containing e�uent (wastewater), which is haz-
ardous to the environment and has to be processed be-
fore being discharged into natural water bodies. These
industrial e�uents are intensely colored and associated
with high level of chemical oxygen demand [1]. They
not only deteriorate the aesthetics of receiving waters,
but also pose signi�cant threat to aquatic life due to the
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hindrance in the penetration of oxygen and the forma-
tion of some toxic products by hydrolysis of dyes in the
wastewater. The degradation/decolorization of dyes is,
therefore, one of the challenging problems in the �eld
of environmental science [2]. Several technologies are
available to remove industrial organic wastes such as
biological, thermal, and chemical processes, including
adsorption, occulation, membrane separation, oxida-
tion, and so forth [3]. However, these technologies are
non-destructive which result in secondary pollution and
require further treatment [4].

Recently, Advanced Oxidation Processes (AOPs)
have been considered as innovative technologies due
to their in-situ generation of strong oxidant hydroxyl
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radicals, which can mineralize almost all organic com-
pounds to CO2, H2O, and inorganic ions [4-6]. Var-
ious AOPs, such as Fenton or Fenton-like [4], Photo-
Fenton [5], ultrasonication [6], ozonation [7], etc., have
been developed and applied. Among all the developed
AOPs, Catalytic Wet Peroxide Oxidation (CWPO) is
recognized as a low-cost and environment-friendly tech-
nology, since it operates with simple equipment under
ambient condition [8-10]. CWPO employs hydrogen
peroxide (H2O2) or other inorganic peroxides as an
oxidation agent and a suitable catalyst to promote
its partial decomposition to form radicals HO�, HO�2 ,
O2�

2 , etc., which are all powerful oxidizing species able
to e�ciently degrade most of the organic pollutants
present in wastewaters [9]. Moreover, hydrogen perox-
ide (H2O2) is a non-toxic reactant which does not form
any harmful byproduct, but improves the oxidation
e�ciency [11].

Homogeneous wet catalytic oxidation using Fen-
ton's reagent (Fe2+/H2O2) and Fenton-like reagent
(Co2+/H2O2, Cu2+/H2O2, etc.) is normally employed
to treat the organic pollutants in aqueous solutions.
However, the ions-sludge generated in large quantity af-
ter the reaction and its removal at the end of treatment
is inconvenient, and it is rather a costly process [10,11].
Further, in most cases, this homogeneous method is
employed at high temperature and pressure which
limits its practical application [12]. Therefore, hetero-
geneous catalysts functional at ambient condition with
minimal leaching of active species under the reaction
condition would be a better choice, and the same has
now received wide attention [13,14].

Over the past few years, several heterogeneous
Cu catalysts have been reported for H2O2 activation.
Most of them supported CuO systems using metal
oxide, alumina, activated carbon, chitosan, zeolites,
etc. For example, CWPO of a reactive dye by magnetic
copper ferrite nanoparticles was evaluated by Tehrani-
Bagha et al. [14]. Bradu et al. [15] studied the removal
of azo dye by CuO/Al2O3 and NiO/Al2O3. Alvarez
et al. [16] reported wet air oxidation of phenol by
CuO/activated carbon catalyst. CuO/Zeolite (syn-
thesized from chemical precursors) was applied for
the catalyzed oxidation of gaseous toluene [17], oxida-
tion of secondary alcohols [18], adsorption [19], water
oxidation of 2-chlorophenol [20], and photocatalytic
activity [21]. In the last few years, various types of
commercial, synthetic, and natural zeolites supporting
metal oxides have been investigated, exhibiting high
activity [17,21]. But, there is no report on the catalytic
wet peroxide oxidation of organic dyes using CuO/y
ash-derived zeolite NaX.

Fly Ash (FA) is one of the solid wastes produced
from the thermal power plant, which causes serious
environmental problems [22]. In India, more than 120
million tons/year of FA is generated which tends to

increase every year, but only about 20-30% of it is
used as an ingredient in Portland cement, clinkers,
and y ash bricks [23]. Hence, the management of y
ash becomes a matter of global concern from environ-
mental and economic points of view. Fly ash consists
of crystalline aluminosilicate, mullite, and �-quartz
with trace amounts of metal oxides depending on the
nature of coal burn. Due to high silica and alumina
content, FA can be converted into zeolite material
by hydrothermal treatment [24], and this process is
adopted in the present work with some modi�cations
and also incorporation of CuO. Therefore, the aim and
novelty of this work is the conversion of y ash into
phase-pure zeolite catalyst and the augmentation of its
catalytic activity by nano CuO incorporation.

This paper focuses mainly on three aspects:

(i) Synthesis and characterization of y ash-derived
zeolite X (FAZ-X) and CuO/FAZ-X heteroge-
neous catalysts;

(ii) Evaluation of their adsorption and catalytic ox-
idative decolorization of a model dye Methylene
Blue (MB);

(iii) Investigation of optimal conditions of several
experimental factors such as CuO loading, initial
dye concentration, catalyst dosage, initial perox-
ide concentration, and pH.

The merits of this work are:

(i) Utility of low or zero cost material coal y ash for
zeolite synthesis and helping the environmental
remediation;

(ii) CWPO at room temperature and atmospheric
pressure condition;

(iii) A simple and facile route to prepare FAZ-X and
further incorporation of nano CuO into FAZ-X.

The results indicate that the designed and developed
CuO/FAZ-X catalyst proves its worthiness in many re-
spects such as e�ciency, stability, reliability, and above
all environmental remediation of the waste material
coal y ash.

2. Experimental

2.1. Materials
The main raw material, i.e. coal Fly Ash sample (FA),
was collected from electrostatic precipitators of nearby
thermal power plant at Tuticorin, Tamil Nadu. The
commercially available chemicals used in the present
work were sulphuric acid (LOBA chemie, India),
methylene blue (Rankem, India), sodium hydroxide
(LOBA chemie, Mumbai), cupric sulphate (Merck,
Mumbai), hydrochloric acid (Merck, Mumbai), potas-
sium dichromate (Merck, Mumbai), ferrous sulphate
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(Merck, Mumbai), silver sulphate (Qualigens Fine
Chemicals, Mumbai), and Ferroin indicator (Rankem,
India). All the procured chemicals were used without
further puri�cation as they were of analytical grade.
Stock solution 1000 mg/L (1000 ppm) of methylene
blue was prepared in Doubly Distilled water (DD
water) and diluted to desired concentration during de-
colorization experiments. Throughout the experiment,
DD water was used. pH of the dye solution was
adjusted with aqueous HCl and NaOH solutions.

2.2. Pretreatment of FA
The raw y ash samples were �rst screened through
BSS Tyler sieve of 75 mesh size to eliminate larger par-
ticles. First, the FA was washed with DD water several
times. Then, the water washed FA was treated with
0.1 M aqueous HCl to facilitate zeolite formation and
to decrease the concentration of metal oxides (alkali
oxides) which were mainly present on the exterior part
of y ash particles. This acid treatment also served to
increase the activity, thermal stability, and acidity of
the zeolite, all aiming for better catalytic activity. The
treated FA, thus, is called Pre-treated Fly Ash (PFA).

2.3. Synthesis of Zeolite NaX (FAZ-X)
Zeolite NaX was synthesized from FA (pretreated) by
fusion method, which involved alkali fusion followed by
hydrothermal treatment [23,24]. A typical procedure is
given below: the pretreated FA was mixed with sodium
hydroxide at 1:1.3 ratio (wt/wt) and fused at 550�C for
1 h. Thereafter, the fused product was mixed with DD
water, and the resulting slurry was aged for 20 h, and
�nally crystallized at 90�C for 6 h. The solid product
was recovered by �ltration and washed with DD water
until the pH of the washings was about 9. The product
was then dried in a hot air oven at 110�C for 2-3 h.
The sample is labeled as FAZ-X.

2.4. Synthesis of CuO/FAZ-X
For preparing CuO/FAZ-X, 3 g of FAZ-X was sus-
pended in 100 ml of 0.1 M cupric sulphate solution.
The reaction mixture was magnetically stirred for 20 h.
The obtained Cu(II) exchanged zeolite (Cu/FAZ-X)
was separated by �ltration (whatman No. 1 paper)
and washed several times with DD water to remove all
water-soluble remaining ions in the product. Resultant
product was transferred to a silica crucible and placed
in an oven at 100�5�C for 12 h. Finally, it was calcined
in a pre-heated mu�e furnace at 450�C for 4 h. The
sample was then cooled to room temperature, ground
to �ne powder, and stored in air-tight vials. This is
labeled as CuO/FAZ-X.

2.5. Synthesis of di�erent levels CuO loaded
FAZ-X

The procedure described in Section 2.4 was followed
with di�erent concentrations of cupric sulphate so-

lution (0.05, 0.5, and 1.0 M), and the remaining
procedure is the same as the previous ones. The
synthesized materials are labeled as 0.05 M, 0.5 M, and
1.0 M CuO loaded FAZ-X.

2.6. Synthesis of CuO
Copper (II) solution (0.1 M) with cupric sulphate was
prepared in double distilled water, stirred and heated to
100�C. Then, 1.0 M NaOH was added drop-wise to this
solution till pH 7. A brownish-black precipitate was
obtained, �ltered, washed thoroughly with DD water
and dried at 100�C overnight. Finally, the sample was
heat-treated in a mu�e furnace at 450�C for 4 h. Then,
it was allowed to cool down to room temperature,
ground to �ne powder, and stored in air-tight vials.

2.7. Materials characterization
Powder X-Ray Di�raction (XRD) patterns were
recorded for angle 2� = 10� 80� in a step of 0:05� in a
continuous scanning mode using the instrument, PAN-
alytical Expert Pro-MPD with CuKa radiation (� =
1:5406 �A) from a generator set at 30 mA and 40 KV.
The chemical composition of FA, PFA, FAZ-X, and
CuO/FAZ-X was analyzed by wavelength dispersive X-
Ray Fluorescence spectroscopy (XRF) instrument S8
TIGER from Bruker, Germany. FTIR spectra of the
samples were recorded (in spectral grade KBr pellet)
with FTIR spectrometer (JASCO FTIR-410) in the
wavenumber range 400-4000 cm�1 at a resolution of
2 cm�1. The speci�c surface area of the powder sam-
ples was determined by BET and Langmuir nitrogen
adsorption/desorption method in Micromeritics ASAP
2420 surface area analyzer. SEM (Scanning Electron
Microscope) images of the samples were obtained by
VEGA 3 TESCAN microscope. The integrated Energy
Dispersive X-ray (EDX) spectroscopy was applied to
identify the dispersion of copper in CuO/FAZ-X sample
using BRUKER instrument. UV-visible spectra of
the decolorized solution of methylene blue were ob-
tained in the wavelength range 200-800 nm on Perkin-
Elmer spectrophotometer, Lambda 25 model. The
oxidized products of MB were analyzed by Alliance
2795 HPLC coupled with a Waters Micromass Quatro
triple quadrupole mass spectrometer equipped with
electrospray ionization (ESI) and Atmospheric Pres-
sure Chemical Ionization (APCI) sources having mass
range up to 4000 amu in quadrupole and 20000 amu in
TOF.

2.8. Catalytic evaluation
The catalytic oxidation of MB dye was carried out
under ambient condition. The reaction was conducted
in a three-necked at bottom ask with constant
stirring at around 300 rpm. The ask was covered
and wrapped with aluminum foil to block the incidence
of indoor light on the reaction mixture. In a typical
experiment, 50 mg catalyst powder was dispersed in
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200 ml MB solution (100 mgL�1). At the natural pH
6.8 (prior to the addition of H2O2), the suspension was
magnetically stirred for about 30 min to establish the
adsorption/desorption equilibrium between dye and
catalyst. Then, the required amount of 30% v/v H2O2
was added to the above suspension under continuous
magnetic stirring. At the given time intervals (10 min),
1 ml aliquot was collected and immediately centrifuged
to remove the catalyst and for subsequent spectral
analysis of the dye solution. The decolorization was
monitored by UV-Visible spectroscopy at 665 nm, the
maximum absorption wavelength of MB using Eq. (1):

Decolorization % =
(Ao �At)

Ao
� 100; (1)

where Ao is the initial absorbance of dye, and At is the
absorbance at selected time intervals.

The catalytic decolorization of MB was investi-
gated for the inuence of experimental variables such
as CuO loading on FAZ-X, initial H2O2 concentration,
initial concentration of MB, catalyst dose, and pH.
To run the catalyst recycle, the used catalyst was
collected by centrifugation, washed with water, dried
at 100�C, and then used for MB decolorization. This
was repeated for several cycles of the decolorization
experiment.

COD load of the reaction mixture was monitored
during the oxidation reaction by the open dichromate
reux method [25(a)]. In this method, 10 ml of the
reaction mixture was mixed with 25 ml of 0.01467 M
K2Cr2O7 reagent, 35 ml conc. H2SO4 and a pinch
of silver sulphate. The mixture was reuxed for 2 h,
cooled, and titrated with 0.05 M ammonium ferrous
sulphate (FAS) solution using ferroin indicator. The
whole procedure was repeated with a blank taking
10 ml of distilled water in place of the reaction mixture.
COD was computed by the following equation:

COD as mg O2/L =
(A�B)�M � 8000

V
; (2)

where:
A Volume of FAS used for blank titration,
B Volume of FAS used for sample

titration,
M Molarity of FAS,
V Volume of the reaction mixture,
8000 Milli equivalent weight of oxygen

�1000 ml/L.

The COD removal was calculated by Eq. (3):

%COD =
(CODo � CODt)

CODo
� 100; (3)

where CODo = COD of the reaction mixture at t = 0
(i.e., before commencement of oxidation) and CODt =
COD of the reaction mixture at t = t (i.e., after
oxidation proceeded for time, t).

3. Results and discussion

3.1. Materials characterization
3.1.1. XRF analysis
Table 1 presents the chemical composition of vari-
ous materials derived from XRF analysis. Accord-
ing to the American Society for Testing Materials
(ASTM) [25(b)], the FA material used in this study is
classi�ed as sialic type because it contains less than 5%
CaO and > 90% of the three main components (SiO2,
Al2O3, and Fe2O3) combined. A perusal of data in
Table 1 reveals the following:

� Pretreatment of FA with acid has reduced the
amount of iron, calcium, and magnesium oxides by
leaching;

� Alkali fusion and hydrothermal treatment of FA has
considerably increased the content of Na2O (from
mere 0.16 to 18.3%);

� However, Cu(II) ion exchange and subsequent cal-
cination has substantially removed Na2O by substi-
tuting it with CuO.

Other metal oxides have also undergone a considerable
decrease in their content. Thus, the synthesis process
and the expected chemical change in each and every
step of CuO/FAZ-X formation are con�rmed and
validated by XRF analysis.

3.1.2. XRD studies
The X-Ray Di�raction (XRD) patterns of PFA and
FAZ-X are shown in Figure 1. The characteristic high

Table 1. Chemical composition (in wt%) of Fly Ash
(FA), Pre-treated FA (PFA), Fly Ash-derived Zeolite
(FAZ-X) and CuO incorporated FAZ-X (CuO/FAZ-X)
resulted from XRF analysis.

Chemical
compound

FA PFA FAZ-X CuO/FAZ-X

SiO2 58.58 60.13 43.41 38.18
Al2O3 30.19 29.64 28.81 27.09
Na2O 0.16 0.13 18.30 0.56
Fe2O3 5.63 5.26 5.43 1.78
TiO2 1.64 1.65 1.74 1.58
CaO 1.25 0.81 0.93 0.27
MgO 1.01 0.89 0.75 0.74
K2O 1.42 1.39 0.55 0.13
BaO 0.08 0.07 0.06 0.07
CuO 0.02 0.01 0.01 29.57
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Figure 1. XRD patterns of (a) PFA and (b) FAZ-X.

intense peaks at 2� = 26:6� and 40:9� together with
other major peaks (Figure 1(a)) are indicative of the
presence of Quartz (Q) and Mullite (M) in PFA. The
di�raction pattern of PFA is in good agreement with
JCPDS �le No. 001-0649. The characteristic lines
located at 2� values of 10.1, 11.8, 15.5, 18.4, 20.09,
23.3, 26.65, 29.21, 30.3, 31.1, 32.6, 37.4, 41:2�, etc., in
XRD pattern (b) in Figure 1 can be indexed to NaX
zeolite crystalline planes by matching it with the zeolite
pattern in the library of XRD patterns [JCPDS No.
39-0218] and also by matching it with reports in the
literature [23,24]. The most distinct changes in the
XRD pattern of FAZ-X, when compared to PFA, are
the disappearance of the quartz and mullite peaks and
the appearance of new crystalline phase corresponding
only to zeolite X.

3.1.3. FTIR studies
Figure 2 shows the FTIR spectra of PFA, FAZ-X, and
CuO/FAZ-X; Table 2 compiles the IR bands. The mid-

Figure 2. FTIR spectra of (a) PFA, (b) FAZ-X, and (c)
CuO/FAZ-X.

Table 2. IR peak assignments of FAZ-X and CuO/FAZ-X
materials.

IR assignments Wavenumber (cm�1)

FAZ-X material:
Internal tetrahedral:
Asymmetric stretch 1250-950
Symmetric stretch 720-650
T-O band [T = Si or Al] 420-500

External linkage:
Double ring 650-500
Pore opening 300-420
Symmetric stretch 750-820
Asymmetric stretch 1050-1150 (sharp)

CuO/FAZ-X:
CuO band 369, 906, 610, 517 and 429
Deformation of water 1625-1640

infrared region of the spectra (1500-500 cm�1) con-
tains the fundamental framework vibration of Si(AlO4)
groupings. The in-between broadband within the
wavenumbers of 980 and 1320 cm�1 in the IR spec-
trum of PFA (Figure 2(a)) represents the presence
of substituted Al atoms in the tetrahedral forms of
silica frameworks [23]. Figure 2(b) shows the broad
peak with high intensity at 983 cm�1 and sharp peak
at 752 cm�1 attributed to Si-Al-O asymmetric and
symmetric stretching vibrations, respectively. The
band at 1645 cm�1 is assigned to the asymmetric and
symmetric bending/deformation vibrations of O-H,
suggesting the presence of possibly hydrated aluminum
silicates. All these observations con�rm the formation
of X-type zeolite on alkali treatment of FA [23,24]. A
speci�c band at 2369 cm�1 (not shown in Figure 2(c))
appearing for calcined sample (CuO/FAZ-X) suggests
the existence of CuO in the zeolite structure [26]. The
band at about 983 cm�1 in the spectra of FAZ-X
(Figure 2(b)) is shifted to high wavenumber 1075 cm�1

(Figure 2(c)) indicative of exchanging Na+ by Cu2+

cations [27,28]. All the above-mentioned peaks, ex-
cept the broadband at 1075 cm�1, appear either
weak or overlapped/merged with neighboring peaks
or shifted to higher wavenumber side in CuO/FAZ-
X (Figure 2(c)) [29,30]. Thus, IR spectra provide
evidence for zeolite formation from PFA, and then
CuO/FAZ-X from FAZ-X.

3.1.4. SEM and EDX analysis
The SEM images of FA, FAZ-X, and CuO/FAZ-X
samples are shown in Figure 3. Fly ash consists of
smooth surfaced spherical particles in size range of
0.5-3.0 �m (Figure 3(a)). SEM image of FAZ-X pow-
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Figure 3. SEM images of (a) FA, (b) FAZ-X, and (c) CuO/FAZ-X (inset-magni�ed image showing CuO nano fringes).

Figure 4. EDX spectra and EDX analysis report of
CuO/FAZ-X.

der (Figure 3(b)) consists of predominantly spherical,
smooth particles/grains of 1-2 �m in diameter [24].
However, the image of CuO/FAZ-X (Figure 3(c)) shows
irregularly shaped somewhat bigger spongy such as
particles. A close examination of the enlarged image
(inset in Figure 3(c)) reveals the existence of nano
fringes (small densely arranged �ber-like structure) on
the entire surface of FAZ-X particles. The whole mor-
phology of CuO/FAZ-X appears as the white spongy
fully opened cotton fruit in the plankton.

The EDX spectra of CuO/FAZ-X are shown in
Figure 4. The spectra show sharp signals corresponding
to all the expected elements. The elemental analysis
data of Figure 4 clearly suggest the chemical com-
position of the materials. The low Si/Al ratio of
zeolite (1.5) con�rms the formation of Zeolite NaX
type. The presence of 22 atomic % of Cu which
is close to the XRF result of 26.88 wt% for CuO
con�rms the formation of CuO/FAZ-X with a higher
CuO dispersion. Thus, EDX analysis provides evidence
for the elemental composition of synthesized zeolite
materials.

Table 3. Surface area, pore volume, and pore radius of
FAZ-X and CuO/FAZ-X.

FAZ-X CuO/FAZ-X

Surface area (m2/g) 413 58
Total pore volume (cm3/g) 0.22 0.19
Average pore radius (�A) 29 50

3.1.5. BET studies
The surface area, pore volume, and pore size of FAZ-
X and CuO/FAZ-X catalyst samples obtained from
BET N2 adsorption/desorption method are entered
into Table 3. BET surface area of CuO/FAZ-X
and FAZ-X are found to be 58 m2/g and 413 m2/g,
respectively. The surface area of FAZ-X decreases
signi�cantly, while pore volume decreases only slightly
on CuO loading. These results are clearly logical
because the introduced CuO species occupy and cover
the zeolite pores, channels, and cavities as observed
from the SEM images (Figure 3). They also adhere
to the surface of zeolite particles. Hence, the zeolite
particles are bulged and the increase in size explains the
considerable increase in pore size or radius (Table 3).

3.2. Assessment of adsorption and
decolorization e�ciency of CuO/FAZ-X,
CuO, and FAZ-X

Figure 5(a) shows the adsorption of MB dye under dark
condition over FAZ-X, CuO, and CuO/FAZ-X cata-
lysts. The amounts of adsorption of the catalysts are
3% for CuO/FAZ-X, 40% for FAZ-X, and 0.1% for CuO
after 180 min contact time. The results reveal that
FAZ-X has greater adsorption for MB dye compared
to CuO or CuO/FAZ-X. Pristine CuO is a very poor
adsorbent (almost no adsorption) for MB. This feature
considerably reduces the adsorption tendency of FAZ-X
on CuO incorporation, and consequently, CuO/FAZ-X,
as the newly developed catalyst, has only a physically
poor adsorption for MB.
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Figure 5a. E�ects of various catalysts (FAZ-X, CuO, and
CuO/FAZ-X) on MB decolorization (conditions: 5 ml/L
H2O2, 250 mg/L catalyst, 100 ppm dye, and pH 6.8).

Figure 5(a) also illustrates the performance of wet
catalytic activities of CuO/FAZ-X, FAZ-X, and CuO
for the oxidation and decolorization of MB with H2O2
under ambient condition. H2O2 alone shows no signif-
icant activity for MB decolorization (7%) in 120 min.
In contrast, remarkable improvement of MB decoloriza-
tion occurs with CuO/FAZ-X/H2O2 suspension, and
about 100% of MB is decolorized in 120 min at natural
pH (6.8). But, FAZ-X and CuO exhibit respectively,
31% and 44% MB decolorization after 120 min reaction
time. Therefore, it is obvious that the combination
of CuO and zeolite NaX (FAZ-X) results in synergic
e�ect on catalytic activity leading to almost doubling
the activity and complete decolorization of MB.

3.3. Decolorization of MB under di�erent
experimental variables

3.3.1. E�ect of CuO loading
Inuence of CuO loading on the catalytic oxidation
of MB is shown in Figure 5(b). Dye decolorization
increases with the increase in CuO loading up to 0.1 M
Cu2+ concentration, and thereafter, the decolorization
% decreases possibly due to more aggregation of CuO
species on the surface of FAZ-X. As evident from the
data in Table 3, more aggregation reduces the surface
area of the catalyst resulting in a decrease in a number
of active sites present on the catalyst. Hence, there
is a less amount of production of hydroxyl radicals
accounting well for the low catalytic activity [31]. All
further studies were done with CuO/FAZ-X catalyst
where CuO was loaded using 0.1 M Cu(II) solution
which is found to be optimal.

3.3.2. E�ect of catalyst dosage
The e�ect of catalyst dosage on the decolorization of
MB is shown in Figure 5(c). Increase in decolorization
with increase in catalyst dosage is observed. This could

Figure 5b. E�ects of di�erent levels of CuO loading on
MB decolorization by CuO/FAZ-X (conditions: 5 ml/L
H2O2, 250 mg/L catalyst, 100 ppm dye, and pH 6.8).

Figure 5c. E�ect of catalyst dosage on MB
decolorization by CuO/FAZ-X (conditions: 5 ml/L H2O2,
100 ppm dye, and pH 6.8).

be understood by the presence of more active sites for
generation of free-radical species, which in turn can
promote the decolorization extent and yield [32,33].
Maximum dye decolorization (100%) is observed at a
catalyst dosage of 250 mg/L.

3.3.3. E�ect of H2O2 concentration
Figure 5(d) illustrates the inuence of H2O2 concentra-
tion on the decolorization of MB dye using CuO/FAZ-
X. It is clear that the decolorization e�ciency in-
creases with increase in H2O2 concentration from 0.5
to 10 ml/L. The maximum decolorization e�ciency
(100%) is obtained at 10 ml/L H2O2 in 60 min. When
using minimum amount (5 ml/L) of H2O2, 100% decol-
orization occurs in 120 min. At very low concentration,
H2O2 could not generate the su�cient number of �OH
radicals, which slows down the oxidation rate, and
hence reduces the decolorization e�ciency. Higher con-
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Figure 5d. E�ect of initial H2O2 concentration on MB
decolorization by CuO/FAZ-X (conditions: 250 mg/L
catalyst, 100 ppm dye, and pH 6.8).

centration of H2O2 (10 ml/L) leads to faster reaction as
more radicals are quickly formed [32]. However, there
are two signi�cant disadvantages in using very high
concentration of H2O2 (above 10 ml/L). Firstly, due to
its overabundance relative to the dye pollutant, most
of H2O2 would not have any substrate to act upon and
would, therefore, be wasted. Secondly, high concentra-
tion of H2O2 decreases dye decolorization because un-
reacted H2O2 acts as a scavenger of �OH and produces
less potent peroxyl radicals, as shown in Eq. (4) [33]:

H2O2 + �OH����!�H2O
HOO� +�OH����!O2 + H2O: (4)

A similar observation was reported concerning the
wet hydrogen peroxide catalytic oxidation of MB with
CuS nanocrystals/reduced graphene oxide [33(b)].

3.3.4. E�ect of initial concentration of MB
The e�ect of initial concentration of MB on its decol-
orization is displayed in Figure 5(e). When increasing
the dye concentration from 20 ppm to 200 ppm, a
decrease of its reactivity is observed. At 20 ppm MB
concentration, 100% decolorization is observed within
60 min; at 50 ppm, in 90 min; at 100 ppm, in 120 min.
For MB concentrations of 150 and 200 ppm, the decol-
orization percentages are about 87 and 81 in 120 min,
respectively. This is explainable by the fact that when
the production of hydroxyl radicals is constant, yet
dye concentration increases, the relative number of free
radicals attacking the dye molecules decreases [34].

3.3.5. E�ect of pH of dye solution
Figure 5(f) illustrates the inuence of the solution
pH on the decolorization of MB dye using CuO/FAZ-
X. The decolorization percentage increases from pH 4
to 7, and then decreases. MB shows the maximum
decolorization % at pH 6.8 (natural) in 120 min.

Figure 5e. E�ect of initial dye concentration on MB
decolorization by CuO/FAZ-X (conditions: 5 ml/L H2O2,
catalyst dosage 250 mg/L, and pH 6.8).

Figure 5f. E�ect of pH on MB decolorization by
CuO/FAZ-X (conditions: 5 ml/L H2O2, catalyst dosage
250 mg/L, and 100 ppm dye).

This trend can be explained on the basis of zero-
point charge (pHzpc) and the acid/base property of
the catalyst surface. Since pHzpc for CuO/FAZ-X is
7.3, the surface of the catalyst is presumably positively
and negatively charged in acidic and alkaline solutions,
respectively [33].

MB is a cationic/basic dye. MB molecule is stable
in acidic condition, but unstable in alkaline pH (above
10). At acidic pH (< 6:8), there exists electrostatic re-
pulsion between cationic MB molecule and the positive
charge of the catalyst surface [34]. Hence, MB molecule
cannot approach the surface of the catalyst, where
hydroxyl radicals are produced. Consequently, the
decolorization e�ciency is less/decreased. Moreover,
at acidic pH, the anion Cl� is able to react with HO�
radical leading to ClO�-H radical ion. This ClO�-H
radical anion has a much lower reactivity than HO�.
Due to this phenomenon, the decolorization percentage
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of MB could decrease [34,35]. At pH above pHzpc
(alkaline condition), the surface of the catalyst becomes
negatively charged by losing protons. Therefore, the
adsorption of MB reaches its maximum value due to
strong electrostatic attraction [36], and hence MB is
stabilized. Furthermore, the production of hydroxyl
radicals (due to the reaction of hydroxyl radicals with
hydroxide ions) decreases at the alkaline medium,
which in turn decreases the decolorization e�ciency.
In addition, the strong MB adsorption leads to a
major decrease in the active centers, and consequently
to a decrease in the production of hydroxyl radical
on the catalyst surface [37]. When pH > 10, the
decolorization of MB is inhibited. This is because
the hydroxide ions compete with MB molecule in
adsorption on the surface of catalyst. In addition,
there are two inhibiting aspects. First, OH� reacts
with HO� to form HO�2, which has very low reactivity
with dye. Second, H2O2 decomposes into H2O and O2
at higher pH [37]. Thus, based on the above results
and discussions, neutral pH 6.8 (original pH of the
MB solution) is selected as the optimal value which
facilitates 100% decolorization.

3.4. Reaction mechanism
Decolorization experiment clearly suggests that CuO
and FAZ-X undergo synergic e�ect on catalytic activ-
ity, making the combined catalyst CuO/FAZ-X capable
of reacting e�ectively with hydrogen peroxide and
producing more OH�. The heterogeneous activation
of hydrogen peroxide can be expressed in Eqs. (5) to
(7), and Figure 6. Oxidation-reduction reactions in the
redox couple Cu(II)/Cu(I) take place in the presence of
excessive hydrogen peroxide forming reactive hydroxyl
(OH�) and hydroperoxyl (HOO�) radicals. These

hydroxyl radicals attack the MB dye and degrade it
to give several intermediate products. Finally, MB dye
is completely decolorized [30].

Cu2+ + H2O2 ! Cu+ + HO�2 + H+; (5)

Cu+ + H2O2 ! Cu2+ + HO� + H�; (6)

MB dye + HO� ! [dye(OH�)]

! Oxidation products! CO2 + H2O: (7)

3.5. Catalyst recycling experiments
Catalyst recycling experiments were performed to
study the stability and sustainability of the cat-
alyst during the decolorization process (Figure 7).

Figure 7. Reusability study of CuO/FAZ-X.

Figure 6. Possible catalytic process of CuO/FAZ-X for the oxidative decolorization of MB.
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Table 4. Compilation of performances of various heterogeneous catalysts for MB decolorization by CWPO process.

Catalysts Operating
conditions

Time
(h)

Decolorization
(%)

Recycle
run

Ref.

Layered manganese
oxide (Na-OL-1)

[Catalyst] = 200 mg/L
[H2O2]o = 55 ml/L
[MB]o = 30 ppm
T = 25�C, pH = 7.6

1 98 | [36]

�-Fe2O3/MCM-41
nano composite

[Catalyst] = 1000 mg/L
[H2O2]o = 4 ml/L
[MB]o = 10 ppm
T = 25�C, pH = 4

1.5 97 | [37]

Fe3O4/reduced
graphene oxide

[Catalyst] = 300 mg/L
[H2O2]o = 60 mM
[MB]o = 10 ppm
T = 25�C, pH = Natural

2 98.6 5 [38]

TiO2/manganese
oxide composites

[Catalyst] = 500 mg/L
[H2O2]o = 30 ml/L
[MB]o = 10 ppm
T = 25�C, pH = Natural

2 96.4 | [39]

4A zeolite-zero valent
iron nano particle
(nZVI/4A zeolite)

[Catalyst] = 200 mg/L
[H2O2]o = 10 mM
[MB]o = 30 ppm
T = 25�C, pH = 3

3 100 3 [40]

MnOx/WO3
nanoparticles

[Catalyst] = 200 mg/L
[H2O2]o = 200 ml/L
[MB]o = 10 ppm
T = 25�C, pH = Natural

1 100 4 [41]

CuS/rGO composite

[Catalyst] = 200 mg/L
[H2O2]o = 0.08 M
[MB]o = 10 ppm
T = 25�C, pH = 7

1.5 93 5 [42]

Fe2O3/attapulgite

[Catalyst] = 10 g/L
[H2O2]o = 0.098 M
[MB]o = 100 ppm
T = 20�C, pH = 5

1.5 100 10 [43]

CuO/y ash converted
zeolite X

[Catalyst] = 250 mg/L
[H2O2]o = 5 ml/L
[MB]o = 100 ppm
T = room temperature,
pH = natural (6.8)

2 100 6 Present study

Decolorization experiments were repeated for 6 cycle
using the same CuO/FAZ-X catalyst sample which
was washed every time with water and dried at 100�C
before reuse. As observed from Figure 7, there was no
apparent loss of the catalytic activity during the �rst
3 cycles. But, during the fourth run, much longer time
was required to obtain complete decolorization (100%)
of MB. The slight decrease in catalytic activity from
fourth cycle onward might have been caused by the loss
of catalyst during handling and regeneration and/or
incomplete removal of by-products during washing.
Nevertheless, the results indicate that there is almost
no appreciable activity loss of the catalyst during 6

recycles. The physico-chemical stability was checked
by FTIR spectrum of the used catalyst (Figure 8).
This has similarity to the spectrum of fresh CuO/FAZ-
X. Also, in the FTIR spectrum of the used catalyst,
no characteristic peaks from MB could be found.
FTIR study, thus, shows that the catalyst material is
chemically stable on reuse. A comparison was made
between the results of e�ciency and reusability of the
present catalyst with those of the reported catalysts in
literature [36-43], and the relevant data are compiled
in Table 4. The present CuO/FAZ-X catalyst has
certainly good stability and sustainability over the
previous catalysts.
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Figure 8. FTIR spectra of CuO/FAZ-X catalyst before
and after decolorization of MB.

3.6. LC-MS with ESI-Mass studies for
product analysis

The intermediates generated during MB decolorization
were analyzed using HPLC-(-ESI)-TOF-MS which al-
lowed the detection of aromatic compounds with di�er-
ent molecular weights. Figures 9(a) and 9(b) show ESI-
mass spectra of samples from wet catalytic oxidation of
MB before and after the reaction in 120 min. The fresh
MB (Figure 9(a)) gives a single peak at m=z = 284
corresponding to M+ molecular ion of MB. The peaks
at m=z = 285, 286 are a result of C13 and S34 isotopes
in the MB molecule. After 120 min reaction time in
the presence of H2O2 under dark condition, the MB
dye parent peak is declined/vanished, and various new
peaks (Figure 9(b)) arise, indicating that the MB dye
is broken down and new products are formed. The
peaks at m=z = 384, 487 correspond to dimer of azure
A, and azure C from MB molecule [44]. The LC-MS

Figure 9a. HPLC-ESI-MS spectrum of fresh MB dye.

Figure 9b. HPLC-ESI-MS spectra of products from MB
decolorization for 120 min 100 ppm MB, and pH 6.8.

Figure 10. Oxidative decolorization pathway of MB dye.

analysis results suggest a sequence of oxidation reaction
mechanism (Figure 10), in which the hydroxyl radical
preferentially attacks the chromophoric centers of the
dye molecule. Finally, ring opening of aromatic rings
takes place and the intermediates lead to the formation
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of organic acids (formic acid) converted into CO2 and
H2O [45].

3.7. COD studies
Apart from LC-MS analysis, COD is also used for
con�rming the decolorization of MB dye. The COD
test allows the measurement of dye in terms of the
total quantity of oxygen required for the oxidation of
dye organic matters. The COD removal of the reaction
mixture after MB decolorization over CuO/FAZ-X (op-
timal conditions H2O2 = 5 ml/L, 250 mg/L catalyst,
100 ppm MB, pH = 6.8, ambient temperature) was
73.6% for 2 h, 80.3% for 4 h, and 95% for 8 h
(Figure 11). The COD reduction is less than the
percentage of decolorization, which may be due to the
formation of smaller uncolored products. Therefore,
it is apparent that for complete mineralization of MB
dye, longer reaction time is required. This result is not
new, but has already been reported in many previous
studies [21,27,33(b)]. The COD and LC-MS results are
in agreement, con�rming the decolorization of the MB
molecule into small fragments.

3.8. Comparison of CWPO activities of
di�erent catalysts

In order to realize and appreciate the CWPO perfor-
mance/activity of the present catalyst CuO/FAZ-X, a
comparison of e�ciencies of the present and literature-
reported [36-43] catalysts in MB dye decolorization is
made. Table 4 compiles the decolorization % of MB
along with the experimental conditions employed. Con-
sidering the higher concentration (100 ppm) of the MB
employed in the present study (compared to 10 ppm
in many other studies), the data in Table 4 certainly
reveal that CuO/FAZ-X catalyst in the present study
has an outstanding performance.

Figure 11. % Removal COD Versus time (ambient
condition: 5 ml/L H2O2, 250 mg/L CuO/FAZ-X, 100 ppm
dye, and pH 6.8).

4. Conclusions

In this work, the cheap and easily available waste
material coal Fly Ash was converted into Zeolite X
type (FAZ-X) and CuO was incorporated to design
a new catalyst (CuO/FAZ-X). All the instrumental
characterizations proved the formation of CuO incorpo-
rated FAZ-X. Employing CuO, FAZ-X, and CuO/FAZ-
X as heterogeneous Fenton catalysts for wet catalytic
oxidative decolorization of MB in the presence of H2O2,
it was found that CuO/FAZ-X exhibits more than
twice the e�ciency of either FAZ-X or CuO. In fact,
CuO incorporation leads to synergic e�ect with zeolite
and dramatically improves the catalytic e�ciency of
CuO/FAZ-X. Hence, the novel catalyst has many
advantages such as simple preparation, remarkable
performance, good structural stability, and sustainable
catalytic activity in repetitive reaction cycles. So,
CuO/FAZ-X is an eco-friendly green catalyst developed
from the waste material coal y ash. Thus, the present
work demonstrates a simple and facile route for the
conversion of waste coal y ash into a valuable catalyst.
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