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Phenol, in industrial aqueous effluents, causes serious damage to human health and ecosystems due to its
high toxicity. Catalytic wet air oxidation (CWAOQO) is a process that effectively transforms phenol into

compounds with lower environmental impact. The development of catalysts capable of operating

continuously without activity loss in industrial effluents is a challenge due to metal leaching deactivation

caused by the formation of organic acids during oxidation reactions. In particular, effluents from caustic
treatments in refineries extract large amounts of phenol and their treatment by CWAO has not been
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widely addressed. In the present study, CuO and ZnO catalysts were synthesized by employing different

aluminum-based supports, which not only achieved high phenol oxidation in neutral aqueous solutions,
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1 Introduction

Refineries and petrochemical plants are currently making
efforts to resolve their problems of disposing of polluting
streams. Water pollution has reached levels that affect all types
of aquatic life, causing serious problems for human health.
Pollution generated at industrial centers is one of the most
difficult to deal with because the discarded compounds are not
easily eliminated by natural biological degradation or treatment
processes."” Light and intermediate oil cuts contain high
concentrations of sulfur such as hydrogen sulfide, mercaptans,
and thiophenes, which are removed with different treatments
according to their reactivity. Thiophenes are cyclic compounds
that are difficult to remove and require high pressure and
temperature through the hydrodesulfurization process. H,S and
mercaptans are low molecular weight compounds and are
removed by means of caustic processes, in which the hydro-
carbon and a caustic solution are brought into close contact,
transforming them into sodium sulfide and disulfides, thereby
minimizing their characteristics and
unpleasant odors. Additionally, caustic soda extracts phenols,
cresols, mercaptans, organic and inorganic acids, fats, and oils,
which, once integrated into the alkaline aqueous medium,
become pollutants that are difficult to dispose of.**

Since phenol is considered as a high risk to human, animal
and plant life forms, its discharge into receiving bodies such as
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but also increased the phenol degradation degree with great stability in a refinery sample from caustic
treatment, making CWAO viable for processing industrial effluents.

rivers or lagoons is very restricted. Spent soda produced in
refining plants has different characteristics depending on the
type of crude oil, sweetening process, and treated hydrocarbon
fraction. The caustic streams used in the treatment of hydro-
carbons contain considerable amounts of phenol, up to 8-
12 wt%, which due to their toxicity, represent a serious problem.

Catalytic wet air oxidation (CWAO) is a good alternative for
the treatment of caustic solutions generated in refineries.
Organic compounds are oxidized to carbon dioxide and water in
the presence of a catalyst under mild conditions (403-423 K and
0.5-1.5 MPa); however, its application to real industrial efflu-
ents remains limited by catalyst deactivation caused by metal
leaching during oxidation. In particular, the treatment of
caustic refinery effluents by CWAO has not been previously
addressed, despite their high phenol content.

Oxygen is the most commonly used oxidant in CWAO, but
H,0, has also been reported to obtain faster oxidation and
mineralization rates due to the reaction initiation by hydro-
peroxy radicals.>® Notwithstanding, this oxidant is more
expensive than oxygen taken from air and the process becomes
more expensive.

The CWAO process has been studied in the homogeneous
phase using Fe and Cu salt catalysts with oxygen as the oxidant.
The heterogeneous phase process with solid catalysts is more
practical since the catalyst separation step is avoided. Many
factors such as temperature, pressure, oxygen partial pressure,
PH, types of organic compounds to be oxidized, as well as
reactor design influence this process. Various intermediate
products are formed during the oxidation process, including
catechol, hydroquinone, benzoquinones, and organic acids, the
latter being among the last compounds generated before CO,.
Dissolved oxygen plays an important role since the reaction
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mechanism includes the formation of free radicals and bimo-
lecular reactions between the organic compounds and oxygen.”*

Some of the catalysts used in the phenol oxidation process
are metals such as platinum, palladium, ruthenium, and
rhodium. The advantages of noble metals are their high activity,
obtaining elevated conversions at low pressure and temperature
in short times. The incorporation of metals such as Mn and Ce
improves the performance of the catalysts, obtaining higher
mineralization rates and less deposition of carbonaceous
compounds on the catalyst surface, however, their high cost is
an impediment to their large-scale implementation.®'* Mixtures
of non-noble metal oxides such as Mn, Ce, Fe, Si, Cu, Zn, Co,
and Ni, among others, have also been investigated; the catalytic
activity of these catalysts is greatly influenced by the catalyst
composition, textural properties, particle size, structural char-
acteristics, and oxidation state. Good activities were obtained
with metals with higher oxidation states such as Mn**, and Fe*",
due to their high reducibility.”*** The incorporation of Ce helps
retaining the structure of the catalyst and prevents Mn*" or
Mn** from being reduced to Mn>"."* Active carbon has good
properties as adsorbent of phenol and oxygen achieving high
phenol conversions but with rapid deactivation due to leaching
and surface area reduction.*>*®

Copper oxides have been studied since 1974 by Sadana and
Kaltzer, proving to be efficient catalysts for the oxidation of
phenol in water.*"” Levec studied the oxidation of phenol in
aqueous solutions using a catalyst consisting of copper oxide,
zinc oxide and alumina in a three-phase reactor at total pressure
of 0.6 MPa and 403 K, obtaining total phenol removal in
100 min."®* In these systems, calcination temperature plays an
important role because of the formation of aluminates; on the
other hand, lixiviation of metals is mainly due to the formation
of acid intermediates, that cause a drop in pH, involving
a heterogeneous-homogeneous free radical mechanism. The
improvement of catalysts to minimize leaching, increase metal
dispersion and decrease metal loading has been the subject of
much work, in which Cu and Zn have shown good results for
phenol oxidation, where some commercial catalysts have been
taken as reference for some studies.*®**>*

Many attempts have been made to minimize lixiviation, and
to this end, alumina-supported metals have been found to
generate less leached metals than bulk catalysts, obtaining
higher phenol conversions, being homogeneous reactions
responsible for limiting activity.?***?** The incorporation of Mn
into alumina-supported copper anchors Cu to the support with
less leaching.”® Spinels are formed during heat treatment at
elevated temperatures by the interaction of a divalent metal
cation and a trivalent metal cation, forming a close-packed
cubic crystal centered on the oxygen faces, where the octahe-
dral and tetrahedral holes are partially occupied. These struc-
tures are very stable and excellent catalytic supports and have
been successfully used in the oxidation of phenol.>*** Spinels
show lower leaching of active metals with high phenol
conversions.**" The structure of the spinel Cugs_,Fe,Zng sAl,-
0,4, has proved to be highly resistant to dissolution in acidic
fluids, reducing the amount of leached copper.*
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The CWAO process has been widely used in the degradation
of organic compounds in aqueous streams from the pharma-
ceutical industry, municipal waters, and petroleum industry
waste streams with high hydrocarbon contents. In this context,
leaching can be minimized at high pH, and Santos et al. ach-
ieved low copper leaching at pH 8 and constant phenol oxida-
tion with time.**?** Other studies at higher pH have also been
reported with low metal leaching.***® Despite the extensive
research on CWAO for phenol degradation in synthetic or
neutral aqueous solutions, the application of this process to real
caustic refinery effluents has not been reported, mainly due to
concerns related to catalyst deactivation and metal leaching
under severe reaction conditions. Moreover, the role of catalyst
structure and metal-support interactions in controlling both
activity and stability in alkaline industrial streams remains
poorly understood.

Other processes reported for the treatment of refinery
streams are Fenton oxidation, electrochemical oxidations, and
biological treatment, among others.>”~** However, these streams
must be previously neutralized; furthermore, biological treat-
ment cannot work with high concentrations of phenol, since its
toxicity impacts the microorganisms responsible for its
decomposition.**™**

In this work, CuO- and ZnO-based catalysts were synthesized
using different aluminum-based supports, including bulk
oxides, y-Al,Os-supported materials, and aluminate spinels.
The catalysts were evaluated for phenol oxidation under CWAO
conditions in both neutral aqueous solutions and real caustic
refinery effluents. The results show that alumina- and
aluminate-supported catalysts significantly enhance phenol
degradation while suppressing metal leaching, even in the
presence of oxidation-derived organic acids. CuO supported on
zinc aluminate exhibited high phenol conversion and remark-
able stability during multiple runs in alkaline refinery samples,
where organic acids were neutralized by NaOH.

These findings demonstrate that properly designed Cu-Al
and Zn-Al catalysts enable stable and efficient CWAO operation
with real caustic refinery effluents, providing a viable route for
the treatment of spent caustic streams in industrial applica-
tions. The catalytic materials were characterized and evaluated
to identify the most promising materials for industrial use in
the treatment of caustic refinery effluents.

2 Materials and methods
2.1 Catalysts preparation

Three types of catalysts were prepared from aqueous solutions
of the metal salts in quantities calculated according to Table 1.
Bulk catalysts (B) were prepared by coprecipitation of the metal
salts with 30% aqueous NH,OH solution at 343 K and pH = 7,
controlled with 1N HNO;. Powders were filtered, washed with
distilled water and dried in an oven at 393 K during 12 h. The
thermal treatment was performed under air environment at 873
K for 4 h with a heating ramp of 10 K min~'. Catalysts
impregnated with CuO and ZnO (MO/AI,O3, where M = Cu or
Zn) were synthesized by incipient wetting with y-alumina CS
331-1 (Stid-Chemie A. G., Germany) with BET surface area of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Target concentration of catalysts

Composition, wt%

Catalyst name CuO ZnO AlL,O5 CuAl, 0, ZnAl,O,
B-1 40 60 0 0 0
B-2 10 90 0 0 0
B-3 30 50 20 0 0
B-4 30 60 10 0 0
Cu-1/A1,0; 3 0 Balance 0 0
Cu-2/Al,05 5 0 Balance 0 0
Cu-3/A1,03 10 0 Balance 0 0
Cu-4/Al,0; 15 0 Balance 0 0
Zn-1/A1,0; 0 3 Balance 0 0
Zn-2/A1,03 0 5 Balance 0 0
Zn-3/Al,05 0 10 Balance 0 0
Zn-4/A1,03 0 15 Balance 0 0
Zn-1/CuAl, O, 0 0 Balance 0
Zn-2/CuAl, 04 0 0 Balance 0
Zn-3/CuAl, O, 0 10 0 Balance 0
Zn-4/CuAl, 0, 0 15 0 Balance 0
Zn-5/CuAl,0, 0 20 0 Balance 0
Zn-6/CuAl, 04 0 25 0 Balance 0
Cu-1/ZnAl, O, 3 0 0 0 Balance
Cu-2/ZnAl, O, 5 0 0 0 Balance
Cu-3/ZnAl,0, 10 0 0 0 Balance
Cu-4/ZnAl,04 15 1] 1] 0 Balance
Cu-5/ZnAl,0, 20 0 0 0 Balance
Cu-6/ZnAl, O, 25 0 0 0 Balance
Cu-7/ZnAl,0, 30 0 0 0 Balance

255 m” g~ ' and pore volume of 0.76 cm® g~ '. After drying during
12 hin an oven at 293 K, the materials were calcined at 873 K for
6 h with a heating ramp of 10 K min ™. Copper and zinc oxides
over spinels (M;0/M,Al,0,4, where M; and M, = alternating Cu
or Zn) were obtained in two steps: copper and zinc aluminate
supports were prepared separately by coprecipitation from
stoichiometric amounts of nitrate salts with 30% aqueous
NH,OH solution at 343 K and pH = 7.5, controlled with 1N
HNO;. The solids were filtered, washed with hot deionized
water and dried during 12 h in an oven at 393 K. The thermal
treatment was performed under air atmosphere at 1173 K for
12 h. Different amounts of CuO and ZnO were impregnated by
incipient wetting over the spinels, dried at 393 K with a final
treatment under air environment at 873 K for 4 h with a heating
ramp of 10 K min . The target compositions are shown in
Table 1.

2.2 Characterization of catalysts

Metal content was determined by plasma emission spectro-
photometry in a PerkinElmer 5000 spectrometer. Textural
analyses were obtained under vacuum by nitrogen phys-
isorption in an ASAP- 2405 analyzer from Micromeritics. Powder
X-ray diffraction patterns were obtained in a D-500 siemens
diffractometer with CuKal radiation. Scanning electron
microscopy analysis was performed by using a JEOL 440 scan-
ning electron microscope operated at accelerating voltage of 25
kV and 20.000x magnification. Transmission electron micros-
copy (TEM) analyses of the samples were carried out in a JEOL
2010F microscope operating at 200 kV.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Catalytic evaluation system.

2.3 Catalytic evaluation

The catalytic evaluation of the catalysts was carried out in a 1-
liter stainless steel semi-batch reactor. The diagram of the
experimental system is shown in Fig. 1. The system consists of
the components listed in Table 2.

The catalysts were introduced into the reactor in powder
form. Reactor R operated with continuous flow of oxygen
supplied by T-1 to perform oxidation. However, during the plant
stabilization period, the gas flow was supplied with nitrogen via
T-2 to prevent premature reactions. An FG-2 bubbler was placed
at the gas inlet to the reactor to feed oxygen in fine bubbles.
Once the reaction conditions were reached, nitrogen was
replaced by oxygen using a three-way valve, with the reaction
time being set to zero. The gas flow was controlled by an FC
mass flow controller. To prevent phenol leaks into the atmo-
sphere, an FG-3 scrubber filter containing 1 N sodium
hydroxide solution was placed in the outlet line. Sampling was
carried out with a needle valve, and a sintered metal filter was
placed at the inlet of the FG-1 sampling line to prevent catalyst
carryover.

Phenol disappearance was monitored by an HP 580 gas
chromatograph with flame ionization detector equipped with
a 5% diphenyl-95% dimethyl silicone crosslinked copolymer
capillary column, 25 m long x 0.22 mm internal diameter and
0.33 pm film thickness. The calibration curve was performed
with phenol (99.97%, Baker) and methanol (99.9%, Baker)
solutions at known concentrations. The reaction intermediate
compounds were determined by means of a Hewlett Packard
5890 Series II gas chromatograph/mass spectrometer/5971 with
a 5% PhMe silicone column (0.5 mm i.d., 30 m long, 2.65 um

Table 2 Components of the catalytic evaluation system

Reactor, R

Oxygen tank, T-1

Nitrogen tank, T-2

Desiccant column, DA

Fine filter, FG-1

Gas dispersion filter (bubbler) FG-2
Gas filter, FG-3 Pressure control valve
Mass flow controller, FC Check valve
Gasometer, FQR —

Pressure gauges, PI
Temperature gauges, TI
Sampling valve, SV
Needle valves

Gate valves

Three-way valve

RSC Adv, 2026, 16, 5325-5335 | 5327
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Table 3 Catalytic evaluation conditions

Condition Value
Temperature, K 403
Total pressure, MPa 0.6
Phenol concentration, wt% 1
Reaction time, h 6

0, flow rate, mL min ' 250
Catalyst mass, g 3
Reaction volume, mL 500
Stirring speed, rpm 500

thickness) and a phase ratio of 50. Data were collected in the
373-423 K temperature interval. The molecular ionization
energy was 70 eV with emission current of 200 pA. The lowest
limit of mass detection after calibration was mass = 1.

The evaluation conditions of all the catalysts were set as
shown in Table 3.

3 Results

3.1 Composition and textural analysis

The results of atomic absorption and textural analysis of the
catalysts are shown in Table 4.

Table 4 Composition and textural analysis of the catalysts

View Article Online

Paper

Bulk catalysts had low surface area, which increased by twofold
with the addition of small amounts of alumina (B-3 and B-4); the
pore volume and pore diameter also increased in the same
proportion. The alumina-supported catalysts had the highest
surface areas, which decreased as a greater amount of copper or
zinc was impregnated; a decrease of 8.82% for copper catalysts and
4.82% for zinc catalysts were observed. The same phenomenon
occurred with pore volume values; however, pore diameters
remained within the same interval of values. The aluminate cata-
lysts had much smaller surface areas, notwithstanding, the ob-
tained pore diameters were larger. As for the copper aluminate-
supported catalysts, they displayed even lower surface areas than
zinc-aluminate catalysts and pore volumes were 10 times smaller
than in zinc aluminate. Pore diameters remained within the same
range. It is also worth noting that the Zn content in copper
aluminates no longer increased compared to what was planned
with higher concentration solutions, perhaps reaching saturation
due to the very low pore volumes and surface areas.

3.2 X-ray diffraction

Fig. 2 shows the X-ray diffraction patterns of the catalysts
prepared using the different synthesis routes. Rietveld refine-
ment (RR) was performed using HighScore Plus v. 4.9. For

Composition, wt%

Textural analysis

Surface area Pore volume Pore diameter

Catalyst name Cu Zn Al m’ g’ em®g! A
Bulk

B-1 32.9 45.6 0 25.7 0.104 64
B-2 6.3 73.8 0 26.8 0.162 94
B-3 22.1 43.1 5.7 58.8 0.235 134
B-4 23.2 47.8 4.2 39.8 0.183 103
Supported on y-alumina

Cu-1/A1,05 5.2 0 41.7 238 0.681 115
Cu-2/Al,03 7.8 0 42.8 234 0.754 128
Cu-3/Al,0,4 10.9 0 41.2 221 0.652 117
Cu-4/Al,03 14.3 0 39.5 217 0.623 114
Zn-1/Al,0, 0 3.7 42.8 228 0.714 124
Zn-2/Al,0; 0 5.1 41.8 225 0.687 122
Zn-3/AL,0, 0 7.3 41.9 218 0.672 123
Zn-4/Al,0; 0 7.8 40.7 217 0.671 125
Supported on copper aluminate

Zn-1/CuAl,0, 21.5 1.8 25.4 14 0.052 157
Zn-2/CuAl,0, 20.7 2.8 24.6 12 0.053 172
Zn-3/CuAl,0, 21.7 9.2 26.2 12 0.046 159
Zn-4/CuAl,0,4 21.3 9.0 25.1 11 0.046 165
Zn-5/CuAl,0, 21.2 9.2 24.8 11 0.048 181
Zn-6/CuAl,0, 20.9 9.3 24.9 12 0.047 175
Supported on zinc aluminate

Cu-1/ZnAl,0, 2.2 29.5 24.4 32 0.159 200
Cu-2/ZnAl,0, 3.6 29.7 24.6 31 0.149 191
Cu-3/ZnAl,0, 7.1 28.8 24.2 30 0.141 190
Cu-4/ZnAl,0, 8.4 30.3 25.1 29 0.134 187
Cu-5/ZnAl,0, 11.8 31.0 25.8 28 0.117 169
Cu-6/ZnAl,0, 12.9 29.2 24.3 26 0.138 215
Cu-7/ZnAl,0, 16.5 29.9 24.9 25 0.116 184
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Fig.2 X-ray diffraction patterns of (a) bulk, (b) Cu/Zn aluminate, (c) Cu
aluminate support, and (d) Zn aluminate support.

clarity, only one representative diffractogram is shown for each
catalyst series, since the main structural differences among
samples within the same series arise from variations in metal
loading rather than phase composition.

The diffraction pattern of the bulk catalyst (B-1), shown in
Fig. 2a, reveals the coexistence of CuO (tenorite, JCPDS 41-0254)
and ZnO (zincite, JCPDS 36-1451) as the only crystalline phases.
Rietveld analysis indicates a phase composition of 63.6 wt%
ZnO and 36.4 wt% CuO, confirming the formation of a mixed
CuO-ZnO oxide system without secondary alumina-containing
phases.

The diffractogram corresponding to the zinc aluminate
support, presented in Fig. 2d, shows exclusively the character-
istic reflections of the ZnAl,O, spinel phase (JCPDS 05-0669).
The absence of additional crystalline phases and the Rietveld
result (ZnAl,0, = 100 wt%) confirm the successful synthesis of
a single-phase zinc aluminate support.

In contrast, Fig. 2c displays the diffraction pattern of the
copper aluminate support, where reflections associated with the
CuAl,0, spinel (JCPDS 33-0448) are observed together with
residual Al,O; (corundum). Rietveld refinement yields
a composition of 63 wt% CuAl,0, and 37 wt% Al,O3, indicating
that during the support synthesis the hydroxide precursors were
not fully stoichiometrically precipitated, leaving an excess of
alumina in the final material.

Finally, Fig. 2b corresponds to the catalyst prepared by
depositing copper oxide on the zinc aluminate support. The
diffraction pattern confirms the preservation of the ZnAl,0O,
spinel structure, together with additional reflections assigned
to CuO. Rietveld analysis reveals a phase composition of
87.6 wt% ZnAl,0, and 12.4 wt% CuO, evidencing the successful

Fig. 3 Micrographs of the Cu-7/ZnAl,O4 catalyst.
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Table 5 Particle size distribution of the catalysts

Particle size yum  Bulk-3  Cu-4/A1,0; Cu-7/ZnAl,0, Zn-6/CuAl,O,
20 75.3 92.8 67.3 33.2
40 21.9 5.2 27.1 41.5
60 0.9 0.4 1.5 20.3
80 0.5 0 0.7 5.0
100 0.9 0.8 0.0 0.0
120 0.5 0.4 0.0 0.0
140 0.0 0.4 0.4 0.0
160 0.0 0.0 1.1 0.0
>160 0.0 0.0 1.9 0.0
Total 100 100.0 100.0 100.0

deposition of CuO on the aluminate support without significant
disruption of the spinel framework.

Overall, the results confirm that the different preparation
methods led to well-defined crystalline phases, and that the
nature of the support (bulk oxide, alumina, or aluminate spinel)
strongly influences the final phase composition and structural
integrity of the catalysts.

3.3 Electron microscopy

Scanning electron microscopy was used to determine the metal
distribution in the catalysts; micrographs showed that in all
cases there was a uniform distribution of both copper and zinc,
so that both coprecipitation and impregnation preparations
were carried out successfully and without concentration gradi-
ents. Fig. 3 presents the micrographs of the Cu-7/ZnAl,O,-
catalyst, which was the most evaluated. The metallic particle
size distribution was determined by scanning transmission
electron microscopy; the results of a representative catalyst for
each prepared series are presented in Table 5.

The largest particle size distribution was concentrated
mainly in the 20 um range for all the catalysts. The alumina-
impregnated catalyst showed a 93% particle size distribution
in the 20 pm range, with a very low proportion of larger sizes.
The particle size distribution in the aluminate-supported cata-
lysts concentrated along the size interval ranging from 20 to 60
pm.

4 Catalytic evaluation
4.1 Phenol oxidation

All the catalysts were tested in an aqueous phenol-water solu-
tion at 0.6 MPa and 403 K to compare their catalytic activity in
the phenol oxidation reaction. The reaction time was 6 h, and
samples were taken every hour for chromatographic analysis.
Fig. 4 shows the phenol conversion obtained for the bulk
catalysts. Only the phenol conversion as a function of time is
shown for the catalyst with the highest conversion.

The Bulk-3 catalyst was the one that presented the highest
phenol conversion, and this may be due to the larger pore
diameter. The assumption was reinforced by the behavior
pattern displayed by the Bulk-2 catalyst, which although pre-
sented lower Cu concentration (6.3%), the pore diameter of 94

RSC Adv, 2026, 16, 5325-5335 | 5329
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was a determining factor in the phenol conversion, and being
a mass catalyst, this concentration had a lesser effect than the
pore diameter. It is also believed that zinc imparted certain
synergy to copper, and that even at low Cu concentrations of the
Bulk-2 catalyst, Zn helped keep its activity.

The growth mechanism of the metal active sites can be
described as follows:

M?* (aq) — homogeneous nucleation — M(OH), — MO + H,0
— oxide crystallites

Bulk CuO-ZnO catalysts exhibited activity trends that
correlated with their textural properties. In particular, the
presence of y-Al,O; in B-3 and B-4 enhanced dispersion,
with B-3 (93% conversion) being the most active and
B-4 (81%) showing intermediate yet robust performance
(Table 4 and Fig. 4).

The studies conducted on the oxidation of phenol with
alumina-impregnated catalysts indicated the formation of
spinels during calcination, being responsible for the increase in
the phenol oxidation degree.'®** The induction period reported
by different authors was not appreciated in the present work
since the first sample was taken at 60 min. Fig. 5 shows the
evaluation results of the catalysts supported on alumina with
copper and zinc oxides, severally.

A clear relationship between the metal loading and phenol
conversion was appreciated as reported by other authors.>*****
The Cu concentration in the alumina catalysts showed
a conversion increase of 25% with a 9.1% increase in Cu
concentration (see Table 4), notwithstanding, the zinc oxide
catalysts had greater influence since with a small increase in the
metallic concentration of 4.7%, the conversion increased in
a greater proportion by 47%. This may have been caused by the
critical catalyst concentration (CCC), a phenomenon reported
by different authors, where with a small increase in catalyst
concentration, the kinetic reaction rate increases dramatically.
A higher catalyst concentration tended to improve the reaction
rate because there were more active sites where the reactants
could react, and consequently the reaction processes were
accelerated. Sadana found through kinetic studies that this
critical concentration was related to the concentration of
hydroperoxides in the solution and to the oxygen partial pres-
sure, but also to the substrate type, catalyst surface area and
temperature.*®*
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Fig.4 Phenol conversion with the bulk catalysts: (a) B1-B4, (b) phenol
conversion as a function of time for B-3. (Reaction conditions:
temperature = 403 K, pressure = 0.6 MPa, [phenol] = 1 wt%).
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Cu/Al,03 and Zn/Al,Os3, (b) phenol conversion as a function of time for
Cu-4/A,03. (Reaction conditions: temperature = 403 K, pressure =
0.6 MPa, [phenoll = 1 wt%).

In this case, there was strong chemisorption of CuO and ZnO
on surface hydroxyl groups and y-Al,O3-supported catalysts di-
splayed progressively enhanced conversion with increasing
metal loading, with Cu showing higher degradation rates than
Zn. This behavior reflected the stabilizing role played by surface
hydroxyls in maintaining highly dispersed oxide nanodomains,
consistent with the larger BET surface areas observed for these
samples.

(=AI1-OH) of y-Al,0; — anchored M(OH), species — forma-
tion of highly dispersed 2D CuO/ZnO domains.

The catalytic evaluation of the aluminate-supported catalysts
was carried out under the same conditions. The results for these
catalysts are shown in Fig. 6.

Phenol oxidation by the zinc oxide on Cu aluminate became
constant, since the Zn concentration also remained at similar
values close to 9% (Table 4); the same phenomenon occurred in
the alumina-supported catalysts, however, unlike these cata-
lysts, increasing the metallic loading of Zn did not significantly
increase conversion. Low surface areas and pore volumes could
have had a significant effect on this behavior.

Comparatively, these catalysts delivered lower activity (27-
54%), which was attributable to restricted dispersion of ZnO on
the compact spinel surface. Only the first three samples
exhibited an increase in phenol conversion with Zn loading,
which was likely due to deviations between nominal and actual
Zn incorporation (Table 4, Fig. 6a, blue).

The growth mechanism of ZnO on Cu spinel can be
described as:

b)

Phenol conversion (%)
Phenol conversion (%)
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Fig. 6 Phenol conversion with the aluminate-supported catalysts: (a)
Zn/CuAl,04 and Cu/ZnAlL,Oy4, (b) phenol conversion as a function of
time for Cu-7/ZnAl,O,4. (Reaction conditions: temperature = 403 K,
pressure = 0.6 MPa, [phenol] = 1 wt%).
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Low density of hydroxyl groups — Zn(OH), formation at defect
sites — poorly dispersed ZnO clusters.

In contrast with the Zn-loaded spinels, Cu/ZnAl,O, catalysts
showed a marked increase in conversion with growing Cu
content (Fig. 6a, red). These materials achieved surface areas
nearly twice those of Zn/CuAl,0, and reached up to 97.5%
conversion for Cu-7/ZnAl,0,, which was in agreement with the
formation and robust anchoring of CuO nanoparticles on the
spinel surface. A direct correlation with the copper metal
concentration could be appreciated, where the presence of Zn
could modify the dispersion of CuO and favor the formation of
active sites leading to higher Cu concentrations than in
alumina. The low metal loading in these catalysts sets them as
promising materials to be applied in this process.

Cu?" anchoring on surface oxygen — Cu (OH), — CuO nano-
particle nucleation — activity scaling with Cu loading.

This mechanistic framework aligns fully with the catalytic
results, demonstrating that the interplay between oxide
dispersion, anchoring strength, and support surface chemistry
governs the degradation efficiency.

Overall, these trends confirm that catalytic activity is dictated
by the structure and surface chemistry of the support, which
determines the growth mode, dispersion, and accessibility of
the active species.

4.2 Analysis of the reaction effluent

The reaction effluents were analyzed using mass spectrometry
to identify reaction intermediates. This study indicated that
various byproducts were formed during the oxidation of phenol
through consecutive reactions. The found byproducts were
catechol, hydroquinone, p-benzoquinone, o-benzoquinone,
di(4-hydroxyphenyl)ether, and di(2-hydroxyphenyl)ether; on the
other hand, acetic and oxalic acids were the main identified
acids. Several authors have reported on the formation of similar
compounds and concluded that oxidation reactions were
carried out by contributions from both the heterogeneous and
homogeneous parts, where polymerization reactions occurred
only in homogeneous-type reactions following a free-radical
reaction route. On the other hand, oxalic acid, maleic acid,
and benzoquinone were formed in both homogeneous and
heterogeneous phases; heterogeneous reactions follow the
surface-controlled Langmuir-Hinshelwood kinetic model. This
means that CuO and ZnO leached and once in the aqueous
medium, acted as catalysts contributing to reactions taking
place in both heterogeneous and homogeneous phases.>***°
According to these results, the reaction scheme in Scheme 1 is
proposed for the oxidation of phenol in aqueous medium when
oxygen is used as oxidizing agent.

This reaction pathway aligns well with earlier findings.****>*
The oxidation of phenol occurs through a Cu**-catalyzed free-
radical mechanism, whereby phenoxy radicals are formed via
hydrogen abstraction from the aromatic ring, accompanied by
the reduction of Cu®" to Cu®. Catechol and hydroquinone are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1l Proposed reaction scheme for the oxidation of phenol with
oxygen.

the first intermediates, which were further oxidized to o-
benzoquinone and p-benzoquinone, severally. The ring opening
of the aromatic compounds leads to the formation of short
chain acids and CO,. Oxalic and acetic acids are produced via
other acid intermediates, such as formic, maleic, malonic, and
fumaric acids.

The formation of dimers and polymeric products occur
under special conditions; these compounds were not formed in
a trickle-bed triphasic tubular reactor because of the high solid-
to-liquid phase ratio,* and some metals such as platinum
inhibit the polymerization reactions.’ Polymers are produced by
molecular coupling of aldehydes catalyzed in homogeneous
phase. In a batch reactor, there is better catalyst wetting leading
to lixiviation of metals, and oligomers are obtained at low
catalyst loading, being further oxidized to acid
intermediates.**>

The pH of the reaction effluent was monitored to determine
whether the formed byproducts influenced the variation in
acidity. The effluent was also characterized to determine
whether metal leaching occurred during the reaction. This
monitoring was performed over time using atomic absorption
analysis in the rection with the B-3 catalyst, and the obtained
results are presented in Table 6.

From Table 6, it can be observed that pH decreased and the
metal content in the effluent rose as the reaction progressed.
This fact indicates that metallic leaching of the oxides con-
tained in the catalyst did occur, with Zn being the metal most
strongly influenced by pH. Other organic acids responsible of
the pH drop have been oxalic acid, acetic acid, succinic acid,
malonic acid, maleic acid and fumaric acid.*®*****> This
metallic leaching causes the solid catalyst to gradually deacti-
vate due to the loss of metallic content, and the leached metallic
species, once integrated into the aqueous medium, act as
homogeneous-phase catalysts, also promoting oxidation
reactions.

4.3 Influence of temperature and pressure

Some tests were performed to determine the temperature
influence on the phenol oxidation reaction taking place at 403,
423 and 448 K. All other operating conditions were kept
constant. The best catalyst, Cu-7/ZnAl,0O,, attained 100% of
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Table 6 pH variation and metal characterization in the reaction
effluent

Reaction time h pPH Al ppm Cu ppm Zn ppm
1 6.3 <5 13 10

3 5.8 <5 14 77

4 5.3 <5 17 96

5 5.0 <5 20 124

6 4.3 <5 25 150

phenol conversion at 423 K. In order to see the real influence of
temperature on the reaction, the catalyst B-1 was selected, and
the results are shown in Fig. 7. At 423 K, the phenol conversion
increased considerably; beyond this temperature, it is no longer
advisable to work since it would increase the cost of the process.
Temperature decreases the solubility of oxygen in water but
increases the generation of free radicals. Furthermore, higher
temperatures increase reaction rates according to Arhenius's
Law. Increasing temperature affects the distribution of reaction
products, since organic acids are more refractory to oxidation;
some studies have found that with increasing temperature,
there is greater formation of these compounds, as well as
greater mineralization.>®*”

A study of the influence of pressure on the oxidation of
phenol was carried out, using B-1 as catalyst (Fig. 8). The
temperature was maintained at 403 K. The reaction was favored
at 1.5 MPa and ceased to have influence on higher pressures
values. Increasing pressure also increases the generation of free
radicals and intermediate active species and additionally
increases the solubility of oxygen in water according to Henry's
law. The fact that pressure no longer influences phenol removal
from 2 MPa may be related to over-oxidation of the active metal
species due to a more oxidative environment.*® Another possible
explanation is given by Rivas et al. who suggested that at higher
oxygen concentrations, the production of intermediate species
may affect oxygen solubility and the process kinetics.>®

4.4 Catalyst stability

Experiments were performed with the Cu-7/ZnAl,0, and B-3
catalysts through reuse experiments to determine catalyst
deactivation. Reaction conditions were maintained according to

Phenol conversion (%)
o
o

403 423 448 K

Fig. 7 Influence of temperature on phenol oxidation. (Reaction
conditions: pressure = 0.6 MPa, [phenol] = 1 wt%).
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Fig. 8 Influence of pressure on phenol oxidation. (Reaction condi-

tions: temperature = 403 K, [phenol] = 1 wt%).

Table 3; the catalysts were washed with hot water and dried at
393 K after each reaction cycle as recommended by some
authors.*** The activity of the Cu-7/ZnAl,0O, catalysts was
maintained after 7 cycles showing good stability in the conver-
sion of phenol with an average conversion of 90.4%. Phenol
conversion with catalyst B-3 displayed peaks and valleys in
phenol conversion, probably due to the efficiency of removing
intermediate reaction species deposited on the surface of the
catalyst that were eliminated at the washing stage. After the
sixth run, the conversion decreased (Fig. 9).

These deposits caused fouling and deactivation of the cata-
lyst and once these species were deposited on the catalyst, their
desorption was very slow. These deposits can be removed by
increasing the reaction temperature and this procedure can be
a way to increase catalyst activity in continuous operation.
Another way to remove them from the catalyst is through
washing with hot water and organic solvents or by direct calci-
nation at high temperature.

It has been well established in the literature that the species
deposited on the catalyst are condensation and polymerization
products, from which dimers, oligomers, biphenyls, and di-
phenyl ethers have been identified. These compounds are
responsible for the dark brown color of effluents subjected to
CWAO.®* Hamoudi et al. reported that a platinum catalyst
promoted with Mn and Ce or Ag presented low deposits of
organic compounds and high phenol mineralization.’

100

— N

80

3
= 70
=]
@ 60
o
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10
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Fig. 9 Reusability of catalysts in phenol oxidation. (Reaction condi-
tions: temperature = 403 K, pressure = 0.6 MPa, [phenol] = 1 wt¥%).
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Table 7 CWAO performance of various catalysts for phenol conversion
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Catalyst Reaction conditions®

Maximum conversion (%) Reaction time” (h) Reactor type

Stability (%) Reference

CuO-ZnO/y-Al,0; 413 K, 4.7 MPa [phenol = 0.5]
10% CuO/y-Al,0; 413 K, 0.9 MPa [phenol = 0.5] 85
Cu-Fe/ZnAl,0, 423 K, 1.0 MPa [phenol = 0.15] 95

[ 80
[
[
Pt/Graphite 423 K, 1.8 MPa [phenol = 0.18] 95
[
[
[
[

MnCeOx 343 K, 2.0 MPa [phenol] = 0.1 90
Cu-Zn/FeAl,O, 443 K, 1.0 MPa [phenol] = 0.43 100
Cu-Ce/AC 433 K, 3.0 MPa [phenol] = 0.1 99
CuO/ZnAl,0, 403 K, 0.6 MPa [phenol] = 1.0 95

192 Tubular 50 35
800 Tubular 47 49
32 Autoclave 99 32
4 Continuous stirred tank 100 52
900 Autoclave 100 14
40 Autoclave 100 62
49 Fixed bed 98 63
54 Semi-batch 100 This work

“ Phenol concentration in wt%. ° In experiments with catalyst recycling, the reaction time was calculated as the number of cycles times the reaction

time of each cycle.

Several studies have reported on the stability of catalysts for
phenol oxidation with good stability over time. Most of them
have utilized lower phenol concentration and higher tempera-
ture and pressure, conditions under which phenol is easier to
be converted (Table 7).

4.5 Phenol oxidation employing a refinery stream

These evaluations were conducted on a spent soda sample from
the primary gasoline sweetening unit at the Salamanca Refinery
in Guanajuato, México; the reaction conditions were those re-
ported in Table 3. The characterization of this sample is shown
in Table 8.

From Fig. 10, it is noteworthy to state that the phenol
conversions in caustic soda were higher than in synthetic
solutions. This can be explained by the fact that phenol in

Table 8 Characterization of refinery spent soda

Parameter Value
Specific gravity 1.16
Soda, wt% 3.78
Phenol, wt% 0.17
Sodium mercaptans, ppm 138
Sulfides, ppm 2148
Free soda, wt% 4.37
pH 13.5

100

R

80
—e— Aqueous solution

—e— Caustic soda
70

Phenol conversion (%)

60

50

Fig. 10 Oxidation of phenol with refinery spent soda. (Reaction
conditions: temperature = 403 K, pressure = 0.6 MPa, [phenol] =
0.17 wt%).

© 2026 The Author(s). Published by the Royal Society of Chemistry

caustic soda is transformed into sodium phenolate, which is
more than three times more soluble than phenol and its reac-
tivity has been reported to be greater than that of phenol;>®*** in
addition, the refinery stream had lower phenol concentration
than that of the synthetic solution and was easier to remove;
a slight and constant decrease in phenol oxidation was observed
with the Cu-7/ZnAl,0, catalyst.

The metal content was quantified after each reaction run by
atomic absorption in the caustic solution to determine the metal
leaching of the Cu-7/ZnAl,0, catalyst. The average analysis showed
<5 ppm of Al, 5 ppm of Cu, and 1 ppm of Zn. The amount of
leached metals was lower than in synthetic phenol solutions,
which could be the reason why the deactivation of the catalysts was
not so severe, keeping the phenol conversion almost constant.

Metal lixiviation at high pH is not widely reported in active
catalysts; most of the literature addresses this topic from pH 7
downwards. Alkaline and acid leaching is used to recover metals
in coal and fly ash; most metals are easily removed by acid
treatment, while alkali leaching is performed due to the high
affinity of the leachant hydroxyl ion to form soluble sodium
hydrated silicate and aluminate and sodium aluminosilicate
compounds, nevertheless, the demineralization degree
decreases at higher NaOH concentration because some metals
have low solubility in alkalis such as Zn and Cu.*>*® The recovery
of metals from selective catalytic reduction (SCR), hydro-
treating, and sulfuric acid spent catalysts is performed under
acid or alkali conditions; vanadium, chromium, zinc, and
copper can be easily recovered in acid medium, but Ni is not
dissolved by sodium hydroxide, while Mo is leached only at 433
K in a caustic autoclaving process.*"*

It has been reported that there is less copper leaching at alka-
line pH in the phenol oxidation reaction, as well as less deactiva-
tion and therefore, longer catalyst life."***” In this work, copper,
zine, and aluminum resisted the action of the alkaline solution of
the caustic sample from a refining process with very low metal
leaching in the phenol oxidation process with CWAO, because the
produced organic acids were neutralized with NaOH, making this
process suitable for the treatment of these spent soda streams.

5 Conclusions

Bulk, alumina-supported, and aluminate-supported Cu-Al and
Zn-Al catalysts were successfully synthesized and evaluated for
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phenol oxidation by CWAO. The results demonstrate that
catalyst structure and metal-support interactions play a deci-
sive role in both activity and stability. Bulk catalysts showed
activity strongly dependent on textural properties, while vy-
Al,O3-supported catalysts exhibited enhanced phenol conver-
sion due to improved metal dispersion and accessibility of
active sites.

Among the studied materials, CuO supported on zinc
aluminate spinels displayed the best overall performance,
combining high phenol conversion with excellent stability and
low metal leaching. Notably, these catalysts maintained their
activity during multiple runs using real caustic refinery efflu-
ents, where the alkaline environment neutralized organic acids
formed during oxidation, effectively suppressing metal
dissolution.

This work provides the first systematic demonstration of
stable CWAO operation for phenol removal in caustic refinery
streams, highlighting the potential of Cu-Al and Zn-Al cata-
lysts, particularly aluminate spinels, as viable materials for
industrial wastewater treatment. The insights obtained here
contribute to the rational design of robust catalysts for the
processing of highly alkaline industrial effluents.

Pressure and temperature are operating conditions that
determine the solubility of oxygen in aqueous solutions. Studies
on these variables have shown that operating at temperatures
up to 448 K favored the phenol oxidation reaction; temperatures
and pressures above 1.5 MPa have little influence on phenol
conversion. Conditions above these values should be avoided to
prevent increasing operating costs.
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