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Cu, Ni, CuO and NiO catalysts, prepared by wet impregnation with urea and supported on y-Al,Os, CeO,,
and Al,O3—-CeO,, were evaluated for Catalytic Wet Air Oxidation (CWAO) of phenol in a batch reactor under
a milder condition (120 °C and 10 bar O,). The synthesized samples, at their calcined and/or their reduced
form, were characterized by XRD, H,-TPR, N, adsorption—desorption, SEM-EDS and DR-UV-Vis to explain
the differences observed in their catalytic activity towards the studied reaction. The influence of the support
on the efficiency of CWAO of phenolat 120 °C and 10 bar of pure oxygen has been examined and compared
over nickel and copper species. The SEM-EDS results reveal that the spherical crystalline Cu and Ni were
successfully deposited on the surface of y-AlLO3z, CeO,, ALO3-CeO, within 16-90 nm and that they
were highly homogeneously dispersed. It was found that catalysts prepared from impregnation solutions
of Cu(NOs3),-3H,O and Ni(NOgz),-6H,O with urea addition had different textural characteristics and
degrees of dispersion of Cu and Ni species. The urea addition in the traditional wet impregnation
method was essential to improve the reducibility and degree of dispersion in Ni, and to a lesser extent, in
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can be determined. The chemical oxygen demand (COD) and GC analyses confirmed the effect of
calcined and reduced species for Cu and Ni applied to the catalytic oxidation of phenol, showing their
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Introduction

A great amount of aqueous waste containing organic substances
is released into the environment by many industries of the
world. The conventional treatments of wastewater have the
main objective of removing pollutants, but on occasion these
technologies such as biological, thermal, and physicochemical
treatments are ineffective when the wastewater streams contain
Refractory Organic Compounds (ROCs). ROCs are organic
compounds that can be polycyclic aromatic hydrocarbons
PAHSs, formaldehyde, phenols, nitrobenzene, polychlorinated
biphenyls, organophosphorus pesticides, petroleum hydrocar-
bons, and atrazine, and they keep their molecular structure
even after application of conventional treatments, because they
are refractory and difficult to destroy. They are also toxic,
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significant impact in the final performance of the catalyst.

hazardous and non-biodegradable, and the microorganisms
responsible for destroying those molecules have failed."*

The Wet Air Oxidation (WAO) is an efficient and technolog-
ically viable advanced oxidation process for treating a variety of
organic pollutants in wastewater.*® During WAO, the organic
pollutants are either partially oxidized into biodegradable
intermediates or mineralized to carbon dioxide, water (if
complete oxidation is achieved), and no secondary pollutants
like sludge and ashes under severe temperature (125-320 °C)
and pressure (0.5-20 MPa). Contrarily, in Catalytic Wet Air
Oxidation (CWAO) process, ROC is oxidized by using a solid
catalyst in the presence of an activated O, species, usually at
temperatures of 125-250 °C and pressures of 10-50 bar.”® From
the economical point of view, it is still necessary to improve
reaction conditions at temperatures and pressures as milder as
possible, simultaneously setting high catalytic activity and long-
term stability of heterogeneous catalyst.’** The important
factor that controls these latter characteristics is using efficient
and durable catalysts.

Phenol is often chosen as a model pollutant in many CWAO
researchs because it has been listed as a priority pollutant due
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to its toxicity and hard biodegradability, being an important raw
material widely used in dye, pharmaceutical, petrochemical
industries, among others. It is an oxidation by-products or
intermediate of many aromatic compounds.*>** However, owing
to their bactericidal effect, it is not possible to treat highly
concentrated phenolic wastewater using conventional (biolog-
ical) methods.****

The phenol toxicity in aquatic environment has been studied
and it is well established that even in low concentration this
molecule affects the nervous and circulation systems, reducing
the blood cells, causing the death of fish and other aquatic
species, changing the ecological equilibrium. Because of this it
has been listed as a priority pollutant. Besides, the tertiary
conventional treatment of drinking water can also produce
carcinogenic and mutagenic compounds, like chlorophenol
and polichlorophenol caused by the addition of chlorine.***
Hence, disposing safely phenol-containing wastewater is
becoming a matter of research with the increasing concern
about the environment and human health. Consequently, the
development of effective technologies for treating the industrial
wastewater is crucial.

The influence of the catalyst is essential to obtain high
catalytic activity. Besides, the catalytic performance of sup-
ported metal catalyst for oxidation reactions of ROC may
strongly be influenced by the nature of support because the
support modifies the properties of the active phase such as its
reducibility, dispersion, degree of interaction with the metal,
among others. Indeed, the use of a specific support has yielded
different catalytic results.”>* Hence, the support can act as
a base promoter for the active phase in order to improve the
catalytic performance. Therefore, in this study, it was tested the
supports of CeO,, Al,03, Al,05;-CeO, to evaluate the effect of the
nature of the support on the catalytic behavior of Cu and Ni for
CWAO of phenol in milder condition.

Ceria has been used in oxidation process related to waste-
water treatment due to its outstanding properties. It is well-
known for its unique redox property, resulting from its ability
to store and release oxygen due to the effective redox Ce**/Ce*
sites which enable exchange of oxygen via oxygen vacancy,
developing in remarkable oxygen storage capability. As a result,
the use of reducible supports like ceria provide oxygen for the
reaction and significantly increase the performance of catalytic
systems.>'*14232% Besides, alumina has been studied in CWAO
treatment due to it has higher surface area, low cost and
thermal stability under reaction conditions.>**

Noble metals such as Pt, Ag, Au, Ru, Pd, Rh, and Pt are highly
active elements for oxidation reactions, reveal high activities
and excellence stability, nevertheless, high cost and limited
availability can decrease the applicability.**** The based cata-
lysts are the most interesting systems and much research is
being addressed to their stability improvement and low cost
compared to noble metals, which are also active but less stable,
suffering from carbon deposition and metal. Therefore, doping
cheap transition metals such as Ni and Cu is an excellent option
for CWAO instead of noble metals.***’

The lower price of copper in comparison to noble metals
makes the transition metal a promising candidate for a variety
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of applications. Moreover, CuO is a good O, transfer carrier,
which therefore has the potential of being used in CWAO.***
Ni-based systems have attracted more attention due to their
lower cost and similar activity and selectivity compared to the
noble metals supported catalysts for steam reforming reactions,
especially if the Ni is highly dispersed over the support.**** Ni
has been used mainly for steam reforming reactions, and poorly
for oxidation reactions.**™** However, to our knowledge using
Ni/Al,03, NiCeO, and Ni/Al,0;-CeO, catalysts with nano char-
acteristics for the catalytic wet air oxidation of phenol in milder
conditions has not been reported in the literature, so there was
enthusiasm to investigate this nano structured system.

For the traditional impregnation, a salt precursor is dis-
solved in water and metal ion species is adsorbed on the
support and stirring for several hours to maintain the pH.
Nevertheless, the interaction between metal cation and support
is weak, resulting in particle aggregation, low metal dispersion
and low metal loading on the surface of the support which in
turn decreases the activity and stability of the catalyst.>>**>*
Another important objective of this contribution is to improve
the traditional impregnation process in order to favor the
formation of ideal species for CWAO. For this reason, it is
proposed to use wet impregnation method with urea taking into
consideration the key influence of pH on the exact nature of the
distribution of Cu and Ni species present in Cu(NO3),-3H,0
and Ni(NO;),-6H,0 solutions by controlling this parameter to
avoid any further modification of this pH during the prepara-
tion procedure, in order to favor a closed intimate interaction
between the metal particles and the support.

Moreover, the originality of the present paper is quantita-
tively to show the influence of the calcination and reduction
treatment effects used to activate the catalysts on the global
catalytic performance on phenol oxidation over different
supports.

The present research focuses on comparing Cu and Ni
species supported in three different metal oxides Al,O3, CeO,,
Al,03;-CeO,. COD changes were tested to clarify the exact effect
of thermal treatment (calcination and reduction treatment) over
Cu and Ni on the conversion of phenol by CWAO under a milder
condition (120 °C and 10 bar O,). The synthesized catalysts,
calcined and reduced, were also characterized by different
techniques as X-Ray Diffraction (XRD), Temperature Pro-
grammed Reduction (TPR), N, adsorption-desorption, Scan-
ning Electron Microscopy (SEM) with Energy Dispersive X-ray
Spectroscopy (EDS) and Diffuse Reflectance Ultraviolet-Visible
spectroscopy (DR-UV-Vis) to study the influence of the formu-
lation in their textural properties and activity.

Experimental

Support and catalyst preparation

The alumina (Al,03), ceria (CeO,) and Al,O3- CeO, supports
were prepared by the sol gel method. The Al,O; support was
prepared by using aluminum tri-sec-butoxide precursor salt
solution (from Aldrich) with water at pH 3 using acetic acid
(CH3COOH). A mixture of n-butanol-water was stirred and kept
at room temperature. Aluminum tri-sec-butoxide was added

This journal is © The Royal Society of Chemistry 2019
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drop by drop for 3 hours to the solution described above until
a gel was formed. The mixture was constantly stirred for 24
hours at room temperature. After, the water and alcohol
remaining were eliminated by the use of a rotavapor unit. Then
the powder obtained was left in an oven to dry at 120 °C for 12
hours. The samples were calcined at 500 °C for 12 hours with
heating ramp of 2 °C min . The CeQ, support was made in the
same manner except that the aluminum  tri-sec-butoxide
precursor salt aqueous solution was replaced by cerium nitrate
precursor salt solution and it was used a basic medium
precursor solution (NH,OH solution) at pH 10.

The Al,0;-CeO, support was obtained by using cerium
nitrate precursor salt (from Aldrich). Cerium aqueous solution
were obtained by the stoichiometric addition of precursor to
obtain 5 wt% CeO,. For Al,0;-CeO, the same methodology used
to obtain the Al,O; was followed and the precursor salt was
added to the n-butanol-water mixture before adding it to the
solution of aluminum tri-sec-butoxide-water.

The copper and nickel were loaded on the respective support
(Al,03, CeO, and Al,0;-CeO,) by wet impregnation of support
(10 g) with aqueous solution of copper and nickel nitrate con-
taining a required amount to obtain a nominal concentration of
5% of Cu and Ni with urea under stirring for 24 h at room
temperature. It was taken as a base 10 ml of total solution per g
support. The urea was used in the all catalyst's preparation. The
Cu or Ni:urea molar ratio was 1:1 and the pH of the
impregnation solutions was adjusted to 10 with aqueous
sodium hydroxide. After impregnation, catalysts were dried at
120 °C for 12 hours and then calcined under air flow (60
ml min~") at 500 °C for 5 h, with a heat rate of 2 °C min~" for Cu
and at 650 °C for 5 h, with a heat rate of 2 °C min~* for Ni.
Finally, the catalysts were reduced under H, (60 ml min~') at
400 °C for 4 h, with a heat rate of 2 °C min " for Cu and at 600 °C
for 4 h, with a heat rate of 2 °C min~" for Ni.

Reaction conditions

The activity testing of the catalysts synthesized in this study
were carried out in a 300 ml Parr batch reactor, with the
following conditions: 120 °C, 10 bar and 1000 ppm of phenol.
The standard procedure for a CWAO experiment was followed,
250 ml of the phenol solution was poured and 0.25 g of the
catalyst was applied in the reactor. When the selected temper-
ature was reached, stirring started at a maximum speed of
1000 rpm and pure oxygen (O,) was added under stirring. This
time was taken as the zero reaction time and the reaction
duration was 180 min. These conditions were the same for all
the synthesized materials. The liquid samples were periodically
removed from the reactor, then filtered to remove any catalyst
particles and finally analyzed by gas chromatography and
chemical oxygen demand. Table 1 lists Cu and Ni catalysts
tested in CWAO of phenol at milder conditions.

Conversion values Chemical Oxygen Demand (COD) and
phenol were determined using the following equation at
different times of 30 min intervals up to 180 min of reaction:**

COD, — CODys

COD, x 100

Xcop =
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Table1 Catalysts tested in CWAO of phenol were carried out with the
operating conditions: T =120 °C, Po,) = 10 bar, V|jq = 0.25 L, Cppon =
1000 mg L™, Ceae =19 L7 @ = 1000 rpm

Catalyst abbreviation Composition

CuCe oxi Cu/CeOycalcined)

CuCe red Cu/CeOy(reduced)

CuAl oxi Cu/AlO3calcined)

CuAl red CU/A1203[Reduced]
CuAlCe oxi Cu/Al,03-CeOycalcined)
CuAlCe red Cu/Al,03-CeOy(reduced)
NiCe oxi Ni/CeO,(calcined)

NiCe red Ni/CeOx(reduced)

NiAl oxi Ni/AIZOS(Calcined)

NiAl red Ni/AL,O3(reduced)
NiAlCe oxi Ni/A1203_CeOZ(Calcined)
NiAlCe red Ni/Al;03-CeOy(reduced)

CO B CISU

0

Xphenol = x 100 %
where COD, is COD at ¢ = 0 (ppm), C, is phenol concentration at
= 0 (ppm), Cy50 is phenol concentration at ¢ = 3 h of reaction
(ppm), COD;g, is COD at ¢t = 3 h of reaction (ppm).

Initial rate (r;) was calculated from the conversion of phenol
in accordance with time, using the next equation:*

A Y
= (‘Ze#l(nv ([pollutant],)
cat
A %
where Aphenot (%) is the initial slope of the conversion curve;
[pollutant]; = initial phenol concentration and m,,, = catalyst

mass (geae LY.

Gas phase chromatography (GC)

The GC analysis was carried out in a Perkin Elmer gas chro-
matograph with a flame ionization detector. The temperature of
the injection port and detector was maintained at 200 and
275 °C respectively. The injection volume was 1 pL. The column
was a VF-1ms with dimensions of 30 m x 0.25 mm X 0.25 pm.
The oven temperature was maintained at 180 °C (isothermal
treatment). The carrier gas used was helium of 99.999% purity.

Chemical oxygen demand (COD)

The COD of the phenol solutions treated by CWAO was deter-
mined by potassium dichromate standard, with a colorimetric
method (5220D). The HATCH vials contained the digestion
solution (K,Cr,O,) and the sulfuric acid reagent (H,SO,) to
measure COD at the range of 0-1500 mg L™ . At the beginning,
it was added 2 ml of sample, blank, at least five standards from
potassium hydrogen phthalate solution with COD equivalents
to cover concentration range. After it was placed prepared vials
in oven preheated to 150 °C during 2 h to digest the organic
matter. Finally, it was measured absorption of each sample,
blank and standard at selected wavelength (600 nm). The
effectiveness of the catalysts was determined in terms of
percentage COD removal.

RSC Adv., 2019, 9, 8463-8479 | 8465
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Characterization techniques

BET specific surface area (Sggr). Nitrogen physisorption was
used to establish the isotherms of adsorption, the distribution
of pore size and the specific surface area. The surface areas of
the samples were determined from the nitrogen adsorption
isotherms at —196 °C in a Micromeritics Tristar 3020 II. Before
analysis, the samples were degassed at 400 °C for 4 h. The
adsorption data were analyzed using the ASAP 2020 software
based on the Brunauer-Emmett-Teller isotherm (BET).

X-ray diffraction (XRD). X-ray diffraction analysis was used to
determine phase composition and to estimate the crystallite
size of the powders. X-ray diffraction (XRD) was carried out
using a Bruker D2 PHASER diffractometer with radiation source
Co Ka (2= 0.179 nm) with an analysis time of 650 s. The average
crystal size in the supports and catalysts was estimated using
the Scherrer equation:**

0.901
B cos

where D is the crystal size (nm), A is the wavelength (nm), 8 is
the corrected full width at half maximum (radian) and 4 is the
selected diffraction angle (radian).

An additional equation was also used to calculate the average
oxide crystal size (dg, ) reported by Keav et al.*® ds is calcu-
lated from Sggrr, assuming that the particles are semicrystalline
spherical:

6V

SBET

dSBET -

where V is the specific volume of the oxide or metal (m® g~ ") and
Sger is the specific surface area of the particular oxide or metal
(m*g™").

Ultraviolet-visible spectroscopy with diffuse reflectance (UV-
Vis DR). The UV-Vis spectra with diffuse reflectance at the range
of 200-900 nm with a diffuse reflectance accessory (integration
coupled to sphere) were obtained with a Varian Cary 3000
spectrometer that functions at room temperature. The BaSO,
compound was used as a reference with 100% reflectivity, to
establish the baseline.

Scanning electron microscopy (SEM). Samples of the
monometallic catalysts Cu and Ni supported on CeO,, Al,O3
and Al,03;-CeO, were analyzed by scanning electron micros-
copy (SEM). Samples were mounted on double-sided carbon
conductive tape in an aluminum sample holder for morpho-
logical analysis. Later they were observed in a scanning elec-
tron microscope JEOL JSM-6010LA. The characteristics of the
analysis were 20 kV acceleration voltage under high vacuum
conditions at 5000x and 35000x. An energy dispersive
detector (EDS) coupled to SEM was used to perform the
semiquantitative analysis and distribution of elements on the
surface of the samples. The images were processed in the
InTouchScope™ Software Version 1.03A (JEOL TECHNICS
LTD). More than 300 particles were selected to estimate the
average diameter value of copper and nickel species,
respectively.>*>7

The particle average diameter (d,,) was calculated using the
formula:
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dm = Z(Xidi)/zxi

where x; is the number of particles with diameter d;

Temperature-programmed reduction of H, (H,-TPR). The
H,-TPR experiments were performed on a Belcat equipment
with a thermal conductivity detector, using 0.05 g of catalyst.
Samples were previously treated with the following protocol: Ar
flow for 55 min at 130 °C, Ar flow for 16 min at 35 °C. Subse-
quently, for the H,-TPR analysis, the temperature was raised
from room temperature to 500 °C at a heating rate of
10 °C min ! with a flow of 5% H,/Ar for one hour. The same
procedure was applied to the samples with nickel content, only
one change was made corresponding the temperature H,-TPR
for the analysis was raised up to 900 °C.

Results
BET specific surface area

The specific surface area and porosity play a crucial role in
determining the diffusion and transport of molecules in the
heterogeneous catalytic reaction of oxidation. Fig. 1 showed the
graphs of the N, adsorption-desorption isotherms of the
calcined Cu supported catalysts. N, physisorption analysis was
performed in order to determine the Sggr, the total volume and
pore size. Similar adsorption-desorption isotherms were
observed with evident hysteresis loops at a slightly lower relative
pressure (P/P,) for CuAl and CuAlCe in comparison to the

60 | @) CuCe oxi

b
o

—

400 L L L 1 L
b) CuAlCe oxi

L L
c) CuAl oxi

300

Quantity Adsorbed (cm3g™1 STP)

100

—
0 L L L 1 L L L L L

00 01 02 03 04 05 06 07 08 09 1.0

Relative Pressure (P/Pg)

Fig. 1 Adsorption/desorption isotherms for calcined Cu supported
catalyst: CuCe oxi, CuAlCe oxi and CuAl oxi.
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supports, being the same for CuCe as in support Ce. The graphs
of N, adsorption-desorption isotherms of the catalysts showed
the hysteresis phenomenon at the relative pressure range 0.65-1
(P/P,). The hysteresis loops located in the indicated range were
considered to be a consequence of a mesoporous structure
existing in the synthesized materials.>® All calcined Cu catalysts
had regular porous networks of isotherms type IV with narrow
H1-type hysteresis loops,***>*® which were associated with
capillary condensation, typically presented in mesoporous
materials as defined by IUPAC. On the other hand, the hyster-
esis cycle of CuAlCe oxi had a slightly significant change
towards a lower relative pressure, showing that its pore diam-
eter was smaller than that of CuAl oxi and CuCe oxi.*

With respect to nickel, Fig. 2 showed the graphs of N,
adsorption-desorption isotherms of the calcined and reduced
Ni-supported catalysts. In Fig. 2 the adsorption-desorption
isotherms were quite similar for the calcined and reduced Ni
catalysts. In addition, the hysteresis loops close at a slightly
lower relative pressure (P/P,) for NiAl oxi, NiAl red, NiAlCe oxi
and NiAlCe red in comparison to the supports, being for NiCe
oxi and NiCe red a higher value of P/P, when compared with the
support Ce. The graphs of N, adsorption-desorption isotherms
of the catalysts Ni calcined and reduced showed the hysteresis
phenomenon at the relative pressure range 0.65-1 (P/P,), which
was considered as a consequence of a mesoporous structure
present in the synthesized materials. All calcined and reduced
Ni catalysts had regular porous networks of type IV isotherms
with narrow H1-type hysteresis loops,***** which were associ-
ated with capillary condensation, typically presented in

a) NiAl red

200

100

—
400 1 L L 1 1 1 1 1 L

b) NiAICe red

300

200

100

. L 1
c) NiCe red

Quantity Adsorbed (cm3g™1 STP)

10

—
L 1 1 1 L 1 1 1 1

o
00 01 02 03 04 05 06 07 08 09 1.0

Relative Pressure (P/Pg)
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mesoporous materials as defined by IUPAC. On the other hand,
the NiAlCe oxi hysteresis cycle had a slightly significant change
towards a lower relative pressure, showing that it had a pore
diameter smaller than that of NiAl oxi and NiCe oxi. The same
behavior was presented for Ni red catalysts.

Table 2 lists the textural properties of the calcined and
reduced Cu and Ni catalysts. Sggr of the calcined and reduced
Cu and Ni catalysts had slightly lower values than the pure
supports. Within the set of supported Cu catalysts, those of
reduced Cu present a higher Sggr compared to those of calcined
Cu. Within the set of Ni-supported catalysts, the Ni-calcined
ones presented a slightly higher Sggr compared to those of
reduced Ni. With respect to Cu and Ni catalysts, whether
calcined and reduced, those of Cu had a greater area. The
addition of the metals Cu and Ni in the supports caused
a decrease in the Sggr in the calcined and reduced materials
which indicates that the metals are possibly deposited on the
internal surface of the pore, or that they caused the collapse of
porous structures of Al, Ce and AlCe. The pore sizes of these Cu
and Ni catalysts are within a range of 8-17 nm, which corrob-
orates that they were mesoporous materials.®*

X-ray diffraction (XRD)

The X-ray diffraction patterns of the catalysts of Cu and Ni are
used to identify the catalysts phases, as depicted in Fig. 3 and 4.
Fig. 3 shows that Cu over Al, Ce and AlCe were synthesized with
specific crystalline phases for each catalyst, after the Cu deposit
and the calcination and reduction treatments through the
method of wet impregnation with urea, the copper precursors

600
500 | d) NiAl oxi

300

100

—
400 1 L L 1 1 L 1 1 1

e) NiAlCe oxi

300

f) NiCe oxi

Quantity Adsorbed (cm3g1 STP)

—
1 L L 1 1 1 1 1 1

]
00 01 02 03 04 05 06 07 08 09 1.0

Relative Pressure (P/Pg)

Fig.2 Adsorption/desorption isotherms for calcined and reduced Ni supported catalyst: NiCe oxi, NiAlCe oxi, NiAl oxi, NiCe red, NiAlCe red and

NiAl red.
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Table 2 Specific surface area (Sget), pore volume (Py), pore size (Ps), crystallite size of oxide (ds,_. dxrp) Of the prepared supports and catalysts

Catalyst Sper® (m* g™ ") Py (em® g™ ) P (nm) ds, “(nm) dXRD,CEOZb (nm) dxrp,aL0, b (nm)
Ce 27 0.086 14 31 18

Al 310 2 18 5 —

AlCe 321 1.880 16 2 2

CuCe oxi 23 0.065 12 36 20 —
CuAl oxi 229 0.775 11 7 — 4
CuAlCe oxi 222 0.570 8 3 4 5
CuCe red 27 0.074 16 31 18 —
CuAl red 256 0.783 15 6 — 3
CuAlCe red 268 0.839 12 2 3 4
NiCe red 14 0.048 17 59 30 —
NiAl red 180 0.687 12 9 — 6
NiAlCe red 193 0.531 8 3 6 5
NiCe oxi 16 0.057 16 52 — —
NiAl oxi 202 0.739 12 8 — —
NiAlCe oxi 210 0.567 8 3 — —

“ Determined by N, adsorption-desorption isotherms. ? Calculated from XRD data, with Scherrer's equation, (222) crystallographic plane of CeO,

and (440) crystallographic plane of Al,O;.

were deposited, and after the thermal treatments of calcination
and reduction it was observed that the CuAl oxi and CuAl red
preserved the y structures of the alumina (PDF-01-075-0921),
that is, Face Centered Cubic (FCC) of O*>~ ions with vacancies
of AI*". Besides the catalyst CuCe oxi and CuCe red also

preserved the FCC fluorite structure (PDF-03-065-7999) of Ce**
cations with possible vacancies of O>7, and the CuAlCe pre-
sented both phases of ceria and alumina, what it indicated for
CuAlCe oxi and CuAlCe red were composite material. Several
not intense signals, characteristic of CuO, were observed in

a) CuCe oxi # I\Izo3
* * CeO
2

d) CuCe red # AIZO3
*

Intensity (a.u)

30 40 50 60 70

2-Theta

80 30 40 50 60 70 80

2-Theta

Fig. 3 X-ray diffraction patterns for calcined: (a), (b) and (c) and reduced Cu supported catalysts: (d), (e) and (f).
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Fig. 4 X-ray diffraction patterns for reduced Ni supported catalysts: (a), (b) and (c).

CuAl oxi and CuCe oxi. Due to ceria signals are located in near
location of CuO signals, for CuAlCe oxi some signals could not
be appreciated. The PDF-01-080-1916 and PDF-00-048-1548 file
indicated the CuO peaks at 32.5°, 35.5°, 38.9°, 46.2°, 48.9°,
51.2°,53.5°,56.8° and 61.5°. The catalysts CuAl oxi and CuAl red
presented peaks of Cu,0, but in the CuCe oxi, Cu AlCe oxi, CuCe
red and Cu AlCe red there is no presence of peaks for Cu,0O. The
PDF-01-071-3645 file showed the Cu,O peaks at 29°, 36°, 42°,
52.3°, 61.3° and 65.4°. There was presence of metallic Cu peaks
of low intensity, in CuCe red and CuAlCe red, in the case of CuAl
red was almost imperceptible in the XRD pattern due to good
dispersion and a very small size of the particles. Typical
diffraction peaks of metallic Cu appeared at 43.5° and 50.5°
according to PDF 00-003-1005 and PDF-00-001-1241. In addi-
tion, a deep comparison in the plane (1 1 1) for CeO, suggested
that the CuCe red diffraction peak moved to a smaller 26 angle,
revealing the replacement of Ce*" (0.97 A) with smaller ions of
Cu®* (0.073 A) and therefore the incorporation of Cu** ions in
the ceria network was important. Generally, it is proposed that
the formation of the solid solution of Ce-Cu-O by the incor-
poration of Cu”" ions within the ceria network at the same time
favors the generation of oxygen vacancies, causing the reduc-
tion of Ce** (0.97 A) to Ce*" (1.07 A) and a lattice expansion.***>

It can be seen in Fig. 4 that Ni over Al, Ce and AlCe were
synthesized with specific crystalline phases for each catalyst,
after the Ni deposit and the calcination and reduction treat-
ments. After the addition of nickel, the NiAl oxi and NiAl red
preserved the y structures of alumina (PDF-01-075-0921), this
means face centered cubic (FCC) of O~ 2 ions with vacancies of
AI*". Besides the NiCe oxi and NiCe red also preserved the FCC
fluorite (PDF-03-065-7999) structure of Ce'* cations with
possible vacancies of O>~, and the mixed oxide presented both
phases of ceria and alumina, which indicated for NiAlCe oxi and

This journal is © The Royal Society of Chemistry 2019

NiAlCe red that are composite material. The catalysts NiCe red,
NiAl red and NiAlCe red showed slight intense peaks of Ni,
which were observed in the XRD pattern of these materials. The
peaks of Ni were identified with the files, PDF-00-001-1266, PDF-
00-001-1258, PDF-00-004-0850, these indicate FCC structure
with space group Fm3m. In the case of NiCe red, a distortion of
the fluorite structure of the ceria was observed since in the
plane (1 1 1) for CeO, it is suggested that the diffraction peak of
the NiCe red shifted to a smaller 26 angle. This phenomenon
has been attributed to the incorporation of Ni** ions in the ceria
lattice due to the replacement of Ce*" (0.97 A) with smaller Ni**
ions (0.84 A). At the same time this phenomenon of substitution
involves the formation of oxygen vacancies to compensate the
load balance in the formation of the solid solution of Ce-Ni-O,
causing the reduction of Ce** (0.97 A) to Ce** (1.07 A) and finally
a lattice expansion.***

Ultraviolet-visible spectroscopy with diffuse reflectance (UV-
Vis RD)

Fig. 5 showed the UV-Vis diffuse reflectance spectrum of CuAlCe
oxi, CuAl oxi, CuCe oxi and those of CuAlCe red, CuAl red and
CuCe red. Similar bands were observed in both sets of sup-
ported catalysts either calcined or reduced, with particular
differences that will be discussed below. The charge transfer
bands suggest what is the environment of the neighborhood of
the Cu*" ions. The spectrum of CuAl oxi and CuAlCe oxi revealed
a weak and short band with a maximum around 360 nm
attributed to the Metal-Ligand Charge Transfer (MLCT) Cu,
from the O®>~ band to the 3d band of Cu** (Cu** -0*) in highly
dispersed Cu0.?”**%* Ayastuy et al.®* has reported a band for Cu/
CeO, located at 312 nm that was related to oxidized copper
species over the catalyst surface. In addition, a sharp band

RSC Adv., 2019, 9, 8463-8479 | 8469
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ascribed to the presence of Cu,0% at 530 nm, it could be seen in
the spectra of the CuAl oxi. Another absorption peak at around
600 nm was observed and it was attributed to the d-d transi-
tions from lower symmetry CuO species (named clusters of
Cu0).*>* The latter band at 600 nm for CuAlCe oxi was pre-
sented as a doublet, for CuAl oxi was an intense centered band
and for CuCe oxi was not presented. A large broad band with
very low intensity peak from around 640 to 700 nm was observed
in the spectrum of all calcined cu supported catalysts, which
indicated the presence of copper species in the octahedral
coordination.?”***¢ This band was originated by metal-ligand
charge transfer transitions in copper oxides nanoclusters,
MLCT in (Cu-O-Cu)** clusters.*>* In the literature this band
was located at the 600-800 nm region due to the d-d transitions
of Cu® ions in an octahedron symmetry (named Cu®>" Oh in
crystalline phase).>*” In contrast to the reduced materials of
CuAl red and CuAlCe red, the intensity of the bands presented
in the calcined Cu materials decreased significantly, except with
the CuCe red due to its bands increased in intensity. Finally, the
surface plasmon resonance was exhibited in the three reduced
materials, with a band located at a maximum in a range of 640-
700 nm, which confirmed Cu species reached the zero valence
state with the thermal treatment of 600 °C in H, atmosphere.*®
With regard to the surface plasmon band for the CuAlCe red, an
intense broad band was observed, on the other hand those of
CuAl red and CuCe red are less intense and shorter.

Fig. 6 illustrates the UV-Vis diffuse reflectance spectrum of
NiAlCe oxi, NiAlCe red, NiAl red and NiCe red. The reduced Ni
spectra had many adsorption bands in the UV (<400 nm) and

8470 | RSC Adv., 2019, 9, 8463-8479
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visible (>400 nm) region. The near bands between 420-470 nm
and the one centered at 700 nm can be assigned to Ni** species,
octahedrally coordinated in the lattice of Al,O; and octahedrally
coordinated Ni*" species, Ni** Oh, in the NiO red, respec-
tively.®®”® The near band between 420-470 nm in the reduced Ni
catalysts, was presented as a doublet of 425 and 460 nm in
NiAlCe red and NiAl red, opposite to NiCe red, where it did not
occur. The near adsorption bands between 480-530 nm and
doublet of 575 and 600 nm were assigned to Ni*" ions in
tetrahedral symmetry in the lattice of Al,0;, Ni** Td, and
therefore associated with the formation of the spinel phase
NiAl,0, detected by XRD.*””* All the calcined and reduced
nickel materials shown absorption in a centered and intense
band at 350 nm that was associated to a charge transfer tran-
sition of O (2p)-Ni*" (3d).*>">7® The absorption observed in

BES 20kV x1,000 10pm

Fig. 7 SEM images for CuAl oxi, (a) 5000x and (b) 35000x.

110 um Al K

1 10um

View Article Online
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the NiCe red spectrum at 575-600 nm and 700 nm, is related to
NiO, besides the doublet located at the 435-475 nm region
almost disappears and so does the band at 525 nm, which is
intense for materials NiAl red and NiAlCe red.**”> The NiAlCe
oxi spectrum has a broad and not intense adsorption band at
a range of 550-700 nm, which is associated with Ni** species in
tetrahedral symmetry in the lattice of Al,Os. In the case of the
reduced samples, a short and not intense band in a maximum
of 650 nm corresponded to the surface plasmon of effect related
to the formation of metallic nickel.”*”®

Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) analysis was carried out to
study the morphology of several catalysts. The pure supports Al, Ce

x35,000 0.5um  m—

Cuk

Fig. 8 SEM-EDS images of the (a) CuAl oxi catalyst, element mapping images of the (b) AL, (c) O, (d) elemental line profiles, (€) mapping analysis of Cu.
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Fig. 9 SEM images for (a) NiAl red and (b) NiCe red, with x1000.

and AlCe presented a heterogeneous morphology consisting of
different sizes, shapes and orientations crystals. The micrographs
obtained from all the materials analyzed (some not shown)
revealed morphological characteristics of nanoporous solids. The
copper-free surfaces were smooth, but they became rougher after
the addition of copper, retaining the structures of the supports. As
can be seen in Fig. 7 that copper particles had an average diameter
close to 90 nm for CuAl oxi, they showed a “sphere-like”
morphology, in the form of crystalline oxide were well dispersed on

View Article Online

Paper

the surface of the support. The bright spots represented Cu, while
the alumina surface was in dark color. CuCe oxi had the smallest
copper species within oxidized copper catalysts.”

Fig. 8 showed the elemental mapping by Energy-Dispersive
Spectrometry (EDS) of a chosen region of CuAl oxi. The evalua-
tion of the recorded images suggested that the copper particles
were heterogeneously distributed, there were separate or isolated
Cu particles, and some areas with more agglomerated particles
were on the surface.”” Although the composition profile

CeL

Fig. 10 SEM-EDS images of the (a) NiCe red catalyst, (b) element mapping images of the (b) Ni, (c) O and (d) Ce.
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indicated a uniform distribution in most of the analyzed area. So
the elemental mapping images confirmed that Cu NPS were
successfully stabilized on the surface of the alumina.****7*7

Fig. 9 showed the morphology of NiAl red and NiCe red, after
the addition of the nickel precursor salt, nickel particles could
hardly be observed on the surface of the supports in SEM images.
As confirmed by XRD analyses, Ni species were very small.
Therefore, the reduced nickel could not be observed with a such
low resolution of SEM, but the morphology of nanoporous
supports and rougher texture are still clearly observed.”*”

Fig. 10 showed the elemental mapping by Energy-Dispersive
Spectrometry (EDS) of a selected region of NiCe red. In the case
of NiCe red (Fig. 10a) the nickel species were uniformly and
homogeneously distributed over the whole surface, there were
only Ni species separated or isolated on the support of ceria.*>**
The analysis of nickel elemental mapping in NiAl red and
NiAlCe was compared to the NiCe red, the latter had the most
uniform and homogeneous distribution. Hence the elemental
mapping images confirmed that Ni species were successfully
stabilized over the surface of ceria.*

Temperature-programmed reduction of H, (H,-TPR)

Fig. 11 showed the H,-TPR profiles of the catalysts calcined at
500 °C in air flow, CuCe oxi, CuAl oxi and CuAlCe oxi synthesized

View Article Online

RSC Advances

by the method of wet impregnation with urea. The reduction
profiles of the Cu catalyst supported showed hydrogen
consumption from about 40 °C to 250 °C as a function of the type
of support used, due to the reduction of copper oxide. All the
catalysts studied had characteristic peaks in their TCD signal
profile, indicating that there were oxidized copper species with
different redox behavior.®>#* Kundakovic et al.,** Bouhka et al.*
found a clear influence of host oxide on copper reduction
behavior, due to several peaks located with different values of
reduction temperature in copper samples promoted with
different supports, which is attributed to the synergistic inter-
action between copper and the support. Araiza et al.*® attributes
the reduction that is carried out at higher temperatures than
200 °C in oxidized Cu species over ceria, to some Cu* ions that
may be incorporated in the lattice of ceria. The TPR profiles with
several peaks located in different shapes and positions indicate
a variety of copper oxide species that are being reduced, whose
distribution and nature in the samples described is not the same.
Very similar results of this study were observed for Cu supported
in alumina, ceria and alumina-ceria by Rao et al.,*” Araiza et al.*®
and Nevanpera et al.,”” who found double peaks at around 160 °C
to 280 °C. Ayastuy et al.® reported reduction profiles for 7% Cu/
CeO, at a range of 85 °C to 200 °C. Fig. 11a exhibited the
reduction pattern of CuAl oxi, with a peak at 99 °C and 215 °C,
respectively. The H,-TPR profile of CuCe oxi revealed reduction
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S =
) 20 219 °C
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= =
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50 100 150 200 100 150 200
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Fig. 11 H,-TPR profiles of calcined Cu NPS supported: (a) CuAl, (b) CuCe and (c) CuAlCe.
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peaks at higher temperatures, centered at 130° and 219 °C. A
peak at 100 °C and another at 237 °C were also found at high
temperatures for CuAlCe oxi. This clearly indicated that different
and reducible copper oxide species can be observed on different
used supports. Turco et al.,* Putrakamar et al.®* and Araiza et al.®
have indicated that TPR profiles with greater intensity in the
signals suggest an increase of a particular copper species, in
comparison to the other. The first reduction peak of all Cu
catalysts had a smaller area under the curve, and the second peak
had a greater area under the curve. The first peak at a lower
temperature at a range between 90 °C and 130 °C was attributed
to the reduction of Cu™ ions or small agglomerates of highly
dispersed CuO species over the lattice of support, which can not
be detected by XRD and which were not directly interacting with
the support.***>* While the TPR signal at a higher temperature at
a range between 200 °C to 400 °C was related to CuO species in
the form of large three-dimensional agglomerates, CuO
agglomerates that have identical characteristics and properties to
those of pure CuO powder strongly interacting with the support,
which can be detected by XRD.®>%*%%%” Aboukais et al,** Rao
et al.,” Yu et al.® affirmed that the process of reducing oxidized
species (Cu*?) to reduced ones (Cu®) occurs more easily, when the
peaks of reduction in a material are located at lower temperature
values in the specific peaks, compared to reduction peaks of
different materials. The ease of the reduction or reduction
process is likely to be one of the important factors in determining
catalyst activity.

Therefore, within the set of analyzed catalysts, CuAl oxi had
the highest intensity of the reduction peak assigned to highly
disperse copper species and is the one that presents the more
easily reducible states, so it should promote a better behavior of
catalytic activity.
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Paper

Fig. 12 showed the results of H,-TPR of the calcined catalysts
at 650 °C in air flow of NiCe oxi and NiAlCe oxi synthesized by the
wet urea impregnation method, and they were measured to check
the reduction temperature, to determine the number of reducible
species and to investigate the reducibility of materials. The
profile of the NiAlCe catalyst (Fig. 12a) shows a wide peak area
from 500 °C to 1000 °C, it exhibited three reduction peaks at
500 °C, 675 °C and 875 °C. In contrast, NiCe exhibited a higher
number of peaks than NiAlCe, due to the reduction of more
different species of oxidized nickel, at 75 °C, 250 °C, 310 °C,
450 °C and 800 °C. Since the unsupported nickel oxide species
are reduced to metallic nickel in a single step (Ni* + O + H, — Nio
+ H,0) the appearance of multiple peaks in the reduction profiles
of the catalysts NiAlCe and NiCe indicated NiO species with
different characteristics (degree of agglomeration and the
strength of the metal-support interaction). It has been reported
that free NiO (without supporting) or NiO species with very little
interaction with the support, present NiO temperature peak
around 300 °C to 400 °C.”****> The differences in the reduction
behavior between NiAlCe (Fig. 12a) and NiCe (Fig. 12b) were
attributed to the structural differences of the catalysts due to the
multiplicity of the reduction peaks can be explained by the
heterogeneity of the Ni species on the surface of the catalyst. The
profiles were divided into three regions, according to scientific
literature.”'** Region A corresponded to the reduction of NiO
species with no interaction and weak interaction from 100 °C to
400 °C; region B indicated metal support mean interaction from
400 °C to 500 °C and region C at the highest temperatures
demonstrated the strongest interaction between nickel species
and the support from 500 °C to 900 °C. In consequence, the
NiAlCe catalyst in its TPR profile had two peaks of reduction in
the region C and one peak in the B region, while NiCe had one
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Fig. 12 H,-TPR profiles of calcined Ni NPS supported: (a) NiAlCe and (b) NiCe.
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reduction peak in the region C, one reduction peak in the region
B and three reduction peaks in region A. It is widely accepted that
reduction peaks at lower temperatures are associated with the
presence of NiO species that have a weak interaction with the
support, such as “free” crystalline NiO and highly dispersed
phase of small particles of NiO on the surface of the support;
furthermore, peaks with higher temperature correspond to NiO
species with greater degree of agglomeration when intimate
contact or with strong interaction with the support.”*%%*
Regarding NiCe, all peaks were displaced at lower temperatures
and the relative intensities of the reduction peaks had changed.
Peaks located at lower reduction temperatures (<400 °C) were
observed in NiCe, on the other hand there were no peaks in
region A in NiAlCe. This latter indicates that the ceria support
extends the proportion of NiO species in weak and medium
interactions with the support, coinciding in part with that re-
ported by Ranga Rao et al.®* who affirmed that support CeO, or
pure oxides have a very strong promotional effect with nickel. The
large change in the position of the reduction peak indicated that
the interaction of NiO species with the CeO, support was quite
different from that in NiAlCe; although the strength of the
interaction between NiO and CeO, species remained, suggesting
the existence of a NiO species in intimate interaction, in accor-
dance to that reported in XRD. Such behavior has not been re-
ported in previous works.*>*7%97 The composition and
preparation methods used for NiCe, NiAlCe and NiAl in this work
were different from those cited above, which induce different
interactions between NiO and the support.

Although there is discussion in the scientific literature about
the reduction above 700 °C of pure CeO, that was attributed to
a deep reduction of oxygen in internal layers of CeO,, when
going from Ce*" to Ce**.22* In addition, peaks in the region of
high temperature for Ni supported in Al,O3, were attributed to
NiAl,0, with a spinel structure, and they have been assigned
a maximum of 750 °C, 800 °C, 830 °C, 860 °C and 950 °C.%19%94.98

Evidently, most of the nickel oxide species in the NiCe
catalyst were reduced at lower temperatures compared to
NiAlCe. These results indicate that the use of urea and the
influence of a particular support through the interaction of NiO
species with the support, can promote NiO dispersion and
improve NiO reducibility.

Activity of the monometallic catalysts Cu and Ni, calcined and
reduced, supported on Al, Ce and AlCe in the CWAO of phenol

In order to evaluate the efficacy of CWAO of phenol, measure-
ments of phenol conversion and COD removal were taken from
the respective initial and final concentrations of phenol and
COD. Samples were withdrawn periodically during the reaction
to determine the concentration of phenol and COD. The effect
of the catalyst composition and thermal treatment in the CWAO
of phenol were presented in Fig. 13-16.

The CWAO experiments were carried out for the catalysts
CuO/y-Al,03, CuO/Ce0,, CuO/Al,05,-CeO,, after the catalysts
were thermally treated by calcination with O,; as well as with
those catalysts reduced with H, such as Cu/y-Al,0;, CuCeO,,
Cu/yAl,0;-CeO, under the following reaction conditions: initial

This journal is © The Royal Society of Chemistry 2019
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phenol concentration of 1000 ppm, oxygen partial pressure of
10 bar and 120 °C.

According to Fig. 13, the phenol conversion rate increased as
time progressed. The phenol conversion rate for the calcined
copper materials reached 55% after 180 min over the CuAlCe oxi
catalyst, while it only reached 47% and 36% on the CuCe oxi
and CuAl oxi catalysts, respectively. In the case of reduced
copper catalysts, the conversion rate of phenol reached 54%
after 180 min on the CuAlCe red catalyst, while it was only 32%
and 34% on the CuCe red and CuAl red catalysts, respectively.

Fig. 14 displayed the changes in the efficiency of COD
degradation of supported copper catalysts. In the case of
calcined materials, the CuAl oxi catalyst exhibited the best
activity, obtaining 31% degradation of COD in the CWAO of
phenol. Contrary to the case of reduced materials, where the
catalyst CuCe red exhibited the best activity, obtaining a 22% of
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Fig. 13 Evolution of phenol conversion during single run catalytic
tests for CuCe oxi (A), CuCe red (A), CuAl oxi (O), CuAl red (@),
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Fig. 14 COD removal over calcined and reduced Cu supported
catalysts obtained after 180 min of reaction.
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Fig. 16 COD removal over calcined and reduced Ni supported cata-
lysts obtained after 180 min of reaction.
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COD degradation in the CWAO of phenol. Therefore, the
calcined copper catalysts showed better catalytic performance
than the reduced copper catalysts.

CWAO experiments were carried out for catalysts NiO/y-
Al, O3, NiO/CeO,, and NiO/Al,0;-CeO,, under the following
reaction conditions: phenol initial concentration of 1000 ppm,
oxygen partial pressure of 10 bar and 120 °C. Before that, the
calcination thermal treatment under O, flow were executed; as
well as catalysts reduced under H, flow such as Ni/y-Al,O3, Ni/
Ce0,, Ni/Al,O;-CeO,.

According to Fig. 15, the conversion rate of phenol increased
as time progressed. The phenol conversion rate for the calcined
nickel materials reached 34% after 180 min on the catalyst NiAl
oxi, while it was only 31% and 32% on the catalysts NiAlCe oxi
and NiCe oxi, respectively. In the case of reduced nickel cata-
lysts, the conversion rate of phenol reached 51% after 180 min
on the NiAlCe red catalyst, whereas it was only 41% and 36% on
the catalysts NiCe red and NiAl red, respectively.

The changes in the efficiency of COD degradation of sup-
ported nickel catalysts were given in Fig. 16. In the case of the
calcined materials, the catalyst NiAl oxi exhibited the best
activity, obtaining 22% degradation of COD in the CWAO of
phenol. Contrary to the case of reduced materials, catalyst NiCe
red exhibited the best activity, obtaining 42% of COD degra-
dation in the CWAO of phenol. As a result, reduced nickel
catalysts showed better catalytic performance than the calcined
nickel catalysts.

The synthesized catalysts CuAl oxi and NiCe red in this study
acquired remarkable structural characteristics to oxidize
organic matter, which was observed through the results of XRD,
UV-Vis DR, H,-TPR, for the CWAO of phenol at milder condi-
tions, since they generate more reactive sites as compared to
their monometallic counterparts, and they surely promote OH"
radical formation. The latter are the last responsible of miner-
alizing the present organic matter, such a trace of phenol and
reaction intermediates on the treated solutions, which has
already been reported by various authors.*'**® Table 3 reports
the activity results of both metals in the CWAO of phenol. It was
possible to identify reaction products in these experiments

Table 3 Activity for the catalytic wet-air oxidation of phenol after 180 min of reaction. Phenol conversion (Xc), COD removal (Xcop), initial rate (r)
and intermediate concentration (catechol) as a function of the time for copper and nickel supported catalysts

Catalysts X “ (%) Xcop” (%) A “ (mmol 1Y) ri* (mmol h™* gphenol ')
CuCe oxi 47 15 10 404
CuAl oxi 36 31 29 341
CuAlCe oxi 55 10 38 809
CuCe red 32 22 n.d. 213
CuAl red 34 3 32 319
CuAlCe red 54 8 27 681
NiCe red 41 42 16 319
NiAl red 36 17 n.d. 447
NiAlCe red 51 31 10 292
NiAl oxi 34 22 n.d. 575
NiCe oxi 32 10 n.d. 617
NiAlCe oxi 31 6 n.d. 149

% Obtained after 180 min of reaction, n.d. not detected.
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through the GC, catechol, in very low concentrations for almost
all supported copper catalysts, and in the case of nickel cata-
lysts, some were not detected at the end time."** The above
mentioned corroborated the most notable nickel activity results
compared to copper ones.

Conclusion

The present work studied that the calcined materials of Cu have
different types of copper species that coexist; highly dispersed
CuO particles that almost do not interact with the support and
CuO species with a higher degree of interaction. The reduc-
ibility was better for CuAl oxi which presented the reduction
peaks at the lowest temperature values, while the intensity of
the signal assigned for highly dispersed CuO species, is larger
for this material. In addition, only the CuAl oxi presented
a population of Cu,O species and a greater population of CuO
species in octahedral coordination, in comparison to the other
Cu materials. On the contrary, the use of urea together with the
nickel oxide precursor for the preparation of supported Ni
catalysts resulted in a much greater dispersion of the Ni-
calcined materials, that is maintained in the reduced Ni cata-
lysts, compared to the copper. The improved dispersion in Ni of
the catalysts prepared with urea also can be attributed to the
strong metal-support interaction with the ceria support espe-
cially, which allows to retain its small particle size after reduc-
tion. The NiCe red catalyst mainly differs in the population of
octahedral and tetrahedral nickel species. In the case of nickel,
the conversion of COD into CWAO of phenol was affected by the
population of octahedral and tetrahedral species. So this study
found that Ni catalysts with a higher population of octahedral
species are more active than those that contain a higher pop-
ulation of tetrahedral species. The catalyst NiCe red prepared
with the urea ligand showed a remarkable improvement in the
catalytic activity by CWAO of phenol under milder conditions,
as compared to those prepared with Cu and the urea ligand.
Therefore, the addition of urea in the wet impregnation method
was decisive to improve the reducibility and dispersion degree
in the Ni, and in lesser extent, in Cu, and furthermore these
results improved the activity of the catalysts.
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