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ABSTRACT: Bimetallic Cu—Ni/TiO, photocatalysts were prepared at different temperatures with varying Cu:Ni mass
compositions. The photocatalysts were further calcined at selected temperatures. Characterization procedures were carried out
on the photocatalysts to understand the correlation between the photocatalytic activity and the physicochemical and
morphological properties. Results from the XRD, FESEM-EDX mapping, and HRTEM analyses were in favor of the metal
particles existing in the form of well-dispersed oxides on TiO, surface. The surface area of the photocatalysts was almost similar
to the bare TiO, ~43 m* g~' except for 1Cu:9Ni-200-b observed with a higher surface area (53.8 m® g™') as compared to other
photocatalysts. The photocatalyst performance of the bimetallic system is promising as compared to bare TiO, and the
monometallic photocatalysts. Results for photodegradation studies showed that 1:9 Cu:Ni mass composition was observed with
100% Orange II removal as compared to other Cu:Ni mass compositions. The 1Cu:9Ni-200-a photocatalyst prepared at lower
temperature (8—10 °C) displayed 100% Orange II decolorization as compared to 1Cu:9Ni-200-b (prepared at higher
temperature of 25 °C) with 65.1% dye removal. Although the results from UV—vis spectra showed the disappearance of the
visible band (indicating 100% Orange II removal), TOC analysis indicated the presence of organic compounds derived from the
dye degradation process. Therefore, longer irradiation time is required to break the chromophore groups in the degradation

intermediates to obtain 100% TOC removal.

1. INTRODUCTION

The textile industry is the major contributor responsible for the
aquatic ecosystems’ pollution due to the generated wastewaters
that are known to contain considerable amounts of nonfixed
dyes, especially azo dyes, and a huge amount of inorganic salts.
It has been estimated that more than 10% of the total dyestuff
used in dyeing processes is released into the environment."
The World Bank estimates that 17—20% of industrial water
pollution comes from textile dyeing and wastewater treatment
from industry.

Azo dyes are the largest group of synthetic colorants used in
the textile industry’ constituting 60—70% of all dyestuffs
produced.* They have one or more azo groups (R;—N=N-—
R,) having aromatic rings mostly substituted by sulfonate group
(=S0;) and hydroxyl group (—OH), etc.>® These dyes are
nonbiodegradable and toxic and at present are abated by some
common nondestructive processes.”® The model azo dye in
this study, Orange II as shown in Figure 1, represents more
than 15% of the world production of dyes used in the textile
manufacturing industry. Orange II is an anionic monoazo
textile dye of the acid class. It is resistant to light degradation,
action of O,, and common acids or bases. In wastewater
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Figure 1. Chemical structure of Orange II.

Treatment of residual dyes has been an important issue of
research. Although textile dyes can be disposed via some
physical and chemical processes, these methods are usually
incomplete and ineffective. Additionally, biological processes
exhibited limited efliciency due to xenobiotic and non-
biodegradable characteristics of textile dyes. Furthermore,
some physical and chemical treatments of dyes can %enerate
secondary pollution resulting from toxic products.'” Alter-
natively, photodegradation of dyes has important practical
applications because the complete destruction or mineralization
of toxic and nonbiodegradable compounds to carbon dioxide
and inorganic constituents can be accomplished."!

treatment plants, Orange II does not undergo biological Received: December 1, 2012
degradation.” The high stability of Orange II is useful in textile Revised:  February 10, 2013
manufacturing, but a problem arises later due to difficulty in Accepted: February 20, 2013
managing its removal. Published: February 20, 2013
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Semiconductor photocatalysis has been investigated exten-
sively for light-stimulated degradation of pollutants, particularly
for complete destruction of toxic and nonbiodegradable
comgounds to carbon dioxide and inorganic constitu-
ents.”'>™"¢ The fundamentals of semiconductor photocatalysis
and its application to the removal of chemical pollutants have
been extensively reviewed.*'’™" Several semiconductors
exhibit band gap energies suitable for photocatalytic degrada-
tion of contaminants. Among the photocatalysts applied,
titanium dioxide is one of the most widely employed
photocatalytic semiconducting materials because of the
peculiarities of chemical inertness, nonphotocorrosion, low
cost, and nontoxicity. Carp et al.'? cited many references and
pointed out that doping semiconductors with various metal
ions, composite semiconductors, deposition of group VIII
metals, and oxygen reduction catalysts can be employed to
enhance photocatalytic efficiency.

The use of Cu and Ni as bimetallic catalyst supported on
different semiconductor materials has been reported as the
effective method to improve the efficiency of various reactions
like carbon dioxide hydrogenation,”® steam reforming of
methane,”" liquid-phase glycerol hydrogenolysis by formic
acid over Ni—Cu/AlLOj catalysts,”> decomposition of methane
over Ni—SiO, and Ni—Cu—SiO, catalysts,”> and for photo-
catalytic reduction of nitrate.”* Only a few studies have been
reported using Cu, Ni, or Cu—Ni photocatalysts for azo dye
degradation like Cu—Zn/Ti0,*® Ni/TiO,>° and Cu—Fe/
TiO,” for methyl orange degradation, and Cu/TiO, for
Orange II degradation with 90% color removal in the presence
of UVC light and O, after 150 min of reaction.”®

In our previous studies, Cu—Ni/TiO, photocatalysts were
prepared employing deposition—precipitation (DP) method.”
The present work deals with the bimetallic TiO, photocatalyst
preparation via modified co-precipitation method (CP), an
effective method to synthesize hi§hly active Cu/TiO, photo-
catalysts reported by Yoong et al,* for photocatalytic hydrogen
production. The introduction of Cu and Ni was with the
intention to reduce the band gap of the photocatalyst for
enhanced visible light absorption. The photocatalysts were
further characterized using thermogravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FTIR), powder X-ray
diffraction (XRD), field-emission scanning electron micros-
copy-energy dispersive X-ray (FESEM-EDX), high-resolution
transmission electron microscopy (HRTEM), diffuse reflec-
tance UV visible spectroscopy (DR-UV—vis), point of zero
charge (PZC) determination, and surface area analysis
employing the Brunauer—Emmet—Teller method (BET).

The objective of this Article was to determine the
photoactivity of bimetallic 10 wt % Cu—Ni/TiO, prepared
with different Cu:Ni mass composition. The effect of
preparation and calcination temperatures on the photocatalyst
performance was also considered.>! The Cu—Ni/TiO,
bimetallic photocatalysts were investigated for Orange II
photodegradation under visible light source, using Orange II
as a model azo dye.

2. EXPERIMENTAL DETAILS

2.1. Materials. Copper nitrate trihydrate, Cu(NO;),-3H,0
(Acros brand >98% purity), and nickel nitrate hexahydrate,
Ni(NO;),-6H,0 (Acros brand >98% purity), were used as
dopant metal salts. Titanium dioxide, TiO, (Degussa P25 80%
anatase, 20% rutile), was used as a support, which also acts as
the semiconductor in photocatalysis. Sodium hydroxide, NaOH
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(Merck, 95%), was used as precipitating agent. Glycerol
(Systerm, 95% purity) was also used for photocatalysts
preparation. Orange II (Acros, pure mono sodium salt) was
used as the model azo dye for photocatalytic degradation study.
All chemicals were used as received without further purification.

2.2. Preparation of Bimetallic Photocatalyst. A series
10 wt % bimetallic Cu—Ni/TiO, photocatalysts with different
Cu:Ni mass composition (9:1, S:5, and 1:9) were prepared
using TiO, as support via coprecipitation (CP) method.
Appropriate amounts of metal salts were dissolved in distilled
water, followed by the addition of glycerol in 2:1 glycerol:metal
mol ratio.** TiO, was added into the solution with continuous
stirring for 1 h prior to precipitation with 0.25 M NaOH. The
preparation temperature was maintained in the range from 8 to
10 °C. The final pH was kept at 14, and the mixture was aged
for 1 day. The precipitates were filtered and dried in an oven at
75 °C overnight. The raw photocatalysts were ground into a
fine powder, kept in an airtight glass bottle, and stored in a
desiccator.

The best performing photocatalysts identified from the
screening process (100% Orange II removal) were selected for
further investigation into the effect of higher preparation
temperature on photocatalysts performance. In this case,
photocatalysts with 1:9 Cu:Ni mass composition were prepared
at 25 °C. The monometallic photocatalysts were also prepared
for comparison.

2.3. Pretreatment of Photocatalysts. To estimate
suitable calcination temperatures for the raw photocatalysts,
thermal gravimetric analyses (TGA) were carried out using a
Perkin-Elmer (Pyris 1 TGA) instrument. The raw photo-
catalysts were weighed using a built-in microbalance attached to
the instrument, which automatically read the weight of the
sample in the range of 5—10 mg in an aluminum sample cup.
The samples were heated from 30 to 800 °C at a heating ramp
rate of 20 °C min ™" using nitrogen as purging gas at a rate of 20
mL min~". Results from TGA were reported as thermograms,
which are plots of the relative mass (%) of the photocatalysts
versus temperature. Denotation for the raw photocatalyst is
“xCu:yNi” where x:y is the mass composition of Cu:Ni. On the
other hand, denotation for calcined photocatalysts is “xCu:yNi-
T-t" where x:y is the mass composition of Cu:Ni, T is the
calcination temperature in °C, and t is the photocatalyst
preparation temperature, a = 8—10 °C and b = 25 °C. For
example, 1Cu:9Ni-200-a means photocatalysts prepared with
1:9 Cu:Ni mass composition at 8—10 °C and calcined at 200
°C for 1 h duration.

Fourier transform infrared spectroscopy (FTIR) was
employed to study the effect of calcination on the type of
chemical species present on the photocatalysts. The analyses
were conducted using a Shimadzu FTIR-8400S spectropho-
tometer and scanned from 4000 to 400 cm ™.

2.4. Characterization. To understand the correlation
between the photocatalytic activity and physicochemical and/
or morphological properties of the Cu—Ni/TiO, photo-
catalysts, characterization was conducted using powder X-ray
diffraction (XRD) (Bruker D8 Advance diffractometer), field-
emission scanning electron microscopy-energy dispersive X-ray
(FESEM- EDX) (SupraSSVP), high-resolution transmission
electron microscopy HRTEM (Zeiss Libra 200), diffuse
reflectance UV visible spectroscopy (DR-UV—vis) (Shimadzu
UV3150 NIR), point of zero charge determination (PZC), BET
total surface analysis (Micrometrics ASAP 2000), and temper-
ature programmed reduction (TPR) (Thermo Finnigan
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TPDRO 1100). The phases present in the photocatalysts were
investigated using XRD with Cu Ka radiation (40 kV, 40 mA)
at 26 angles from 10° to 80°, with a scan speed of 4° min~".
The morphology of the photocatalysts such as crystallite
particle shape, size, and particle size distribution was analyzed
using FESEM and HRTEM. DR-UV-vis measurement was
performed using a UV—vis spectrophotometer equipped with
an integrating sphere. Reflectance spectra were recorded at
190—800 nm wavelength. DR-UV—vis absorption spectra were
recorded as a Kubelka—Munk function, F(R), versus wave-
length using a Shimadzu UV3150 NIR spectrophotometer,
equipped with integrating sphere. The wavelength ranged from
190 to 800 nm. Barium sulfate (Ba,SO,) powder was used as a
standard, an internal reference. The band gap energies of the
photocatalysts are determined from the extrapolation onto the
x-axis of the Tauc plot, which is a plot of (F(R)-hv)"* against
hv. Reflectance spectrum was collected as R-sample/reference
and then plotted applyin§ the Kubelka—Munk theory to
determine band gap energy.”® The surface area of photocatalyst
was determined using isotherm adsorption of N, onto the
photocatalyst by applying the Brunauer—Emmet—Teller
method. This method is based on the multipoint nitrogen
adsorption—desorption principle. The BET surface area of the
photocatalysts was determined using a surface analyzer. For
each analysis, approximately 0.2—0.3 g of sample was weighed
into a sample tube with filler rod inside. Prior to the analysis,
each photocatalyst sample was degassed at 130 °C overnight. It
is very important to determine the property of the photo-
catalyst—solution interface especially when the photocatalyst is
intended for dye degradation in aqueous solution. PZC (the pH
at which the net charge is zero) was determined by the mass
titration method reported by Di Paola et al>* A weighed
amount of photocatalyst was mixed with distilled water to give
concentrations of 0.1, 1.0, 2.0, 5.0, and 10.0% (w/v). The
suspensions were stirred for 24 h to equilibrate the adsorption—
desorption processes, after which the pH of the suspensions
was determined using a pH meter (TOLEDO 320 pH meter).
PZC value was taken at the point where further addition of
solids did not produce any significant pH change.

The TPR analyses were conducted to determine the
reducibility of the photocatalysts using Thermo Finnigan
TPDRO 1100 equipment. Prior to reduction, the sample was
pretreated under nitrogen at 110 °C with a flow rate of 20 mL
min~" and ramp rate of 10 °C min~", and finally holding at 110
°C for 30 min to eliminate moisture before cooling to room
temperature. TPR analysis was carried out in 5% H, in N, with
a flow rate of 20 mL min~". Samples were heated with a ramp
rate of 20 °C min~" from 40 to 500 °C and holding at 800 °C
for 10 min. The reduction profile was a plot of hydrogen
consumption versus temperature.

2.5. Photocatalytic Degradation Study. Photocatalytic
degradation of 50 ppm Orange II was conducted using halogen
lamp (S00W) as the visible light source at 25 °C with an initial
solution pH 6.8. Photocatalyst was weighed and mixed with
distilled water and then ultrasonicated for 10 min using an
ultrasonicator. Orange II solution then was added to give a final
concentration of SO ppm (with photocatalyst loading 1 g L™")
and total volume of 30 mL. The suspension was stirred using a
magnetic stirrer for 2 h in the dark, and later this suspension
was illuminated for 1 h using a 500 W halogen lamp as the
visible light source at a distance of 25 cm (46.16 W m™2).
During the dark and light reactions, samples were taken at
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certain time intervals to monitor for the degree of Orange II
removal.

2.6. Orange Il Concentration Monitoring and Miner-
alization. The Orange II degradation during photoreaction
was monitored by measuring the solution absorbance from 400
to 800 nm using a Shimadzu UV-3101 UV/visible spectropho-
tometer. A calibration curve was obtained beforehand using
standard solutions with known Orange II concentrations (1, 10,
20, 30, S0, and 60 ppm). Prior to the absorbance measurement,
the reaction samples were centrifuged twice at 3500 rpm for 10
min to remove the suspended photocatalyst. The absorbance
peak at 485.0 nm was used as the representative peak for
Orange II concentration.’**® The photodecolorization effi-
ciency in terms of % Orange II removal was calculated using eq
1:

C,—C
Orange Il removal (%) = C X 100

0

(1)

where C, is the initial concentration, while C is the
concentration of Orange II at sampling time.

At the end of the reaction, total organic carbon (TOC)
analysis was conducted. TOC is defined as the amount of
carbon bound in an organic compound, which is an important
parameter to assess the organic load of wastewater. Final TOC
values (in ppm) and % TOC removal were determined using

eq 2.
] X 100
)

Reaction parameters investigated were different Cu:Ni mass
composition, photocatalyst preparation temperature, calcina-
tion temperatures, and irradiation time. Analyses were also
conducted for blank experiments where reactions were carried
out using monometallic photocatalysts, without the addition of
photocatalyst, and with nonmodified TiO,.

2.7. High Performance Liquid Chromatography
Analysis (HPLC). Orange II photodegradation products were
analyzed using high performance liquid chromatography
(HPLC Agilent 1100 series) equipped with auto sampler.
The analysis was carried out using a Zorbex SB-C18 S um, 150
mm X 10 mm column with a mobile phase 70:30 aqueous
solution of ammonium acetate (20 mM) and acetonitrile at a
flow rate of 1 mL min~!, while retention time was 20 min at
ambient temperature. The injection volume was S uL, room
temperature 22.2 °C, column temperature 26.6 °C, and 117 bar
pump pressure. Detector was operated at three different
wavelengths: 485, 254, and 215 nm (DAD-UV lamp). Standard
solutions were prepared in the eluent with different known
concentrations. Some intermediates®”*® and products®*® of
Orange II photodegradation were used as standards for analysis,
and the results were used to determine their compositions
during reaction. The standards are benzyldehyde (99.5%,
Fluka), benzyl alcohol (Fluka), formaldehyde (Assay >36.5%),
formic acid (>98%), oxalic acid (>99.0%, Fluka), propionic
acid (>99.8%), sulfanilic acid (>99.0%, Fluka), and 2-naphthol
(99%, Aldrich). Calibration curves were obtained for all of the
standards with known concentrations.

TOC, — TOC

TOC removal (%) =
TOC,

3. RESULTS AND DISCUSSION

3.1. Pretreatment of Photocatalyst. 3.1.1. Thermogravi-
metric Analysis. The thermogram of the raw photocatalyst
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1Cu:9Ni is shown in Figure 2. Two decomposition steps were
observed from 30 to 170 °C and another from 170 to 500 °C

100

Relative mass (%)

82 T T

T T 1
400 500 700

Temperature (°C)

600

Figure 2. Thermogram of 1Cu:9Ni

with 3.98% and 11.21% weight loss, respectively. These are
attributed to moisture loss and decomposition of Cu(OH), or
Ni(OH), to form copper oxide, CuO,*® or nickel oxide, NiO,
respectively. The total weight loss was about 15.19%. Thus, the
proposed decomposition steps for the raw photocatalysts are
shown in egs 3 and 4.

Cu(OH), — CuOy, + H,0, 3)

(4)

Thermograms of the other raw photocatalysts (not shown)
with different Cu:Ni mass composition (9:1 and S:5) are
similar to that displayed in Figure 2. On the basis of the
thermogram, three calcination temperatures were selected, 180,
200, and 300 °C, for duration of 1 h. The straight horizontal
line at 500 °C indicates that thermal stability has been reached
and there is no further decomposition.

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR).
Figure 3 shows the FTIR spectra of the bare TiO,, raw, and
calcined photocatalysts. The IR band observed from 400 to 900
cm™" corresponds to the Ti—O stretching vibrations.*' Several
absorption peaks are also observed, mainly 3400 and 1600 cm™
corresponding to O—H stretching and O—H bending,

Ni(OH)Z b NiO(s) + HZO(g)

Transmittance (%)

T T
2000 1500

T
2500

Wavenumber (cm ")

Figure 3. FTIR spectra of (a) bare TiO,, (b) 1Cu:9Nj, (c) 1Cu:9Ni-
180-a, (d) 1Cu:9Ni-200-a, and (e) 1Cu:9Ni-300-a.

4494

respectively, of physically absorbed moisture. From the FTIR
spectra, there was no evidence for the presence of any band at
3635 cm™' representing the absence of Si—OH contami-
nation*” during photocatalysts preparation in a glass beaker.
The presence of nitrate (NO;~) group was observed with a
sharp band at 1382 cm™ for the raw and calcined photo-
catalysts, which is always present when nitrate salts are used as
precursors.> The FTIR spectra of the other raw photocatalysts
(not shown) with different Cu:Ni mass composition (9:1 and
5:5) also displayed peaks similar to those shown in Figure 3.

3.2. Characterization. The photocatalytic behavior of any
material is determined by physicochemical and electronic
parameters that are difficult to be correlated. The photoactivity
derived from a balance of these factors, some of which often
play contrasting roles.”* The knowledge of the crystal structure,
surface area, porosity, and surface hydroxyl group density is
essential to understand the activity of a photocatalyst. In dilute
binary oxides, the major component controls the oxide
structure, and the dopant surface concentration controls the
number of new acid sites.*?

3.2.1. Powder X-ray Diffraction (XRD). The XRD patterns
of bare TiO,, 1Cu:9Ni-200-a, and the monometallic photo-
catalysts (10Cu:0Ni-200-a, 0Cu:10Ni-200-a) are presented in
Figure 4. The XRD patterns for all of the samples are similar

O A A = Anatase
* =Rutile

4 Aa (d)

=) |

s |

5 JUL A -y A A —— o ©

c

] MIUM“M
1 J (a)
10 20 30 40 50 60 70 80

2-Theta scale

Figure 4. XRD patterns of (a) bare TiO,, (b) 1Cu:9Ni-200-a, (c)
10Cu:0Ni-200-a, and (d) 0Cu:10Ni-200-a.

with main peaks at 26 = 25.34° and 27.46° corresponding to
anatase and rutile phases, respectively.”****> No phase
transition from anatase to rutile was observed for the calcined
photocatalysts. Similar patterns were also observed for the
other photocatalysts with different Cu:Ni mass composition
and calcination temperatures as reported in our previous
study.”® The absence of characteristic peaks for Cu and Ni
oxides phases may indicate high metallic dispersion**™ or due
to the low dopant concentration as reported by Zhu et al,>" in
which characteristic peaks of metal oxide phase could only be
visible when the metal dopant concentration on TiO, was
above 5 wt %. However, the absence of any metal oxide peaks
even at 10 wt % metal loading in this work may indicate very
good dispersion of dopant metals Cu, Ni, or mixed Cu—Ni
oxide phases onto TiO,. This may be due to the use of glycerol
during photocatalyst preparation that favored the formation of
small metal particles since it has been reported that glycerol
prohibited the aggregation of metal particles.>

3.2.2. Photocatalyst Morphology: FESEM and HRTEM.
FESEM micrographs of the calcined Cu—Ni/TiO, photo-
catalysts as compared to bare TiO, and the monometallic

dx.doi.org/10.1021/ie303255v | Ind. Eng. Chem. Res. 2013, 52, 4491-4503
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Figure S. FESEM micrographs at 150X magnification of (a) bare TiO,, (b) 1Cu:9Ni-180-a, (c) 1Cu:9Ni-200-a, (d) 1Cu:9Ni-300-a, (e) 1Cu:9Ni-

200-b, (f) 10Cu:0Ni-200-a, and (g) 0Cu:10Ni-200-a.

photocatalysts are displayed in Figure S. All micrographs
displayed irregular-shaped crystallite (11-35 nm) with
agglomeration. It can be observed from the EDX-mapping in
Figure 6a and b of the photocatalysts that the Cu and Ni
dopant metals are uniformly dispersed onto the support. Yoong
et al®® have reported similar agglomeration for Cu/TiO,
prepared using a similar method. At higher preparation
temperature (1Cu:9Ni-200-b), similar morphologies were
observed with high agglomeration.

High resolution transmission electron microscopy
(HRTEM) was carried out for the detailed analysis of the
morphology of the photocatalysts with different Cu:Ni mass
compositions. HRTEM images are shown in Figure 7. It can be
deduced that the photocatalyst samples consist of very fine
crystallite particles (1135) with irregular shape. The TiO,
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particles in bare TiO, sample tend to stick to each other,
which might be due to the high content of surface hydroxyl
groups contributing toward the hydrophilic properties.>> The
average size for anatase and rutile particles was about 20 nm,
which is in good agreement with the FESEM results.

3.2.3. Diffuse Reflectance UV-Visible Spectroscopy (DR-
UV—Vis). To determine the band gap energy of the photo-
catalysts, DR-UV—vis analysis was conducted. The absorption
spectrum and DR-UV—visible spectra of bare TiO, and Cu—
Ni/TiO, photocatalysts with different Cu:Ni mass composi-
tions are presented in Figures 8 and 9. Modification with metal
can shift the absorption spectrum of TiO, into the visible
region. The shift in the absorption edge has been observed in
the present case indicating higher absorption in the region of
400—800 nm as compared to bare TiO,. The DR-UV-—vis

dx.doi.org/10.1021/ie303255v | Ind. Eng. Chem. Res. 2013, 52, 4491-4503
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Figure 6. EDX spectra and elemental mapping of (a) 1Cu:9Ni-200-a and (b) 1Cu:9Ni-200-b.

spectrum of bare TiO, showed absorption peaks ranging from
190 and 400 nm, similar to that observed by Yoong et al.*® and
Riaz et al*® The absorption at 323 nm is generally related to
the electronic excitation from O 2p valence band to Ti 3d
conduction band indicating that Ti presents as a tetrahedral
Ti* species.>* The bulk properties of TiO, are as important as
the surface properties of TiO,.> The light absorption
properties of TiO, modified with Cu—Ni were enhanced
significantly. The reason for shift is possibly due to the impurity
of energy level as the metals are well dispersed onto the surface
of TiO, and not incorporated into TiO, framework. The band
gap energies determined from the Tauc plot, a plot of
(F(R)-hv)'? against hu, for the photocatalysts as compared
to bare TiO, are presented in Table 1. F(R) is the Kubelka—
Munk function derived from reflectance spectra where F(R) =
(1 — R)*/2R, and hv is the photon energy. The band gap for
bare TiO, was 3.16 eV. Complete Orange II removal was
observed for 1Cu:9Ni-180-a and 1Cu:9Ni-200-a only with band
gap at 2.90 and 2.80 eV, respectively. Although 1Cu:9Ni-200-b
showed absorbance similar to 1Cu:9Ni-180-a and band gap at
2.90 eV also (overlapping and not clearly visible here), the
Orange II removal was 65% only. This indicates that the
efficiency of the photocatalysts does not depend only on the
band gap value.

3.2.4. The Surface Area of Photocatalyst. All of the
photocatalysts displayed Type IV isotherms with hysteresis
loops (as in Figure 10), which indicates capillary condensation
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in mesoporous adsorbate,”® while TiO, displayed type III
pattern, which is typically ascribed to nonporous products with
weak interactions between the adsorbent and the adsorbate.
Surface area, pore volume, and pore diameter were higher for
Cu—Ni/TiO, photocatalysts as compared to bare TiO, (Table
1). Surface area is high at lower calcination temperature but
decreased with increasing temperature. For 1Cu:9Ni—200-a,
surface area is slightly lower (40 m* g™!) as compared to bare
TiO, (43.1 m? g_l). However, at other calcination temperatures
(180 and 300 °C), the photocatalysts displayed higher surface
area as compared to bare TiO,; for 1Cu:9Ni-180-a and
1Cu:9Ni-300-a, the surface area was 50 and 45.8 m?/ g,
respectively. High metal dispersion on TiO, surface was
reported when the total surface area of photocatalysts was
increased.””” With reference to pore volume, the results are
almost similar at different calcination temperatures, while pore
diameter was the highest (30.1 nm) for 1Cu:9Ni-200-a as
compared to the photocatalysts calcined at 180 and 200 °C.
The effect of photocatalyst preparation temperature showed
that photocatalyst prepared at higher temperature (1Cu:9Ni-
200-b) displayed higher surface area (53.8 m*/g), pore volume
(049 cm™/g), but lower pore diameter (18.4 nm) as
compared to that prepared at lower temperature (1Cu:9Ni-
200-a) with lower surface area (40 m?/g), lower pore volume
(0.30 cm™/g), but higher pore diameter (30.1 nm). There
seems to be no clear correlation between these values with the
Orange II removal efficiency. However, for photocatalysts with

dx.doi.org/10.1021/ie303255v | Ind. Eng. Chem. Res. 2013, 52, 44914503
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Figure 7. HRTEM micrographs of Cu:Ni/TiO, photocatalysts at different magnification: (a) 9Cu:1Ni-200-a, (b) SCu:5Ni-200-a, (c) 1Cu:9Ni-200-
a, (d) 10Cu:0Ni-200-a, (e) 0Cu:10Ni-200-a, (f) bare TiO,, and (g) 1Cu:9Ni-200-b.

lower band gap values (2.80, 2.9 eV), higher average pore measuring the pH at which further addition of solid catalyst did

diameters are favorable for 100% Orange II removal. not change the pH of the suspension. Many attempts have been
3.2.5. Point of Zero Charge (PZC). In the present study, conducted to study the surface property of oxides of various
PZC is determined by mass titration method,** which involved metals. Surface charge of the oxide is a result of the acid—base
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Table 1. Calculated Band Gap Energies and Surface Area of
Bare TiO, and Cu—Ni/TiO, Photocatalyst

BET average band %
surface total pore pore gap Orange
area volume diameter energy, II
photocatalyst ~ (m*/g) (1/em®g) (nm) eV removal
bare TiO, 43.1 0.20 18.5 3.16 21
1Cu:9Ni- 50.0 0.32 24.8 2.90 100
180-a
1Cu:9Ni- 40.0 0.30 30.1 2.80 100
200-a
1Cu:9Ni- 45.8 0.33 282 3.19 42.0
300-a
1Cu:9Ni- 53.8 0.49 18.4 2.90 65.1
200-b

equilibrium. It is a function of pH and ionic strength of the
solution. It is necessary to determine the property of the
photocatalysts—solution interface as the research on the
photocatalyst is intended for the degradation of dyes in
aqueous solution. It can be seen that with increasing
photocatalyst loading, the PZC values decreased for TiO,
(PZC = 3.8), but increased for 1Cu:9Ni-200-a (PZC = 8.8).
The PZC for bare TiO, was acidic, which was comparable to
those reported values (3.5—6.5) in the literature for TiO,*®
From the results displayed in Figure 11, it can been seen that
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the loading of metal oxides onto TiO, surface can remarkably
affect the PZC values, as the PZC value increased with
increasing photocatalyst loading (w/v). Results were in
agreement with the work done by Di Poala et al,***” in that
the incorporation of Cu, Fe, and Co metals onto TiO, can
increase the PZC value. In addition, if the pH of the suspension
during reaction is lower than PZC, the surface charge is
positive. On the other hand, if pH during reaction is higher
than PZC, the surface charge is negative.3 The alkaline PZC
value of the Cu—Ni/TiO, photocatalysts (PZC = 8.8) in the
present study led to better adsorption of azo dye and its
degradation as compared to the acidic surface of TiO, that was
reported with lower performance.

3.2.6. Temperature Programmed Reduction (TPR). TPR
was employed to characterize the Cu—Ni/TiO, photocatalyst
with respect to the type of metal oxide species present, either
copper oxide, nickel oxide, or copper—nickel mixed oxide, and
the degree of interaction of the oxides with TiO, support.*
Figure 12 shows the reduction profile of 1Cu:9Ni-200-a and the
monometallics 10Cu:0Ni-200-a (Cu/TiO,) and 0Cu:10Ni-
200-a (Ni/TiO,). The reduction profiles clearly distinguish the
reduction peaks for CuO in 10Cu:0Ni-200-a (411, 579, and
773 °C) and NiO in 0Cu:10Ni-200-a (311, 345, and 448 °C).
The reduction bands at 345 and 448 °C corresponded to well-
dispersed NiO with weak and strong metal—support
interaction,” respectively.

The reduction profiles of 1Cu:9Ni calcined at different
calcination temperatures, 180, 200, and 300, displayed quite a
few reduction peaks as shown in Figure 13. For photocatalysts
calcined at 180 °C, one dominant reduction peak was observed
at 314 °C. Reduction peak at 314 °C might be attributed to the
reduction of Cu—Ni mixed oxide instead of individual oxide.
The reduction profile of 1Cu:9Ni-200-a showed one dominant
peat at 270 °C and a shoulder at 240 °C. Shoulders with lower
reduction temperature indicate the reduction of small CuO
species having less interaction with the support. Calcination at
300 °C produced photocatalysts with one broad reduction peak
at 396 °C indicating agglomeration of the particles. A clear
attribution of all of the reduction peaks is complicated as there
can be present more than one CuO—NiO phases on Ni-rich
samples. It has been reported previously for Ni-based
photocatalysts that the low reduction peak was attributed to
the reduction of the NiO/CuO particles weakly interacting with
the support, while the high temperature ones are assigned to
the reduction of NiO (and also CuO) species in intimate
contact with the support.*® Therefore, the species that could be
present at higher reduction temperature around 270—320 °C
may be due to the bulk CuO®~* (and NiO) having strong
metal—support interaction (SMSI).5+%5

3.3. Orange Il Removal. Ten weight % Cu—Ni/TiO,
photocatalysts with different Cu:Ni mass composition,
calcination temperature, and preparation temperature were
screened for their performance in Orange II removal. The
results obtained are tabulated in Table 2 in the Supporting
Information. The overall performance of metal incorporated
photocatalysts was better as compared to TiO, (21.0% Orange
II removal). Photolysis of Orange II was able to contribute to
3.0% removal. On the basis of Orange II degradation studies,
photocatalyst 1Cu:9Ni-200-a, which was prepared at lower
temperature (8—10 °C), displayed 100% Orange II removal,
while that prepared at higher temperature (25 °C), 1Cu:9Ni-
200-b, gave only 65.1% Orange II removal. Therefore, lower
preparation temperature was preferred.

dx.doi.org/10.1021/ie303255v | Ind. Eng. Chem. Res. 2013, 52, 4491-4503
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Figure 12. The TPR profiles of 1Cu:9Ni-200-a and monometallic
photocatalysts.

3.3.1. Effect of Calcination Temperature. For photocatalyst
with 9:1 Cu:Ni mass composition, dye removal activity was the
highest (97.0%) when calcined at 180 °C as compared to that
at 200 and 300 °C, which displayed 93.6% and 35.3% Orange II
removal, respectively. When the Cu:Ni mass composition
increased to 5:5, the optimum calcination temperature was 200
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Figure 13. The TPR profiles of 1Cu:9Ni photocatalysts calcined at
different temperatures.

°C, giving 88.9% Orange II removal. As the Cu:Ni mass
composition increased further to 1:9, 100% Orange II removal
was observed for photocatalysts calcined at both 180 and 200
°C. Higher calcination temperature at 300 °C was not desirable,
giving only 42.3% Orange II removal. Photocatalysts calcined at
200 °C showed comparatively better results for dye removal for
different Cu:Ni mass compositions.

3.3.2. Effect of Cu:Ni Mass Composition. It was found that
the adsorption of dye onto TiO, depends on the electrical
charge of the dye, the surface charges of the metal oxides, and
the pH of a system. Azo dye like Orange II is known to adsorb
onto the TiO, surface from the aqueous solutions.® The strong
dependency of the capacity of TiO, (toward Orange II
adsorption) on the pH of the solution can be explained by
taking into account the PZC values of the photocatalyst. In the
present study, the PZC for Cu—Ni/TiO, was 8.8, while the
solution pH was 6.8. It was observed that the optimal solution
pH was 6—7 for photocatalytic degradation of azo dyes and a
decrease in activity was observed when solution was acidic or
basic.” It was expected that when solution pH (pH 6.8) was
lower than the PZC of the photocatalyst (8.8), attractive forces
between the TiO, surface (negatively charged) and the dye
(positively charged) will favor adsorption.

Orange 11 photolysis (3.0%) was negligible and did not result
in any measurable degradation, indicating that the presence of
photocatalyst was important for Orange II removal. The active
material is TiO,, and the bimetallic Cu—Ni acts as modifier to

dx.doi.org/10.1021/ie303255v | Ind. Eng. Chem. Res. 2013, 52, 4491-4503
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reduce the band gap of TiO,."” The monometallic photo-
catalysts, 10Cu:0Ni-200-a and O0Cu:10Ni-200-a, displayed
40.4% and 56.4% Orange II removal, respectively. It can be
concluded that the decolorization process is photoinduced and
the fastest degradation is achieved by using visible light
radiation® with the complete disappearance of Orange 1I after
about 60 min of irradiation for bimetallic photocatalysts.
3.3.3. Effect of Irradiation Time. It is evident that the
percentage of decolorization and photodegradation increases
with irradiation time. Figure 14 displayed the absorbance

- Ti0; =0— 1Cui9Ni-180-a =~ 1Cui9Ni-200-a =O= 1Cu:9Ni-200-b

100 4
80 4
60 4

40 4
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Figure 14. Effect of adsorption and irradiation time on % Orange II
degradation.

spectra for Orange II degradation as a function of time (120
min dark reaction followed by 60 min light reaction) for
photocatalysts with 1:9 Cu:Ni mass composition. For 1Cu:9Ni-
180-a photocatalyst, decolorization was very fast (100%) and
was achieved during dark reaction as compared to 1Cu:9Ni-
200-a (21.3%), 1Cu:9Ni-200-b (21.3%), and TiO, (37.3%). For
1Cu-9Ni-200-a and 1Cu-9Ni-200-b photocatalysts, adsorption
was almost similar after 120 min in the dark. Upon irradiation
for 60 min, the degradation progressed further to 100% for
1Cu-9Ni-200-a photocatalyst. However, for 1Cu:9Ni-200-b and
bare TiO,, the degradation rate was very slow, 65.1% and
21.0%, respectively.

3.4. Orange Il Mineralization and Evolution of
Organic Intermediates and Byproducts. In terms of dye
mineralization (decomposition or oxidization of the chemical
compounds), only the photocatalysts with 1:9 Cu:Ni mass
composition calcined at different temperatures were inves-
tigated. Final TOC concentrations for 1Cu:9Ni-180-a,
1Cu:9Ni-200-a, and 1Cu:9Ni-300-a were 14.6, 17.3, and 31.8
ppm, respectively, as compared to the initial TOC concen-
tration (15.87, 37.35, and 56.69 ppm). The photocatalysts
calcined at 180 and 200 °C showed better results for Orange II
removal and mineralization as compared to that calcined at 300
°C. From the results obtained, it is very clear that the presence
of bimetallic Cu—Ni displayed a synergistic effect for dye
removal. Results with improved activity for TiO, doped with
Cu and Ni were reported for Cu—Ni/TiO,> for hydrogen
production with respect to the monometallic ones.

It is known that complete decolorization of Orange II does
not mean that the dye is completely oxidized.” Figure 15
corresponds to the mineralization of Orange II by photo-
catalytic degradation using Cu—Ni/TiO, calcined at different
calcination temperatures. Results are in agreement with the
results reported by Kiriakidou et al,*® when azo dyes were
mineralized using photocatalysts. Photocatalyst 1Cu:9Ni-200-a
displayed 53.6% TOC removal after 60 min of irradiation, while
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Figure 185. Effect of calcination temperature on TOC removal (%) in 1
h.

1Cu:9Ni-200-b displayed only 23.1% TOC removal. For
photocatalysts 9Cu:1Ni-180-a, although decolorization was
rapid (even during dark reaction), only 7.9% TOC was
removed in 60 min of irradiation time. This was due to the fact
that the intermediate products from Orange II degradation
such as carboxyl acids are more difficult to oxidize. Therefore,
comg)lete mineralization proceeds at a much slower reaction
rate® in which longer irradiation time is required to achieve
100% TOC removal.

To understand and clarify the changes in molecular and
structural characteristics of Orange II due to photodegradation
using 1Cu:9Ni-200-a under visible light irradiation, representa-
tive UV—visible spectral changes in the dye solution as a
function of irradiation time were observed, and the
corresponding spectra are shown in Figure 16. It can be
observed from UV—vis spectra at different time interval that the
absorption spectrum of Orange II in aqueous system is
characterized by one main band in the visible region, with its
maximum absorption at 485 nm, and by the other band in the
ultraviolet region located at 310 nm. The peak at 310 nm was
associated with “benzene-like” structures in the molecule, and
that at 485 nm originated from an extended chromophore,
comprising both aromatic rings, connected through the azo
bond. The absorbance peak at 485 nm was used as the
representative peak for Orange II concentration.*>**® After 40
min of irradiation time and onward, the disappearance of the
visible band was observed, which might be due to the
fragmentation of the azo links by oxidation.”® In addition to
this rapid decolorization effect, the decay of the absorbance at
310 nm was considered as evidence of aromatic fragment in the
dye molecule and its intermediates.%®

Photodegradation intermediates and products produced
during the irradiation process under visible light were identified
by HPLC. Photocatalytic degradation of Orange II was
reported with the evolution of different organic intermediates
at different retention time during the 60 min of irradiation time.
The identified intermediates were oxalic acid at RT = 1.2 min,
formic acid at RT = 1.4 min, and sulfanilic acid at RT = 1.8 min.
Or§anic intermediate at 1.8 min was also observed by Bras et
al,” who confirmed that the Orange II decolorization process
was due mainly to azo bond reduction. The plot of changing
concentrations of the identified organic intermediates is shown
in Figure 17.

4. CONCLUSION

Bimetallic Cu—Ni/TiO, photocatalysts were prepared at
different temperatures with different Cu:Ni mass compositions

dx.doi.org/10.1021/ie303255v | Ind. Eng. Chem. Res. 2013, 52, 4491-4503
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and after that calcined at different temperatures. The XRD
patterns of the bimetallic photocatalysts did not show the
presence of Cu or Ni phases. This is mainly due to the high
metal dispersion of the metals onto TiO,. Results from the
XRD, FESEM-EDX mapping, and HRTEM analyses were in
favor to the metal particles existing in the form of well-
dispersed oxides on TiO, surface. The surface area of
photocatalysts was almost similar to that of the bare TiO,
(~43 m?/g) except for 1Cu:9Ni-200-b, which had a higher
BET surface area (53.8 m* g').

The photocatalyst performance of the bimetallic system is
promising as compared to bare TiO, and the monometallic
photocatalysts. In terms of preparation temperature, 1Cu:9Ni-
200-a photocatalyst (prepared at 8—10 °C) displayed 100%
Orange II removal as compared to 1Cu:9Ni-200-b (prepared at
25 °C) with 65.1% Orange II removal. Decolorization was the
fastest for 1Cu:9Ni-180-a as compared to other photocatalysts
calcined at higher temperature, which may be due to more
adsorption by the increased surface area and pore volume.
Although the results from UV—vis spectra showed the
disappearance of the visible band with 100% Orange II
removal, the TOC removal was 7.9% as compared to
1Cu:9Ni-200-a, which gave 53.6% TOC removal. Longer
irradiation time is required to obtain 100% TOC removal. The
identified intermediates were oxalic acid, formic acid, and
salfanilic acid, where the concentration of formic acid was the
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highest as compared to other identified organic intermediates.
In the present work, 1Cu:9Ni-200-a was identified as the best
performing photocatalyst, which displayed 100% Orange II
removal (53.6% TOC removal), as compared to bare TiO,,
which displayed only 21.0% Orange II removal (43.9% TOC
removal).
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