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ABSTRACT

Ni-Pd, and Ni-Pd supported on zirconia (Ni-Pd/ZrO,) nanoparticles (NPs) were prepared via the
co-precipitation method. The morphological study illustrated that the Ni-Pd NPs were well depos-
ited in a dispersed form on the surface of ZrO, having a size below 100 nm. The formation of Ni-Pd
was also confirmed by energy-dispersive X-ray spectroscopy and X-ray diffraction. The micro-
wave-assisted (MW) catalytic degradation of the Acid Orange-8 (AO-8) was carried out at various
parameters, that is, microwave intensity, dye concentrations and catalyst dose. Hydrogen peroxide
was used as a precursor of hydroxyl radical. The optimized conditions for MW catalytic degradation
of AO-8 (maximum; 98.8%) in the presence of H,O, were set as microwave (500 W), concentration
(0.0001 M) and catalyst (0.05 g). The degradation was monitored by a UV-Visible spectrophotometer
at regular intervals of time. The study revealed the industrial scale applicability of the catalysts

for colored wastewater treatment.
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1. Introduction

The world is always striving for development through
huge industrialization which brings development on one
side while threats to the environment on the other side.
In this scenario textile industry also grow on their bor-
ders. The development of the textile industry presents
an intense risk to the environment [1]. Textile industry
always involves a complex process of spinning, weaving,
knitting, processing, ennobling, fabrics and clothing [2].
Among these steps processing and ennobling are respon-
sible for the huge amount of water effluents. However, the
finishing and dying process also involve environmental
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toxic materials which come along with the effluents of the
textile industry [3]. The textile industry utilizes a variety
of dyes among which azo dyes are the most commonly
used that account for 20%-40% of the total dyes used for
coloration [4]. Azo dyes consist of the azo group (-N=N-)
in combination with phenyl and naphthol radicals [5].
Different azo dyes arise from substitution with some com-
bination of functional groups such amino (-NH,), chlorine
(CI'"), hydroxyl (-OH), methyl (-CH,), nitro (-NO,), sul-
fonic acid and sodium salt (-5O,Na) [6]. All of them are
considered highly resistant to natural degradation and
potent to environmental toxicity [7]. Acid Orange-8 (AO-
8) is one of the widely utilizing dyes among azo dyes in
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leather, wool dying and paper coloration. This azo dye has
potential toxicity such as carcinogenicity, mutagenicity
and allergies, therefore, the waste generated from indus-
tries utilizing Acid Orange-8 needs extensive research for
remediation of the effluents.

The treatment of colored wastewater is a complex pro-
cess and therefore needs physical/chemical and biodeg-
radation methods. The physical and chemical methods
include precipitation [8], coagulation [9], adsorption [10],
filtration [11] and oxidation [12]. Biodegradation can be
conducted aerobically and anaerobically. However, every
process of colored wastewater treatment has some draw-
backs such as the physical method is nondestructive and
also requires expensive post-treatment processing while
chemical treatment needs strong oxidizing or reduc-
ing agents which in turn hazardous to the environment.
Similarly, aerobic and anaerobic biodegradation cannot
be used for synthetic dyes.

To address all these challenges catalytic degradation
(photocatalytic, sonocatalytic and microwave-assisted
catalytic degradation) has practical applicability for bio-
resistant azo-colored wastewater treatment [13-17]. In this
scenario, photocatalyst like TiO, was successfully utilized
for azo dyes degradation due to its non-toxicity, high activ-
ity, large stability and affordability [18]. Shahmoradi et al.
[19] reported surface-modified iron-doped TiO, nanopar-
ticles for photodegradation of dispersed Orange 25 under
hydrothermal conditions (p = autogenous, T = 100°C,
t = 16 h) and achieved complete mineralization of dye.
Similarly, Maleki et al. [20] reported Cu/ZnO nanoparti-
cles for photo/sonocatalytic removal of humic substance
and observed that Cu/ZnO more effective in photocatalytic
process than sonocatalytic process under optimized reac-
tion condition (t = 90 min, HS = 20 mg/L, pH =7, cat =2 g/L
and dopant percentage = 2%). It's a matter of fact that
photocatalytic degradation occurred through *OH radi-
cal generation, therefore microwave irradiation further
increases *OH radical generation up to 20%. Zhang et al.
[21] reported the microwave-assisted photodegradation of
reactive brilliant red X-3B with TiO, and observed higher
photodegradation efficiency than conventional photo-
catalysis. Keeping in view the generous applicability of
microwave-assisted dye degradation here we attempted
the degradation of AO-8 with Ni-Pd/ZrO, under mild
reaction conditions. Microwave irradiation generates a
bunch of hot spots in the bulk of the ZrO,. These hot spots
increase Zr*" density which in turn increases the surface

Table 1

acidic sites, responsible for enhancing catalytic degrada-
tion of AO-8 dye [22,23]. While the localized heating of
palladium on the surface of ZrO, robust the degradation
capability of the catalyst. Similarly, the synergistic effect
of nickel increases the thermal conduction and electrons
mobility of the catalyst under microwave protocols, further
enhancing the catalytic activity for degradation of AO-8
dye. The sustainability and regeneration of the catalyst
(Ni-Pd/ZrO,) present the applicability of the catalyst for
the treatment of a vast variety of industrial effluents.

2. Experimental
2.1. Materials

The various chemicals used in the current study were
palladium chloride (PdCL), nickel chloride (NiCl,), ammo-
nium hydroxide (NH,OH), Acid Orange-8 dye, ethanol
(C,H,OH), zirconia (ZrO,) and hydrogen peroxide (H,O,),
which were purchased from Merck (Germany), Sigma-
Aldrich (Germany), Alfa Aesar (United States) and Daejung
(South Korea) respectively and used without further treatment.

2.2. Synthesis of nanoparticles

Ni-Pd NPs were prepared via the co-precipitation
method. During this method, 0.01 M solution of metal chlo-
ride was titrated against the base (NH,OH), which result
in the precipitate of corresponding metals. The obtained
precipitates were washed thoroughly with 0.1 N solution
of HCI and Millipore water in modified Soxhlet apparatus
in which water drained out and then dried overnight at
120°C in WiseTherm Oven [24].

2.3. Preparation of supported nanoparticles

The obtained Ni-Pd NPs were mixed with zirconia in
the ratio of 0.001 g: 1.99 g, respectively and then sonicated
for 40 min in 50% ethanol in the water system. The Ni-Pd/
ZrO, was filtered, dried in an oven at 120°C for overnight
and subsequently calcined at 360°C (1°C min t) for 4 h
and retained at the same temperature for 2 h [24].

2.4. Characterization of catalysts

The catalysts were characterized using transmission
electron microscopy (TEM: Model JEM-1010) and scanning
electron microscopy (SEM, JSM 5910, JEOL, Tokyo, Japan).

Comparison of photodegradation efficiency in our current work with reported literature regarding photodegradation of AO-8 dye

Photocatalyst AO-8 dye degradation (%) Irradiation time (min) References
ZnO 74.35 [32]
PVA-ZnO/Mn,0, 74.35 120
TiO, 75 90 [33]
Fenton process 97% in the presence of H,0O, 180 [34]
rGO/AgO rGO/CNT/AgO 35 50 [35]

42
Ni-Pd/ZrO, 98 200 Current study
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Elemental analysis of samples was performed by energy-
dispersive X-ray spectroscopy (EDX, JSM 5910, JEOL,
Tokyo, Japan). The phase of the catalysts was determined by
X-ray diffractometer (XRD, JDX-3532, JEOL, Tokyo, Japan)
with radiation source CuKa with A = 0.15418 nm, while
operating voltage of 20-40 kV, in the 20 range of 0°-60°
at a step size of 0.05°.

2.5. Catalytic screening for Acid Orange-8 degradation

0.001 M stock solution of AO-8 were prepared and
then diluted to 0.0001 M. 20 mL dye solution, 0.05 g cat-
alyst, 1 mL hydrogen peroxide were loaded in three
necks Pyrex Glass Batch Reactor equipped with a con-
denser and Quickfit® Thermometer placed in a modified
microwave oven (Fig. 1). The condenser was connected
with a wise-circu water circulator for the re-condensa-
tion of evaporated solution. The degradation patterns
were monitored by Shimadzu UV-1800 UV-Vis spectro-
photometer after regular intervals of time under vari-
ous microwave intensities. The following equation was
used for calculating the percent degradation of AO-8.

Degradation(%) 5T

%100 1)
C.

i

where ¢, and ¢, were initial concentrations respectively.
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Fig. 1. Microwave setup for degradation of dyes.

2.6. Blank test

Microwave irradiation for the blank test was conducted
for 0.0001 M dye, (i) in the absence of H,O, and catalyst,
(ii) in the absence of H,O,, (iii) in the absence of a catalyst.
In all cases, the degradation of dye was not observed.

3. Results and discussion
3.1. Morphology study

Fig. 2a and b show the SEM and TEM images of Ni-Pd/
ZrO, NPs, which presented the smooth morphology of NPs.
The TEM micrographs also presented that the sizes of the
NPs were below 100 nm. The majority of Ni-Pd NPs are
homogeneously dispersed on the surface of ZrO,. However,
some of the NPs are also found in an agglomerated form on
the surface of ZrO,. Similar results were reported by Khan
et al. [25] in the case of Fe,O, nanoparticles as decorated
over monoclinic zirconia.

3.2. Energy-dispersive X-ray spectroscopy

Elemental analysis of the catalysts was carried out by
EDX spectroscopy, which uses a focused beam of an elec-
tron to interact with sample surface which in turn produces

Fig. 2. (a) SEM and (b) TEM image of Ni-Pd/Zirconia.
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characteristics X-rays. EDX pattern of the catalysts Ni-Pd/
Zr0, is shown in Fig. 3. Fig. 3 shows that zirconia is present
in large amount while Pd and Ni are present in less quantity.

3.3. Fourier-transform infrared spectroscopy study

Fourier-transform infrared spectroscopy (FTIR) anal-
ysis was performed in order to examine the formation of
Ni-Pd and Ni-Pd/ZrO, NPs. Fig. 4 shows the FTIR spectra
of synthesized Ni-Pd and Ni-Pd/ZrO, NPs. The spectra of
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Fig. 3. EDX pattern (a) Ni-Pd/ZrO, and (b) percent composition
of metals.
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both supported and unsupported NPs show peaks at about
480 and 560 cm™, which represent the metal nanoparti-
cles [26]. It means that Ni-Pd and Ni-Pd/ZrO, NPs are suc-
cessfully synthesized.

3.4. X-ray diffraction study

The X-ray diffraction (XRD) pattern of Ni-Pd/ZrO, is
given in Fig. 5. The pattern shows characteristic peaks of
zirconia at 20 values at 28.1°, 31.45°, while the 26 values of
Ni are observed at 44.2° and 50.2°. The pattern Ni-Pd/ZrO,
also shows peaks at 40.7° and 45.6°, which represent Pd
nanoparticles. Arrabal et al. [27] and Veligzhanin et al. [28]
also reported the peaks of zirconia and Pd nanoparticles
in a similar region.
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Fig. 4. FTIR spectra of (a) Ni-Pd and (b) Ni-Pd/ZrO,.
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3.5. Microwave intensity study

The degradation of AO-8 dye was investigated at vari-
ous microwave intensities after regular intervals of time in
the presence of Ni-Pd/ZrO, and H,O,. The percent degra-
dation of AO-8 in the presence of both catalysts and H,O,
increases linearly with an increase in microwave inten-
sity. The investigation of percent removal was monitored
through a UV-visible spectrophotometer at every 20 min
time interval (0-200 min). It was found that microwave
with 400 W was the optimum intensity because 98% of
AO-8 dye was degraded within 200 min as shown in Fig. 6.
Photocatalytic activity of the catalysts had been enhanced
by the substitution of common light by microwave
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Fig. 6. Dye degradation at various microwave intensities in the
presence of Ni-Pd/ZrO,. Reaction conditions (0.05 g catalyst; dye
concentration 0.0001 M; reaction time 20-200 min).

irradiation. Most of the reactions occur more efficiently
in the presence of microwave irradiation on the surface
of catalysts especially oxidation reactions. The most prob-
able reason for the enhanced activity may be the genera-
tion of hot spots in the bulk of ZrO,, which increase Zr*
density on the surface. The Zr* density is directly related
to surface acid sites which are responsible for enhancing
catalytic degradation. Furthermore, the noble metal and
nickel increase the thermal conduction and electron mobil-
ity to assist the performance of the catalysts under micro-
wave protocol. Similarly, Horikoshi et al. [29] reported 20%
more radicals generation under microwave irradiation as
compared to conventional photocatalysis. Microwave radi-
ation enhances the dissociation of hydrogen peroxide on
the surface of the catalyst that accelerates the rate of dye
degradation as shown in Fig. 7. The detailed mechanism is
given in Fig. 8, where the ultimate products of AO-8 after
degradation are carbon dioxide and water. Unlike degra-
dation of dyes by the Fenton mechanism which produces
certain wastes however in the case of the microwave-as-
sisted system, no such waste was detected.

3.6. Time study

The degradation of AO-8 was investigated in the pres-
ence of catalysts Ni-Pd/ZrO, and H,0,. 0.0001 M solution
was irradiated in a reactor with medium intensity (400 W)
microwave irradiation in the presence of a catalyst (0.05 g).
Fig. 9 presents the UV/Vis spectra and %degradation of
AO-8 under microwave exposure time. The result presented
that the dye degradation increased as increased the micro-
waves exposure time. Fig. 7b shows the %degradation of
AO-8 under microwave exposure time (200 min). The result
illustrated that Ni-Pd/ZrO, degraded about 98% of dye
under microwave exposure.

3.7. Catalyst dose study

The effect of catalyst dosage on the degradation of dye
was also studied using different catalyst dosages (0.01, 0.02,
0.03, 0.04 and 0.05 g). Fig. 10 shows that as the amount of
catalyst increased, the rate of dye degradation also increased.
The result presented that 0.01 g catalyst degraded about 2%
and 70% of dye within 20 and 200 min. While high amount,
that is, 0.05 g catalyst degraded about 9% and 95% of dye
within 20 and 200 min, respectively. Under microwave expo-
sure, semiconductors get excited and result in the generation

100 1 o
I | o
s gl |3 1
= N A N
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Fig. 7. Comparison of catalytic activity under the microwave
(MW) and conventional photocatalysis (CP).
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Fig. 8. Degradation pathway of Acid Orange-8 under microwave protocol.
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Fig. 9. (a) UV spectra and (b) %degradation of AO-8 in the pres-
ence of Ni-Pd/ZrO,. Reaction conditions (0.05 g catalyst; dye con-
centration 0.0001 M; microwave intensities 400 W).

of electrons (e”) and holes. The e- and holes give *O; and
*OH radicals upon the reaction with O, and H,0O, respec-
tively. These radicals then oxidize AO-8 dye and result in
the formation of CO, and H,O [30].

—*—Dose 0.01 g—©-Dose 0.02g —<—Dose 0.03g
—A—Dose 0.04g = Dose 0.05g
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Fig. 10. Effect of catalyst dosage upon the degradation of AO-8 in
the presence of Ni-Pd/ZrOz. Reaction conditions (dye concentra-
tion 0.0001 M; microwave intensities 400 W).

3.8. Dye concentration study

The percent degradation of AO-8 dye at a different con-
centrations under the specific quantity of catalyst has been
studied. Fig. 11 shows that the dye degradation decreased
as increased the dye concentration and about 95%, 91%,
75%, 65% and 59% of dye degraded using 0.0001,0.0002,
0.0003, 0.0004 and 0.0005 M, respectively. The decrease of
dye degradation with an increase of initial concentration of
AO-8 is due to the increase in the concentration of the dye
against a certain number of free radicals as generated upon
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Fig. 11. Effect of dye concentration upon degradation of AO-8 in
the presence of Ni-Pd/ZrO,.
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Fig. 12. InC/C, vs. time plot for AO-8 MW assisted degradation,
catalyzed by Ni-Pd/Zirconia.

a given quantity of catalyst. On the other hand, at higher
concentration, the AO-8 dye molecules cover the surface
of the catalyst nanoparticles, which prevent the generation
of free radicals and as result a decrease in the rate of dye
degradation [31]. The comparative study of present results
with the previously reported studies are shown in Table 1.

3.9. Kinetic study

The rate constant at low, medium and high microwave
intensities were found 8.8 x 1073, 2.03 x 102 and 1.631 x 1072,
respectively. Fig. 12 shows that the regression coefficient
(R?) values are 0.9466, 0.9625 and 0.937, which are closer to
1. It indicates that microwave-assisted catalytic degradation
of AO-8 at different microwave (MW) intensities follows
first-order kinetics.

4. Conclusion

In the present study, Ni-Pd/ZrO, was prepared and
characterized by TEM, SEM, EDX, FTIR and XRD. The cat-
alyst was efficiently utilized for microwave-assisted AO-8
dye degradation with a green oxidant like H,O,. The com-
parative study of ZrO,, Pd/ZrO, and Ni-Pd/ZrO, under
optimal conditions (t;, 200 min, H,O,; 1 mL, cat; 0.05 g,
conc.; 0.0001 M, MW; 500 W) proved the supremacy of
Ni-Pd/ZrO, on other catalysts which perhaps due to the

capability of H,0, decomposition in a microwave environ-
ment. Furthermore, the comparison of microwave-assisted
and conventional photocatalysis also revealed the superior-
ity of microwave systems for the rapid generation of *OH
radicals. The catalyst is not only active for degradation of
AO-8 dye but also effective for complete incineration of dye
under microwave system. The prolonged life span and poten-
tial of the catalyst for dye degradation suggest that it can be
used for industrial-scale colored wastewater treatment.
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