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Manipulating catalytic activity and durability of Pt-
modified Cu—Fe—-La/y-Al,O3 ternary catalyst for
catalytic wet air oxidation: effect of calcination
temperaturef

Yongli Zhang,@* Yanbo Zhou, Qingyu Wang, Junjun Shi, Chao Peng, Lingfeng He
and Liang Shi

A series of novel Pt-modified Cu-Fe-La/y-ALOs catalysts were prepared by an incipient-wetness
impregnation method, and their performances were evaluated in catalytic wet air oxidation (CWAO) of
printing and dyeing wastewater (PDW). The as-prepared catalysts were characterized by X-ray
photoelectron spectroscopy (XPS), nitrogen adsorption—desorption, X-ray diffraction (XRD), field
emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), Raman
spectroscopy, and temperature programmed reduction by hydrogen (H,-TPR). The effects of catalyst
composition and calcination temperature on the catalytic performance were investigated. The chemical
oxygen demand (COD) removal efficiency and decolorization rate are satisfactory over CuysFe;sLas/y-
AlLOs3 catalyst, with poor stability under CWAO conditions. In contrast, catalytic performance and stability
of all Pt-modified catalysts are significantly improved. With increasing calcination temperatures from
350 °C to 750 °C, the activity of the catalysts significantly decreases from 97.3% to 84.6%, and the size of
the particles varies from 4.71-6.95 nm. The XRD, HRTEM, and XPS results indicate that the Pt;CujFe;las/
v-Al,Oz catalyst mostly comprises Pt, CuO, FezO,4, and La,Os, and the incorporation of Pt increases the
binding energies (BEs) of the metal elements in the catalyst, owing to synergistic interactions between
the Pt and the Cu, Fe, and La elements. After five cycles, the COD removal efficiency and decolorization
rate for PDW over the Pt;Cu;Fe;Las/y-Al,O3 catalyst calcined at 650 °C remain comparable with the
fresh catalyst, indicating that Pt-modified Cu—Fe-La/y-ALOs ternary oxide is a promising catalyst with
high activity and stability for CWAO treatment.

wide application in wastewater treatment and high efficiency in
eliminating various types of pollutants.®® In order to optimize

The printing and dyeing wastewater (PDW) from the textile
industry, printing industry, and dye production is a major
source of organic pollutants with complex compositions, high
concentration, and poor biodegradability," harmful for water
bodies and human health. A great many reports have docu-
mented that the conventional methods, such as physical and
chemical methods,” biological degradation,® and conventional
chemical oxidation methods,” couldn't effectively degrade
refractory organic pollutants in PDW.* Thus, it is vital to develop
a new method to treat PDW in an effective way.

Catalytic wet air oxidation (CWAO) technology has advan-
tages of high efficiency, low cost, and no secondary pollution.
Thus, it has recently attracted considerable attention due to its
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reaction conditions and improve the catalytic performance (i.e.
high efficiency, good stability and reusability), lots of hetero-
geneous catalysts have been successfully prepared.”™ In
general, the heterogeneous materials, such as transition metals,
rare-earth metals, and noble metals, are widely used as catalysts
due to their superior physicochemical properties. Transition
metals (e.g. Cu, Fe or Co) display high catalytic activity for
treatment of organic wastewater and are less expensive,”™*
while they are relatively unstable. Rare-earth metals (e.g., Ce or
La) are known to improve the catalytic performance by changing
the physical structure of the catalyst. Thus, they are widely used
as additive agents.'>'® Noble metals, especially Pt-based cata-
lysts, have been paid great attention and play as a crucial role in
catalytic reaction, owing to high catalytic activity, long lifetimes,
and applicability towards a wide range of substrates.””** Noble
Pt-based catalysts have exhibited the excellent catalytic perfor-
mance in the CWAO process of different model compounds as
well as industrial wastewaters. Although Pt-based catalysts are
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resistant to the metal leaching upon most occasions, they still
suffer from poisoning during CWAO process. Furthermore, the
formation of carbon-containing deposits leads to a loss of
catalytic activity. Therefore, both stability and catalytic activity
of a CWAO catalyst should be assessed while considering its
application in wastewater treatment.

Recently it has been recognized that addition of Pt nano-
particles (NPs) may affect the catalytic activity and stability of
CWAQO catalysts.”>** Rocha et al.*® reported that 5 wt% of Pt was
impregnated in the TiO,-Ce support prepared by sol-gel method,
and the prepared catalyst exhibited an excellent catalytic effi-
ciency with an optimal proportion (55%/45%) of Pt”/Pt**, due to
the higher oxygen storage capacity (OSC) on the catalyst surface,
while the catalyst activity decreased with Pt>" alone (100%). Pt has
been proven to be intrinsically more active than Ru in Pt and Ru
supported on TiO,_, wt% CeO, for CWAO of phenol due to high
OSC values and the presence of Lewis acid sites.** Lousteau et al.>®
investigated the different noble metals enhanced the activity in
the CWAO of ammonia in this descending order: Pt > Pd > Ir > Ru
> Rh. The oxygen coverage on surface of the Pt-based catalysts
plays a significant role on both the activity and the selectivity. In
addition, Pt dispersion is a decisive factor influencing the
performance of CWAO catalysts in degradation of aniline®® and
phenol.”” In conclusion, the catalytic activity of Pt-based catalysts
is significantly affected by dispersion, chemical state and content
of Pt. However, to the best of our knowledge, interactions
between Pt and other active components are not well demon-
strated, and CWAO performance of Pt-modified catalyst is not
clearly linked with particle size, morphology and phase trans-
formation of oxides at different calcination temperature.

In our previous study,”® a heterogeneous Cu, sFe; sLas/y-
Al,O; catalyst was successfully fabricated and used for the
treatment of PDW. However, this new catalyst suffered from
deactivation due to dissolution of the active components under
the harsh reaction conditions in the CWAO process. These
disadvantages motivate the research for improving stability and
catalytic activity of Cu, sFe;sLas/y-Al,O; catalyst. The major
objective of this study is to design and prepare highly active Pt-
based ternary catalysts for CWAO treatment. In addition, in
order to investigate the effects of particle size of as-prepared
catalysts and synergistic effects among Pt and other metal
catalysts, a series of novel Pt-doped Cu-Fe-La/y-Al,O; catalysts
with different Pt contents were prepared, and the intrinsic
activity and stability over these catalysts at different calcination
temperatures were investigated.

2 Experimental
2.1 Catalyst preparation

All the chemicals used in this study were of analytical grade. For
preparation of the y-Al,O; support, the pseudo-boehmite parti-
cles were washed thrice with distilled water, and then dried at
105 °C for 10 h with ventilation in an electro-thermal blow-drying
oven. Finally, the sample was calcined at 650 °C (heating rate:
6 °C min™") for 3 h in a high-temperature heater case.

With the desired 6 wt% of total metal loading, the obtained
samples were designated as Pt,Cu(1.5_o.5x)F€(1.5—0.5x)Las/Y-Al,Oj,

548 | RSC Adv., 2018, 8, 547-556

View Article Online

Paper

where x and 1.5-0.5x indicate the weight percentage of Pt and
transition metals (such as Cu and Fe) loading, respectively, and
x varied in a range of 0, 0.5, 1.0, and 3.0. This means that the
theoretical Pt loading was 0, 0.5, 1.0 or 3.0 wt%. The Pt,-
Cuq.5-0.50F€.5—0.50Las/Y-Al,O3 catalysts were prepared by the
incipient-wetness impregnation method. Briefly, Pt(NO;),
(18.15x g, 18.02%), Cu(NO;),-3H,0 {(11.41-3.80x) g},
Fe(NO3);-9H,0 {(21.70-7.23x) g}, and La(NO3);-6H,O (18.70 g)
were dissolved in de-ionized water (148.19 + 7.12x g), and
solutions of 200.00 g metal precursors and the solid support y-
Al,O; of 150.00 g were mixed and dynamically impregnated for
12 h in an air-bath oscillator. The sample was then drained, and
dried at 105 °C for 10 h with ventilation. The impregnation and
drying processes were repeated twice. Finally, in a high-
temperature heater case, the sample was calcined at the
temperatures of 350-750 °C (at 100 °C intervals, heating rate of
6 °C min ') for 3 h, and then the final catalysts were sieved to
obtain particles between 40 and 60 mesh. The Pt NPs size was
manipulated by changing different sintering temperatures.

2.2 Catalyst characterization

The binding energies of the elements in the catalyst were
determined using an X-ray photoelectron spectrometer (XPS,
Kratos AXIS Ultra DLD, Shimadzu, Japan) using Al Ka radiation.
The specific surface area, pore volume, and pore diameter of the
catalysts were determined using a physical adsorption instru-
ment (ASAP2400, Micrometrics, USA) at —196 °C. The phase
compositions of the catalysts were determined with X-ray
diffraction (XRD) analysis, on a Bruker D8 Advance X-ray
diffractometer (Cu Ko radiation, 40 kV and 40 mA, Germany).
The surface morphology and particle size distribution of the
catalysts were recorded on a field emission scanning electron
microscopy (FESEM, ZEISS Uriga FIB, Germany) and high-
resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2, USA), respectively. The samples were crushed into
a powder and dispersed in a small volume of ethanol under
sonicating the mixture for 15 min, and deposition of the ob-
tained suspensions onto a holey carbon TEM grid. Raman
spectroscopy were recorded in a RENISHAW inVia Reflex
Raman spectroscopy with an Ar-laser excitation wavelength of
514.5 nm, and data acquisition were done with the LabSpec
(Jobin Yvon-Horiba) software. Temperature programmed
reduction by hydrogen (H,-TPR) experiments were carried out
on a Micromeritics Autochem 2920 II instrument equipped with
a thermal conductivity detector using the gas mixture (10 vol%
H, in Ar) at a flow rate of 20 mL min~'. The temperature
increased from room temperature to 900 °C (10 °C min ™). Prior
to the H,-TPR experiments, precisely weighted 20 mg catalyst
was first pretreated at the corresponding calcination tempera-
ture for 1 h under the oxygen condition and then naturally
cooled to room temperature with an Ar flow.

2.3 Catalyst performance evaluation and analytical method

To evaluate the CWAO performance of the catalyst samples,
synthetic PDW containing methyl orange (MO) was prepared
with a concentration of 951.6 mg L', a COD of 2000 mg L™ ",

This journal is © The Royal Society of Chemistry 2018
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and pH of 6.4. The degradation of PDW sample by CWAO was
conducted in a reactor (Weihai, GS type, 0.5 L) dosed with the
composite catalyst of 2 g L™", stirred at 500 rpm, and pressur-
ized to an oxygen partial pressure of 2.0 MPa. Then the mixture
was heated to 200 °C and 20 mL solution was sampled at
specific time intervals (10, 20, 40, 60, and 90 min) during the
reaction. To estimate the catalytic activity, the COD was
measured by an opened reflux method. Briefly, the organic
compounds were oxidized by potassium dichromate under
acidic condition and at 160 °C for 2 h. Then the excessive
potassium dichromate remaining in the solution was deter-
mined by titration with ferrous ammonium sulfate.?* The COD
removal efficiency for PDW was defined as eqn (1):

COC;OC’X 100%

D (%) = (1)
where D is the COD removal efficiency of PDW, C, is the initial
COD concentration of PDW, and C; is its COD concentration at
sampling time ¢.

In addition, the absorbance of each solution recording the
absorbance at 465 nm was analyzed using a TU-1810 UV-Vis
spectrophotometer. The catalytic stability was evaluated by
monitoring the metal leaching by an inductively coupled plasma-
atomic emission spectrometer (ICP-AES, 7700s, Agilent, USA).

3 Results and discussion
3.1 Effect of multi-metallic interactions

To investigate the effects of catalyst compositions on activity and
stability, the performances of all the catalysts were evaluated in
CWAO of PDW. Fig. 1 shows that for all the catalyst samples
calcined at 650 °C, COD removal efficiency and decolorization
rate demonstrate a similar trend. The overall catalytic activity of
all samples followed the order of Pt,Cu,Fe;Laz/y-Al,O;3 (1.0 wt%
Pt) > Pty sCuy 55Fe; 55Las/v-ALO; (0.5 wt% Pt) > PtsLas/v-Al,O3
(3.0 wt% Pt) > Cu, sFe; sLaz/y-Al,03 > v-Al,05. Only 31.9% and
60.4% of COD removal efficiency and decolorization rate of the
dye was removed in CWAO reaction with y-Al,O; alone, respec-
tively. A decolorization of 98.9% for PDW can be achieved by
Cu, sFe; sLas/v-Al,O3, while the COD removal efficiency was only
68.9% at 90 min. Enhanced COD removal efficiency can be
observed for the CWAO of PDW over the Pt-doped Cu-Fe-La/y-
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Al,O; catalysts. The COD removal efficiency and decolorization
rate greatly increased to 94.7% and 99.5% over the Pt;Cu,Fe,La,/
v-Al,O3 (1.0 wt% Pt) catalyst, respectively.

The leaching of the metals, especially for the transition
metals, is of great concern in CWAO processes. Thus, the
stability of the Pt,Cu(;.5_o.5xF€(1.5-0.509Las/Y-ALO; (x = 0, 0.5,
1.0, and 3.0) catalysts were evaluated after the consecutive
catalytic reactions. As shown in Fig. 1c, although the decolor-
ization efficiency over Cu, sFe; sLas/y-Al,O; catalyst was satis-
factory, its instability was severe under CWAO conditions:
4.05 mg L' of Cu, 2.10 mg L * of Fe and 0.28 mg L™ " of La was
leached, respectively. In contrast, the release of active metals in
all Pt-modified catalysts was remarkably reduced. Only a total of
1.32 mg L™ of metals was dissolved in Pt;Cu;Fe;Las/y-Al,0;
(1.0 wt% Pt). A significant synergetic effect between Pt and
transition metals (such as Cu and Fe) should play a role in the
enhancement of both the activity and stability of the catalysts.

To explore the structure/property relationships in Pt-based
Cu-Fe-La/y-Al,O; ternary catalyst, XPS analysis for the Pt,Cu;-
Fe;Las/v-Al,O; and Cu, sFe; sLaz/y-Al,O; catalysts calcined at
650 °C, was performed. As depicted in Fig. 2a, the spectra of two
catalyst samples show the elements of Al, O, Cu, Fe, La, and C,
whereas the C element was likely originated from external
contamination. The Pt element could not be directly detected in
the survey of the Pt,;Cu,Fe;La;/v-Al,O; catalyst due to the partial
overlapping of Al 2p and Pt 4f. The deconvolution of XPS peaks
is shown in Fig. 2b. A strong peak with binding energy (BE) of
74.3 eV was attributed to Al 2p in the Cu, sFe; sLas/y-Al,O3
catalyst, the BEs of 69.7, 71.8, and 72.3 eV were assigned to 4f;/,
of Pt, Pt**, and Pt*’, respectively, but lower than the corre-
sponding BEs of 70.7, 73.3 and 74.1 eV reported by Kim et al.*°
Compared with the Cu, sFe; sLaz/y-Al,O; catalyst, the peaks of
O 1s for the Pt-modified catalyst were slightly shifted to the
higher BEs. For the O 1s peaks of the Pt;Cu;Fe;Las/y-Al,0;
catalyst, the BEs of 530.0, 531.3, and 532.5 eV were attributed to
lattice oxygen denoted (Oy), surface adsorbed oxygen denoted
(Os), and hydroxyl or molecular water species denoted (Og)
(Fig. 2c), respectively. Based on the peak areas calculated from
the O 1s spectrum, the percentage content of surface adsorbed
oxygen (Og(%) = S(0s)/S(O, + Og + Oy)) varied from 53.8% to
58.9%. According to the literature,*** the catalytic activity has
been remarkable increased with the increase of Os. After
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Fig. 1

Influence of components on the activity and stability of catalysts.

(a) COD removal efficiency, (b) decolorization rate, (c) metal leaching,

(*) Pt3La3/y—A1203, (') PthulFelLag/y—Alzog, (Q) Pto_sCU1_25F61_25L33/"{—Alzoz, (‘) CU1_5F81_5L83/Y—A1203 and (.) "{-Ale3.
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Fig.2 XPS spectra for the elements of (1) Pt;Cu;Fe;Lasz/v-Al,O3 catalyst and (2) Cuy sFey sLas/y-AlOs catalyst: (a) survey; (b) Pt 4f; (c) O 1s; (d) Cu

2p; (e) Fe 2p and (f) La 3d.

addition of Pt, the Cu 2ps/, peaks of Cu®>" and Cu* were shifted
from 932.2 and 933.7 eV to 932.9 and 934.6 eV (Fig. 2d). As
shown in Fig. 2e, the peaks Fe 2p;,, for Fe** (726.4 eV), Fe;0,
(724.4 eV), Fe** (723.4 eV), and satellite peak (718.7 eV) in the
Cu, sFe; sLaz/y-Al,O3 catalyst shifted to higher BEs at 726.6,
724.6, 723.5, and 719.7 eV, respectively. The La 3ds,, spectrum
could be resolved into three main peaks, with the BEs centered
at 834.5, 837.1, and 839.9 eV (Fig. 2f), assigning to La, La**, and
the satellite peaks of La** in the Cu, sFe; sLas/y-Al,O5 catalyst,
respectively. After Pt addition, the positions of characteristic
peaks shifted to higher BEs at 834.7, 837.4, and 840.1 eV,
respectively.

550 | RSC Adv., 2018, 8, 547-556

In conclusion, Pt addition made the Fe 2p, Cu 2p, and La 3d
peaks of the catalyst shifted to higher BEs, while the BEs of Pt 4f
were lower than the corresponding standard values.*® Because
Fermi levels of Fe, Cu and La are lower than that of Pt, syner-
gistic multi-metallic interaction may alter the electron cloud
density around every element, leading to electron transfer and
lattice expansion/compression from each of the elements Fe,
Cu, and La to Pt.***¢ By calculating the peak areas, the Pt, Cu,
Fe, and La elements in the Pt,;Cu,;Fe,Las/y-Al,O; catalyst mainly
existed in the forms of Pt, Cu®>", Cu”, Fe;0,4, and La*", along with
small amounts of Pt>*, Pt*, Fe**| Fe®", and La, in agreement
with the XRD results.

This journal is © The Royal Society of Chemistry 2018
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3.2 Effects of calcination temperatures

3.2.1 Catalyst performance. The calcination temperature is
known to greatly determines the catalyst properties and
subsequent catalytic performance. Fig. 3 shows the catalytic
behavior of the Pt;Cu,Fe;Laz/y-Al,O; catalyst with 1.0 wt% Pt
calcined at different temperatures. At the reaction time of
90 min, the catalyst calcined at 350 °C showed the highest
catalytic activity compared with those calcined above 350 °C,
along with the highest metal leaching. The high catalytic activity
of this sample was partly attributed to the formation of an
amorphous structure rather than a crystalline structure at low
temperatures. The amorphous structure provides more surface
area, more active sites, and small particle size for the improved
catalytic performance. With the increase of calcination
temperatures from 350 °C to 750 °C, the COD removal efficiency
for the degradation of water samples decreased from 97.3% to
84.6% over the catalysts calcined at different calcination
temperatures. The active metal leaching of the catalysts in water
samples decreased from 5.16 mg L " to 1.02 mg L™, indicating
the improvement of the catalyst stability.

Surprisingly, the catalytic activity decreased to a large extent
at temperatures above 650 °C, whereas the metal leaching was
reduced. This is likely caused by the size effect or oxygen defi-
ciency.’” The Pt;Cu,Fe;La;z/v-Al,O; catalyst calcined at the mid-
range temperature of 650 °C showed an excellent COD removal
efficiency of 94.7% for the PDW, and had total metal leaching of
1.32 mg L™" (0.09, 0.72, 0.31, 0.20 mg L™ " for Pt, Cu, Fe, and La,
respectively). Compared with other calcination temperatures,
the Pt;Cu,Fe,Las/v-Al,O; catalyst calcined at 650 °C showed the
most desirable performance, with high COD removal efficiency
for the treatment of PDW, as well as low metal leaching.

To investigate the role of homogeneous phase in the CWAO
process, the Pt;Cu,Fe;Las/y-Al,O; catalysts were calcined at
350 °C and 450 °C, and then mixed in the de-ionized water with
vigorous stirring for 1 h at a reaction temperature of 200 °C. The
catalysts were filtered through a 0.45 um filter film to obtain
solution, and methyl orange (MO) was dissolved in the resulting
solution to ensure that the concentration of MO solution was
951.6 mg L', with a COD of 2000 mg L. Fig. S11 shows that
the COD removal efficiency and the metal leaching in the MO
solution. For comparison, a blank experiment with adding vy-
Al,O; was also performed. Compared with the blank experi-
ment, the COD removal efficiency of leaching solution from
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catalysts calcined at 350 °C and 450 °C increased by less than
10%, while the total level of leached metals from catalysts
calcined at 350 °C and 450 °C was 5.16 mg L™" (0.27, 2.49, 1.49,
0.91 mg L™ " for Pt, Cu, Fe, and La) and 3.19 mg L ™" (0.13, 1.62,
1.09, 0.35 mg L™ for Pt, Cu, Fe, and La), respectively. Therefore,
it is estimated that the contribution of leached metals during
CWAO process over Pt-based catalysts is substantially low.
Posada et al.*® reported that the phenol was oxidized over the
4 wt% Cu/CeO, catalyst during the CWAO process, and homo-
geneous catalysis by the dissolved Cu®* ions (54.5 mg L") in the
solution were partially responsible for the rapid degradation. Tu
et al.* have studied the 2-chlorophenol was treated with the
carbon-supported iron oxide catalyst in the CWAO, and
27 mg L~ " of leached iron was found to play an important role in
the overall CWAO performance. The use of the acetate buffer
(pH = 4.5) was helpful in minimizing the iron leaching while
keeping some catalytic activity. In the present study, it is found
that addition of Pt in Cu-based CWAO catalyst can substantially
improve the stability of catalysts while maintaining high activity
towards pollutants oxidation.
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3.2.2 XRD. In order to explore the correlation between
catalytic performance and calcination temperature, the textural
properties for a series of Pt;Cu;Fe;Laz/y-Al,O; catalysts were

552 | RSC Adv., 2018, 8, 547-556

characterized by nitrogen adsorption-desorption, XRD,
HRTEM, FESEM-EDS, Raman spectroscopy, and H,-TPR, and
XPS analysis.
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To investigate the crystallinity as well as the phase structure
of the catalysts, XRD of the Pt,Cu,Fe;Las/v-Al,O; catalyst ob-
tained by calcination at 350, 450, 550, 650, and 750 °C, were
recorded (Fig. 4). The diffraction peaks of y-Al,O; at around 26
of 45.9°, and 66.8° are observed for the samples at various
calcination temperatures, corresponding to the (400) and (440)
Bragg reflection of y-Al,O3 (JCPDS 77-0396). An increase in the
intensity and decrease in the peak width is observed in the XRD
peaks of the catalyst components with increasing calcination
temperatures, confirming the improvement of crystallinity of
the tested samples. As the calcination temperature was 650 °C
and above, the diffraction peaks appear at 26 of 39.8°, 46.3°,
67.5°, 81.3°, and 85.8° corresponding to the (111), (200), (220),
(311), and (222) planes, which is assigned to crystalline Pt
(JCPDS 87-0646). The remaining diffraction peaks at 26 of 35.6°,
36.8°%, and 31.4° match well with their corresponding standards
for CuO (JCPDS 89-5895), Fe;0, (JCPDS 26-1136), and La,O;
(JCPDS 04-0856), respectively, representing the (—111), (311),
and (400) reflection, respectively.

Therefore, the higher calcination treatment contributes to
the phase transformation, but leads to a decrease in specific
surface area (Table S1t). The catalyst at the calcination
temperature of 350 °C exhibited the highest surface area
(273.6 m> ¢ ') and the smallest crystal size (8.2 nm), whereas
the lowest surface area (196.8 m” g~ *) corresponds to the larger
crystal size (8.7 nm) for samples obtained at 750 °C. Decreases
in the pore volume and the surface area of the catalysts indicate
that metals were deposited inside the pores of the support
v-Al,O3. As the calcination temperature was higher than 650 °C,
an obvious loss of surface area was due to sintering and crys-
tallite growth, being adverse to dispersion of catalyst particles
on the surface of y-Al,O;. In general, larger specific surface area
of the catalyst calcined at 650 °C is favorable for dispersion
stabilization of metal active phase, thus higher catalytic activity
and the stability of the catalyst.

3.2.3 Catalyst morphology. Fig. 5 presents the HRTEM
images for the Pt;Cu,Fe;Laz/y-Al,O; catalyst calcined at different
temperatures. By calculating the sizes of about 100 particles, the
particle size distribution histogram of the Pt;Cu;Fe;Laz/y-Al,O;
catalyst is obtained, as shown in Fig. 5a-e. The average particle
size varies from 4.71-6.95 nm with the elevation of calcination
temperatures, due to the particle growth and enrichment of
metallic oxide species over the surface upon calcination. Inter-
estingly, at calcination temperatures above 650 °C, the particle
size of the catalyst becomes more larger, corresponding to
a significant decrease in their catalytic performance (Fig. 3). In the
case of the Pt;Cu,Fe;La;/v-Al,O; catalyst calcined at 650 °C, the
lattice fringes of metallic oxide can be clearly seen in the HRTEM
images of the catalysts (Fig. 5f). The lattice spacing of 0.228 nm is
assigned to the (111) interlayer spacing of y-Al,O;, and 0.244 nm
lattice spacing matches well with that of the (311) planes of Fe;0,.
In addition, the observed lattice spacing of 0.275 nm, 0.171 nm,
and 0.162 nm is assigned to the (110), (020), and (021) plane of
CuO, respectively. As seen from the other picture, the lattice
spacing of 0.196 nm is assigned to the (200) interlayer spacing of
Pt in Fig. 5g. These observations are also consistent with XRD
results. SEM-EDS analysis indicates that Pt,Cu,Fe;Las/y-Al,O;3
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catalyst calcined at 650 °C has flakes or quasi-spheres porous
structure (Fig. S2at). Pt, Cu, Fe, and La elements are highly
dispersed in the y-AlL,O; support, and the weight ratio of Pt, Cu,
Fe, and La is 0.79 : 0.78 : 0.81 : 2.41, approximate to the theoret-
ical value of 1:1: 1 : 3 (Fig. S2b and S37).

3.2.4 Raman. Raman spectroscopy of Pt,Cu,Fe;Las/v-Al,O3
catalysts calcined at different temperatures were recorded in the
200-1200 cm™ " region. Fig. 6 shows the characteristic broad-
ening and softening effects at high temperature. It is known
that the y-Al,0; support has no Raman active modes.** The
peaks centred at 580 and 692 cm ™ are the characteristic spectra
of the magnetite. A narrow band observed at about 1041 cm ™' is
assigned to siderite.** When the calcination temperatures are
over 650 °C, a band at about 1041 cm~ ' disappears in the
spectra, confirming that the siderite phase has changed. Owing
to calcination and sintering of catalyst NPs, two prominent
bands centred at 222 and 289 cm ' which are the vibration
modes of Fe-O bonds of Fe;O, nanoparticles, move towards
alower Raman shift. The peaks at 399 cm ™' is assigned to the E,
modes. The peak at 285 cm ™" and peaks at 341 and 614 cm ™"
are assigned to the A, mode and B, modes of CuO. Xu et al.**
reported that a series of CuO samples annealed in air at various
temperatures with different grain sizes. When the grain size
increases, the Raman spectral peaks were found at 295, 342 and
628 cm ™ ', and the wavenumbers with the three A; + 2B; modes
are lower than those reported in the literature (298, 345 and
632 cm ') due to size effects. With an increase of the calcination
temperatures, the grain size of the obtained samples increases
in our manuscript, resulting that the Raman spectral peaks
slightly trend to red shift and become much weaker and
broader. Wavenumbers of these peaks are lower than those re-
ported in the literature due to size effects, in line with XRD data
(Fig. 4) and HRTEM results (Fig. 5). Raman bands of La,O; are
not observed in the Pt,;Cu,Fe,Las/v-Al,0; samples, confirming
the presence of lanthanum in a disperse phase on the catalyst.*
There are no Raman peaks for Pt monatomic molecules because
of no vibration and rotational degrees of freedom.
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Fig. 6 Raman spectroscopy of Pt;CujFe las/y-Alb,Os catalysts

calcined at different temperatures. (1) 350 °C, (2) 450 °C, (3) 550 °C, (4)
650 °C and (5) 750 °C.
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Fig. 7 H,-TPR profiles of Pt;CusFe;Las/y-AlLO3 catalysts calcined at
different temperatures. (1) 350 °C, (2) 450 °C, (3) 550 °C, (4) 650 °C and
(5) 750 °C.

3.2.5 H,-TPR. Generally, the reducibility of metal species
provides useful information about the structure and nature of
a particular catalyst. The H,-TPR experiment was therefore
conducted to understand the redox properties over the Pt;Cu;-
Fe,Las/v-Al,0; samples annealed at the different temperatures.
As shown in Fig. 7, the Pt,;Cu,;Fe;Las/v-Al,O; sample normally
shows four-steps reductions within the temperature range from
50 to 1000 °C. As previously reported, the y-Al,O; support
cannot be reduced (data not shown).* The first peaks at 105-
289 °C may be attributed to the reduction of surface oxygen,
hydroxyl species and both PtO and PtO, species.**® The peaks
at 418-464 °C and 540-577 °C are related to the reduction of Cu
and Fe (i.e. CuO — Cu,O — Cu and Fe,0; — Fe30, — FeO —

120+ /7] COD removal 1120
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Fig. 8 Recyclability of Pt;Cu;Fe;Laz/y-AlLO3 catalyst.
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Fe), respectively.*’~** The high temperature reduction peaks at
921-955 °C can be assigned to the reduction of La,0;.°* It
should be noted that the intensity of the first reduction peak
decreases as the calcination temperature increases, implying
the loss of surface oxygen and OH groups or reduction of PtO
and PtO,. This is in good agreement with XRD results which
show the improved crystallinity and presence of elemental Pt at
elevated calcination temperature (Fig. 4).

3.3 Catalyst reusability

To be cost-effective, an ideal CWAO -catalyst should show
sufficient activity upon repeated use. Thus, the reusability of the
Pt;Cu,Fe Las/v-Al,O; catalyst was evaluated in CWAO of PDW.
The used catalyst was washed with deionized water and then
dried at 105 °C for 10 h. Then it was reused in the next cycle
without any calcinations treatment. As shown in Fig. 8, the high
COD removal efficiency and decolorization rate for PDW still
maintain after five cycles, indicating that Pt;Cu;Fe;Las/v-Al,0;
is a promising catalyst with high activity and stability.

4 Conclusions

A novel Pt;Cu,Fe;Laz/v-Al,O; catalyst with 1.0 wt% Pt was
prepared by the incipient-wetness impregnation method, and
applied in the CWAO of PDW. Compared with the Cu, sFe; sLas/
v-Al,O; catalyst, the COD removal efficiency for the Pt;Cu,Fe;-
Laz/v-Al,O3 catalyst increases from 68.8% to 94.7%, and the
decolorization rate increases from 98.8% to 99.5%, whereas the
total metal leaching dramatic decreases from 6.43 to
1.32 mg L™ ". These results indicate that the activity and stability
of the Pt-modified catalyst are improved significantly due to the
oxygen deficiency and the size effect. With increasing calcina-
tion temperatures, the catalytic activity decreases due to
reduced specific surface area and lower pore volume of the
catalyst. Simultaneously, the stability of the catalyst increases at
higher calcination temperatures as reflected in decreased metal
leaching due to higher degree of crystallinity in the samples.
The XRD, HRTEM and XPS results indicate that the Pt;Cu;-
Fe,Las/v-Al,O3 catalyst existed as a composite mixture of mainly
Pt, CuO, Fe;0,, and La,0;. Pt;Cu Fe Las/y-Al,O; catalyst
exhibits excellent reusability. For five runs of sample treatment,
the recycled catalyst shows no significant loss of activity. Thus,
this new Pt-modified catalyst is a promising candidate for PDW
treatment using the CWAO method.
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