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Abstract—γ-Al2O3 is promising for catalytic ozonation because it produces HO° radicals. To improve its
basicity and/or its oxidative character, highly mesoporous γ-Al2O3 was doped with different metals M alone
or in mixture (M = Mg, Ca, Zn, Fe, Ba, Zr, Cu, Co, Ni, Ce, Ti, with 0.05 < M/Al < 0.5 molar ratio) prepared
either by incipient wetness deposition or by direct sol-gel. Tests to determine the basic and oxidative character
of the catalysts have been set up. Results show that Mg-doped alumina materials exhibited the highest basicity
and Cu,Mg-doped alumina materials the highest oxidative character. These materials (5 g/L) were tested in
the catalytic ozonation of a synthetic saline (NaCl = 50 g/L) petroleum effluent such as produced water
(TOC = 216 mg/L) containing phenols, acetic acid and polycyclic aromatic hydrocarbons. Among these cat-
alysts, Mg-doped alumina with molar ratio Mg/Al = 0.1, 0.2 prepared by incipient wetness deposition were
the more efficient catalysts. Under reuse the Mg-doped alumina catalyst (Mg/Al = 0.1) exhibited the highest
ozonation rate with 98% TOC removal in 5 h. This remarkable behavior was attributed to the in-situ formation
during ozonation of spinel (MgAl2O4) nanoparticles at the surface of Mg-doped alumina particles.

Keywords: Catalytic ozonation, Water treatment, Saline eff luents, Alumina, Basicity, Oxidation
DOI: 10.1134/S0965544120080150

INTRODUCTION
Catalytic ozonation is expected to become a central

technology for the processing of contaminated aque-
ous eff luents containing non-biodegradable toxic
organic residues (For a recent review see eg [1]). Com-
pared to established methods, such as adsorption,
coagulation, f locculation, incineration, membrane
separation or biological oxidation, catalytic oxidation
should allow higher degradation efficiency with lower
energy consumption, lower footprint and, accord-
ingly, lower operation and investment costs.

Catalytic ozonation, as part of advanced oxidation
processes, can be operated at ambient temperature
and pressure with total mineralization of the organic
substrate into carbon dioxide and water. This is a sig-
nificant advantage compared to single ozonation of
organic matter, which usually leads ultimately to the
formation of aldehydes and carboxylic acids, which do
not react with ozone. Though the mechanism of the
reaction is not fully resolved and subject to debate [2],
the role of the ozonation catalyst is, schematically
speaking, to promote, on the one hand, the formation
of hydroxyl radicals, able to degrade all types of organ-
ics and intermediates by ozone decomposition and, on
the other hand, the adsorption of ozone and the

organics present in the eff luent, both effects contrib-
uting to enhanced kinetics.

Regardless the catalytic system under consider-
ation, homogeneous or heterogeneous, catalytic ozo-
nation reveals very complex and the chemical path-
ways involved depend on many factors such as the
experimental conditions, the nature of the substrate
and of the intermediate oxidation by-products, the
chemical nature, the texture, the stability and the
amount of catalyst. With respect to heterogeneous cat-
alytic ozonation, supported metals (Cu, Pt, Ce, Ru,
Mn, …), metal oxides (MnO2, MgO, TiO2, Al2O3,
CeO2, …), modified zeolites (MFI, LTA, FAU) and
mesostructures (SBA-X, CMK, M41S), activated car-
bons and combinations of the above have been
reported [1, 2]. Raw minerals such as perovskites,
bauxite and goetite have been used also in catalytic
ozonation [3–5]. As a common requirement for these
materials to be active is the necessity to adsorb ozone
and organic matter at their surface. Though gas phase
adsorption of ozone and organics is well described,
adsorption of ozone on polar or apolar surfaces in the
presence of an excess of water is far from being docu-
mented and clearly understood. For this reason, sev-
eral mechanisms and catalytic active sites have been
858
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suggested to account for the activity of solid surfaces to
decompose ozone such as (i) oxidized or reduced
forms of supported metals [6], (ii) Lewis centrеs of
metal oxides [7], (iii) non-dissociated hydroxyl groups
of metal oxides [8–10] and (iv) basic centres of the
catalyst surface [11–13].

In a precedent study [13] we have investigated the
catalytic ozonation of 2,4-dimethyl phenol (2,4-
DMP) and of a model petrochemical eff luent con-
taining a mixture of phenol, acetic and naphthenic
acids, pyrene, and naphthalene using various catalytic
materials featuring an acidic (zeolites, mesoporous
aluminosilicates), basic (ion-exchanged zeolites),
amphoteric (γ-alumina), oxidative (titanium oxide) or
neutral (silica) surfaces. Among them, γ-alumina
proved the most efficient.

Conflicting conclusions are reported in literature
regarding the activity of γ-alumina for ozonation. For
instance, the ability of γ-alumina to generate free rad-
icals by interaction of ozone with hydroxyl groups is
put forward in several papers [6, 8, 13–18], but the
chemical nature of the catalytic active sites is subject of
debate. Neutral OH groups [17, 19] or Brönsted acidic
sites [20] have been proposed. This hypothesis is sup-
ported by the fact that nitrates or sulphates inhibit the
activity of the surface by substitution of reactive
hydroxyls. On the contrary, Oyama et al. [21] reported
no activity for mere alumina surfaces and suggested
that it could play a single role of support for metal or
metal oxides with Lewis acidity or oxidative proper-
ties. As an alternative hypothesis, the generation of
hydroxyl radicals has been attributed to reaction of
ozone with adsorbed molecules [18, 22]. In that case,
ozonation activity would be controlled by the adsorp-
tion of the organic substrates and intermediate oxida-
tion products on the surface of γ-alumina rather than
by the presence of reactive hydroxyl groups.

The difficulty in clarifying the catalytic role of alu-
mina surface in the ozonation reaction stands in the
fact that, not only the surface may undergo chemical
and structural modification during the reaction, but
also, as said above, the process is highly dependent on
the operation conditions. Among others, the condi-
tions of the activation of the catalyst, the nature of the
substrate and the pH of the medium have a dramatic
impact on activity. For instance, non-polar substrates
such as aromatic hydrocarbons [23] and ethers [24] do
not adsorb and react in the presence of alumina under
conditions where ozone is readily decomposed and
able to oxidize fulvic and humic acids, which showed
a high affinity for the alumina surface [18]. The influ-
ence of pH is complex as it can affect the overall pro-
cess. Thus, depending on pH value, hydroxyl radicals
can be consumed by condensation to generate hydro-
gen peroxide [15] and strong adsorption of intermedi-
ate carboxylates may occur for pH values lower than
the pHzpc resulting in lower activity and low stability of
the catalyst.
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By combining ozonation experiments with surface
characterization by infra-red spectroscopy and gravi-
metric sorption measurements, we have proposed that
the activity of γ-alumina results essentially from the
basic character of its hydroxylated surface and to its
high capacity in adsorbing carboxylic acids [13]. The
use of tert-butanol as radical scavenger suggested the
involvement of hydroxyl radicals in the reaction [13].
The addition of NaCl neutralized 70% of HO° during
the catalytic ozonation of 2,4-dimethyl phenol (2,4-
DMP) as chloride ions present a very strong scaveng-
ing effect on radicals [13]. However the addition of
NaCl to the aqueous eff luent containing polycyclic
aromatic hydrocarbons (PAHs), phenol and acetic
acid allowed to increases the total organic carbon
removal from 50 to 90%. The results suggest that
sodium cations prevent carboxylic acids adsorption on
the basic sites of γ-alumina whereas chloride anions
give Cl2 or chlorine radicals prone to oxidize PAHs,
which in turn produce HO° by intermediate in-situ
formation of H2O2 [13]. The latter is then able to react
with acetic acid to form peracetic acid, a very powerful
oxidant.

In order to deepen our understanding of the cata-
lytic role of γ-alumina in the ozonation reaction we
have undertaken a systematic study of the modifica-
tion of its surface using a series of metal promoters or
modifiers (Mg, Ca, Zn, Fe, Ba, Zr, Cu, Co, Ni, Ce,
Ti) either by incipient wetness deposition or by direct
sol-gel (sg) synthesis. These metals have been selected
in order to improve the basicity and/or the oxidative
character of the alumina surface. Two specific tests,
for measuring the basicity of the materials in water and
for estimating their redox behavior have been devel-
oped. The performances of characteristic materials
have been then evaluated in the ozonation of a model
petrochemical eff luent.

EXPERIMENTAL
Materials

Synthesis of metal-doped aluminas by incipient wet-
ness deposition on γ-alumina. γ-Al2O3 (Alfa Aesar,
powder obtained by grinding the original particles)
was used as a support for all syntheses. In a typical
incipient wetness impregnation, 2 g of γ-Al2O3 were
mixed with 2–3 mL of aqueous metallic salt (x g)
(Table 1) solutions for 24 h. The samples were then
dried for 24 h at 80°C and calcined in air at 450, 600 or
750°C for 5 h.

Synthesis of metal doped-alumina by sol-gel precip-
itation. Alumina and metal doped-alumina have been
prepared by a sol-gel method developed previously for
pure alumina [25]. 20 g of Al(OsecBu)3 were poured
into a glass vessel containing 2-butoxyethanol
(BuOEt) (162 g) under vigorous stirring. Then 0.3 g of
dodecylamine (DDA) was added into the mixture
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Table 1. List of metal-doped aluminas prepared by incipient wetness with 2 g γ-Al2O3

Catalyst Metal salt Metal salt, g Metal/Al molar ratio

γ-Al2O3 None 0 0
Mg/γ-Al2O3 Mg(NO3)2 ⋅ 6H2O 2.0 0.2
Mg/γ-Al2O3 Mg(NO3)2 ⋅ 6H2O 1.18 0.12
Mg/γ-Al2O3 Mg(NO3)2 ⋅ 6H2O 0.60 0.06
Mg/γ-Al2O3 Mg(NO3)2 ⋅ 6H2O 0.30 0.03
Mg/γ-Al2O3 Mg(NO3)2 ⋅ 6H2O 0.15 0.015
Mg/γ-Al2O3 Mg(NO3)2 ⋅ 6H2O 0.076 0.007
Ca/γ-Al2O3 CaCl2 0.22 0.07
Zn/γ-Al2O3 Zn(NO3)2 ⋅ 6H2O 0.38 0.04
Fe/γ-Al2O3 (NH4)2Fe(SO4)2 0.59 0.05
Ba/γ-Al2O3 Ba(NO3)2 0.42 0.05
Zr/γ-Al2O3 ZrO(NO3)2 0.46 0.05
Co/γ-Al2O3 Co(NO3)2 ⋅ 6H2O 0.36 0.05
Ni/γ-Al2O3 Ni (NO3)2 0.36 0.05
Ce/γ-Al2O3 C6H9CeO6 0.63 0.05
Cu/γ-Al2O3 Cu (NO3)2 ⋅ 3H2O 0.37 0.05
Cu/γ-Al2O3 Cu (NO3)2 ⋅ 3H2O 0.96 0.1
Cu/γ-Al2O3 Cu (NO3)2 ⋅ 3H2O 1.92 0.2
Cu/γ-Al2O3 Cu (NO3)2 ⋅ 3H2O 2.88 0.3
Cu/γ-Al2O3 Cu (NO3)2 ⋅ 3H2O 3.86 0.4
Cu/γ-Al2O3 Cu (NO3)2 ⋅ 3H2O 4.8 0.5
Cu/Mg/γ-Al2O3 Cu(NO3)2 and Mg(NO3)2 0.86 and 1.02 0.1/0.1
Cu/Mg/γ-Al2O3 Cu (NO3)2 and Mg(NO3)2 1.92 and 2.04 0.2/0.2
Cu/Mg/γ-Al2O3 Cu (NO3)2 and Mg(NO3)2 5.12 and 4.8 0.5/0.5
Ce/γ-Al2O3 Ce(NO3)3 ⋅ 6H2O 1.74 0.1
Co/γ-Al2O3 Co(NO3)2 ⋅ 6H2O 5.8 0.5
Mg/Co/γ-Al2O3 Co(NO3)2 and Mg(NO3)2 5.8 and 5.12 0.5/0.5
Ca/Co/γ-Al2O3 Co(NO3)2 and CaCl2 5.8 and 2.2 0.7/0.5
Cu/Co/γ-Al2O3 Cu (NO3)2 and Co(NO3)2 4.8 and 5.8 0.5
Fe/γ-Al2O3 Fe2(NO3)3 ⋅ 9H2O 1.62 0.1
Co/γ-Al2O3 Co(NO3)2 ⋅ 6H2O 1.16 0.1
Fe/Co/γ-Al2O3 Co(NO3)2 ⋅ 6H2O and Fe2(NO3)3 ⋅ 9H2O 1.16 and 1.62 0.1
solution under stirring. When DDA was fully dis-
solved, 7.6 mL of water or aqueous metal (Me) salt
solutions were added dropwise. The obtained sols were
vigorously stirred and kept in static at 40°C for 24 h.
The obtained solids were filtered, washed several times
with 2-BuOEt, dried at 80°C and finally calcined at
600, 750 or 800°C for 5 h. The molar composition of
the mixture is 1Al/0.04DDA/5.27H2O/17BuOEt/
xMe, x = 0.1–0.5 (Table 2).
Methods

Basicity measurement by benzoic acid adsorption.
Aqueous solutions of different concentrations of ben-
zoic acid (solubility 2.9 g/L or 0.020 mol/L) have been
prepared and characterized by UV spectroscopy
(Fig. S1). At pH < 2 (adjusted with one drop of HCl),
the benzoic acid concentration [C] shows a linear rela-
tionship with the maximum intensity (I) of the most
intense band at 273 nm:
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Table 2. List of metal doped-alumina prepared by sol-gel method for 20 g Al(OsecBu)3

Catalyst Metal salt Metal salt, g Me/Al molar ratio Tcalcination, °C

Al2O3 / 0 / /
Ti-Al2O3 Titanium isopropoxide 6.143 0.25 750
Cu-Mg-Al2O3 Cu (NO3)2 and Mg(NO3)2 3.91 and 4.15 0.2 600
Cu-Mg-Al2O3 Cu (NO3)2 and Mg(NO3)2 3.91 and 4.15 0.2 800
Cu-Al2O3 Cu (NO3)2 3.96 0.2 600
Cu-Al2O3 Cu (NO3)2 3.96 0.2 800
Cu-Ca-Al2O3 CaCl2 and Cu (NO3)2 1.82 and 3.96 0.2 600
Cu-Ca-Al2O3 CaCl2 and Cu (NO3)2 1.82 and 3.96 0.2 800
Cu-Mg-Al2O3 Cu (NO3)2 and Mg(NO3)2 9.9 and 10.5 0.5 600
Ce-Al2O3 Ce(NO3)3 ⋅ 6H2O 3.56 0.1 600
This equation was used to determine the amount of
benzoic acid remaining in solution after adsorption on
the different materials. Typically, 0.035 g of solid was
added into 10 mL of 0.002 mol/L benzoic acid solu-
tion (pH 3.3) under vigorous stirring for 4 h to insure
adsorption equilibrium (no difference in UV intensity
was observed after 2 and 24 h of stirring). Then the
solution and the solid were separated by filtration. The
pH of the solution was measured and adjusted at pH <
2 value with HCl. The solution is characterized by UV
spectroscopy and the concentration of benzoic acid
was determined. The amount of benzoic acid adsorbed
on the solid was calculated by difference with the ini-
tial concentration.

Determination of the oxidative character of the
materials. The oxidative dehydrogenation of benzyl
alcohol into benzaldehyde (Scheme 1) was chosen as
reaction model for determining the oxidative proper-
ties of the catalysts prepared by impregnation and sol-
gel method.

Scheme 1. Catalytic oxidation of benzyl alcohol 
to benzaldehyde.

In a typical oxidation reaction, the catalyst (0.3 g)
was dispersed in 15 mL of cyclohexane followed by the
addition of benzyl alcohol (517 μL, 4.97 mmol) in an
autoclave reactor. The reaction was carried out under
stirring for 24 h at 150°C and air pressure of 2 bar.

Periodically reaction samples were recovered, fil-
tered and analyzed by GC-MS (Agilent, GC-2010)
with a ZB-35 HT column. The column temperature
increased from 80 to 180°C with the rate of 15°C/min,
injector temperature was 250°C, column flow was
20 mL/min. Calibration curves have been plotted
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between the amount of benzaldehyde/benzyl alcohol
and GC area (Fig. S2). The amount of the benzyl
alcohol has been taken into account for determining
the reaction conversion and the benzaldehyde yield
has been calculated. Benzaldehyde is the only prod-
uct, no traces of benzoic acid have been obtained
under these conditions.

Materials Characterization. All measurements
were performed at “Plateau Technique, Pole Chimie
Balard Montpellier”.

X-Ray Diffraction (XRD) patterns of the materials
were performed using a Bruker D8 Advance diffrac-
tometer with a Bragg-Brentano geometry and
equipped with a Bruker Lynx Eye detector. XRD pat-
terns were recorded in the range 10−70° (2θ) to iden-
tify the oxide peaks. The angular step size was of
0.0197° and the counting time of 0.2 s per step.

The textural properties of the materials were deter-
mined from the N2 adsorption/desorption isotherms
at 77 K measured on a Micromeritics Tristar 3000
apparatus. The samples were previously outgassed in
vacuum at 250°C for 12 h. Mesopore volumes were
determined at the end of the condensation step, the
surface area by the BET equation and the mesopore
diameter by the Broekhoff and de Boer method on the
desorption isotherm [31].

Materials morphology was studied using a Hitachi
S-4800 I FEG-SEM Scanning Electron Microscope
operating at 5 kV at “Plateau Technique de l’IEM lab-
oratoire du Pole Chimie Balard Montpellier”. Trans-
mission electron microscopy (TEM) images were
acquired on microtomed samples (slices of 70 nm)
with a JEOL 1200 EX II instrument operating at
120 kV.

Energy Dispersive Spectroscopy (EDS) chemical
analyses (in atomic %) were performed on a FEI
Quanta 200F (15 kV) apparatus.

Catalytic ozonation tests. Catalytic ozonation tests
have been performed using a synthetic mixture repre-
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sentative of a produced water (water coming naturally
during oil or gas extraction) having the following com-
position: phenol (200 mg/L), acetic acid (200 mg/L),
naphtenic acid (25 mg/L), pyrene (0.05 mg/L), naph-
thalene (0.95 mg/L), NaCl (50 g/L). The solution has
a pH of 3.3−4.3, a redox potential of 350 mV, a Total
Organic Carbon (TOC) content (or more precisely
Non Purgeable Organic Carbon, NPOC) of 216 mg/L
and a Chemical Oxygen Demand (COD) of
668 mgO2/L.

The ozonation reactions were carried out at 30°C
in a bubble column reactor (7 cm diameter, 25 cm
height) (Fig. S3) using 1 L of solution and 5 g of cata-
lyst (previously dehydrated at 105°C for 16 h). At t =
0 min the f low of ozone was started. Aliquots (8 mL)
were taken at t = 5, 10, 15, 20, 30, 60, 90, 120, 150, 180,
240, 300 min. After measuring the concentration of
dissolved O3, the recovered samples were degassed by
N2 bubbling and stored at low temperature for the fur-
ther analysis. At the end of the catalytic test, the cata-
lyst was recovered by filtration, washed with water and
dried 100°C for further characterizations.

The dissolved ozone concentration was measured
by adding a fresh aliquot into an indigo solution [26].
Ozone in acidic solution leads to a rapid discoloration
of indigo. The absorbance at 600 nm is directly pro-
portional to the ozone concentration. The absorbance
has been measured with a UV-Vis spectrophotometer
(Thermoscientific Evolution 201) in a quartz cuvette
of 1 cm.

COD measurements were not recorded as too
imprecise due to the presence of the high amount of
salt.

TOC measurements were performed with a TOC-
meter Shimadzu TOC Vppn with a method developed
at TOTAL SA (adapted from NF 1484) using acidifi-
cation at pH 2 and degassing of the sample. Solutions
were filtered before analysis (filter 0.45 μm) and
diluted 1/10 with water to decrease the alkalinity.

The consumed ozone by oxidized carbon was mea-
sured from the difference of concentration of gaseous
ozone in the input and in the output of the reactor
(Fig. S3). The f low rate of gas in the reactor is known
(0.2 L/min), the measurements of ozone concentra-
tion in the input and output of the reactor allow to cal-
culate the total ozone mass transferred in the liquid.
The dissolved ozone, measured by the indigo method,
was subtracted from the total ozone mass to access to
the amount of ozone consumed during the chemical
reaction. By dividing this amount by the amount of
mineralized carbon measured by TOC, the amount of
consumed ozone by oxidized carbon has been calcu-
lated by the following equation [27]:

3

3,gas,input 3,gas,output

O3,consumed
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with O3,consumed the amount (mol) of consumed ozone
during the reaction, Corg,oxidized the amount (mol) of
organic carbon oxidized during the reaction, O3,gaz,input
(g/L) and O3,gas,output (g/L) the amount of ozone in the
gas phase in the input and output of the reactor,
respectively, tx (min) the time needed to degrade X%
of organic carbon, X percentage of organic carbon
degraded, Qg the gas f low rate (L/min) at the input of
the reactor, Corg,initial the amount (mol/L) of initial
organic carbon, V the reactor volume (L),  the
molar mass of ozone (48 g/mol).

RESULTS AND DISCUSSION
Materials Characterization

Materials prepared by incipient wetness impregna-
tion. The XRD pattern of the parent γ-Al2O3 shows
three broad peaks at about 37°, 46° and 67° corre-
sponding to a cubic spinel with defects (Fig. 1). The
same crystallographic structure was observed for the
Mg/γ-Al2O3 materials prepared with molar ratio
0.025 < Mg/Al < 0.1 and calcined at 600°C. For the
higher amount of Mg (Mg/Al = 0.2) a slight shift of
XRD peaks towards lower angles is observed suggest-
ing the incorporation of Mg in the spinel structure
of γ-Al2O3 leading to MgxAl2-xO4 phase. N2 adsorp-
tion-desorption isotherms (77 K) of γ-Al2O3 and
Mg/γ-Al2O3 samples (0.025 < Mg/Al < 0.2) are similar
(Fig. 1, Table 3). All Mg/γ-Al2O3 materials featured
mesopore diameters of 10–11 nm, mesopore volumes
around 0.6 mL/g and specific surface areas around
230–260 m2/g. These results show that the incorpora-
tion of Mg in γ-Al2O3 did not affect the textural char-
acteristics of γ-Al2O3.

For Mg/γ-Al2O3 (Mg/Al = 0.05), the calcination
temperature from 450 to 750°C does not affect the
crystalline structure (Fig. S4). Only slightly thinner
peaks are observed for a calcination temperature of
750°C resulting from some particle sintering. Conse-
quently, the increase of calcination temperature leads
to a slight decrease in specific surface area from 246 to
196 m2/g, a slight increase of mesopore diameter from
10 to 11 nm and mesoporous volume from 0.56 to
0.64 mL/g. This is consistent with the same behavior
observed for γ-Al2O3 in this temperature range.

XRD patterns of Ca/γ-Al2O3 and Ba/γ-Al2O3 with
M/Al = 0.05 calcined at 600°C (Fig. S5) show the
same peak positions as γ-Al2O3 or Mg/γ-Al2O3
(Mg/Al = 0.05), but with a decrease in peaks intensity
suggesting a decrease in crystallinity when the ionic
radius of the cation increases (Ba > Ca > Mg). This
suggests that the incorporation of these cations into
the spinel structure of γ-Al2O3 induces a larger defor-
mation for the larger cation (Ba). The incorporation
of Ba and Ca in γ-Al2O3 does not affect the textural
properties (Table S1), which remain close to those of
γ-Al2O3.

3OM
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Fig. 1. (a) XRD patterns and (b) nitrogen sorption isotherms at 77 K of γ-Al2O3 and Mg/γ-Al2O3 samples prepared by incipient
wetness impregnation with different Mg/Al molar ratios and calcined at 600°C.
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XRD patterns (Fig. S6) of M/γ-Al2O3 samples with
M/Al = 0.05 calcined at 600°C for M = Fe, Co, Ni,
Cu, Zn, Zr, Ce show globally the same crystallo-
graphic structure as γ-Al2O3. XRD patterns of Fe/,
Co/, Ni/, Zn/γ-Al2O3 are similar to γ-Al2O3 crystallo-
graphic structure suggesting the incorporation of these
cations in the spinel structure of γ-Al2O3 with slight
decrease in crystallinity in the order Zn > Ni > Co >
Fe. These cations are known to form MAl2O4 spinel
phases at high temperature. XRD patterns of Cu/, Zr/,
Ce/γ-Al2O3 show additional peaks suggesting the for-
mation of oxides nanoparticles (NPs) at the surface of
γ-Al2O3. For Zr/γ-Al2O3 an additional broad peak at
2θ = 30° suggests the formation of some tiny ZrO2 NPs
at the surface of γ-Al2O3. Similarly for Ce and Cu
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020

Table 3. Textural properties determined from N2 sorption 
γ-Al2O3, Cu/γ-Al2O3, Mg/γ-Al2O3 and Mg/Cu/γ-Al2O3 synth
calcined at 600°C

Materials ∅pore, nm Vtotal (

γ-Al2O3 12.2 0.
γ-Al2O3 (600°C) 10.8 0.
after 1 ozonation 14.0 0.
Cu/Al = 0.2 11.5 0.
after 1 ozonation 14.0 0.
Mg/Al = 0.1 11.9 0.
after 1 ozonation 14.0 0.
after 2 ozonations 14.0 0.
Mg/Cu/Al = 0.2 sg 6.5 0.
after 1 ozonation 2 and 30 nm 0.
Mg/Al = 0.2 11.4 0.
after 1 ozonation 13.0 0.
additional peaks corresponding to oxide NPs are
observed. Peaks at 29 and 57° in 2θ for Ce/γ-Al2O3 are
characteristic of CeO2 NPs and peaks at 36° and 39° in
2θ for Cu/γ-Al2O3 are characteristic of CuO NPs with
monoclinic structure.

The impregnation with Co on γ-Al2O3 for a larger
amount of Co (Co/Al = 0.5) leads to additional XRD
peaks (Fig. S7) appearing at 2θ = 32°, 37°, 45°, 59°,
66° characteristic of Co3O4 NPs formation at the sur-
face of spinel Co/γ-Al2O3 leading to a decrease of sur-
face area and mesopore volume (Table S2). A co-addi-
tion of Mg, Ca or Fe with Co does not change the
XRD patterns, whereas a co-addition of Cu leads to
the formation of supplementary CuO NPs. N2 adsorp-
tion-desorption isotherms of the different elements
isotherms at 77 K of catalysts before and after ozonation:
esized by incipient wetness impregnation and sol-gel (sg) and

mL/g) SBET, m2/g CBET

58 183 135
69 221 122
43 146 146
55 195 102
43 140 126
69 259 119
59 193 168
60 195 155
44 297 115
03 19 92
60 240 120
53 179 156
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Fig. 2. (a) XRD patterns and (b) nitrogen sorption isotherms at 77 K of Cu/γ-Al2O3 samples prepared by incipient wetness
impregnation with different Cu/Al molar ratios and calcined at 600°C.
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(Fe, Co, Ni, Cu, Zn, Ce, Zr with M/Al = 0.05) depos-
ited on γ-Al2O3 show little variation of textural proper-
ties of γ-Al2O3 except for Ce/γ-Al2O3, which shows a
decrease of surface area and mesopore volume sug-
gesting the blocking of some mesopores by CeO2 NPs,
while CuO NPs does not affect textural properties of
γ-Al2O3 (Table S3).

The increase of Cu/Al ratio 0.1 < Cu/Al < 0.5
during the impregnation on γ-Al2O3 (calcination at
600°C) leads to the increase of XRD peaks intensity
of CuO NPs (Fig. 2) at the surface of γ-Al2O3. For
Cu/Al ≤ 0.2 the textural properties of γ-Al2O3 are
maintained, whereas for larger amount of Cu, CuO
NPs are blocking the entrance of some mesopores
leading to a decrease of surface area and mesopore
volume of the materials (Table S4). CuO NPs are of
interest as they are known for their oxidative properties
[29]. The increase of calcination temperature to 800°C
leads to the appearance of a well crystalline phase, a
cubic spinel phase CuAl2O4 [30] for Cu/Al ≤ 0.3 and
for Cu/Al ≥ 0.4 in addition to the spinel phase some
CuO NPs (Fig. S8). We can suggest that for a calcina-
tion at 600°C the CuO NPs are at the surface of a spi-
nel phase CuxAl2–xO4. The increase of temperature at
800°C lead the increase of crystallinity and to the
change of textural properties of the Cu/γ-Al2O3 mate-
rials (Table S5) with a drastic decrease in surface area
from 200 m2/g to 100 and 40 m2/g for Cu/Al ≤ 0.2 and
0.3 ≤ Cu/Al ≤ 0.5, respectively. It is to notice that spi-
nel-type materials CuAl2O4 and CuMgAl2O4 have
already been used efficiently in catalytic ozonation for
the degradation of clofibric acid, a blood lipid regula-
tor [31].
Mixed metals Mg and Cu have been co-impreg-
nated on γ-Al2O3. For a calcination at 600°C, the
increase of Mg/Cu/Al molar ratio from 0.1/0.1/1 to
0.2/0.2/1 and 0.5/0.5/1 leads to an increase of XRD
peaks intensity of CuO NPs (Fig. 3) revealing the
increase of the amount of CuO NPs at the surface of
Mg/γ-Al2O3. The peak intensities corresponding to
CuO NPs are higher than for the materials prepared
with Cu alone on γ-Al2O3 (Fig. 2). This suggests that
Mg is preferred to Cu to enter in γ-Al2O3 spinel struc-
ture, and consequently leads to the formation of larger
CuO NPs at the surface of Mg/γ-Al2O3 spinel phase.
Consequently, surface area and mesopore volume are
slightly lower for Cu/Mg/Al materials in comparison
to Cu/Al materials with surface areas of 153 instead of
195 m2/g for Cu/Al = 0.2 and 97 instead of 116 m2/g
for Cu/Al = 0.5 (Table S6).

Materials prepared by sol-gel. XRD patterns of
Al2O3 synthesized by sol-gel method and calcined at
different temperatures (Fig. S9) show that at 600°C
alumina exhibits a poorly crystallized gamma struc-
ture. A temperature higher than 750°C is necessary to
reach the gamma crystalline phase of alumina. Alu-
mina synthesized by the sol-gel method and calcined
at 600°C features high surface area, mesopore volume
and mesopore diameter of 440 m2/g, 0.84 mL/g and
7 nm, respectively (Table S7). The increase of calcina-
tion temperature to 800°C to reach γ-Al2O3 structure
leads to a decrease of surface area and mesopore vol-
ume to 233 m2/g and 0.65 mL/g, respectively, similar
to commercial γ-Al2O3 used for impregnation.

The sol-gel method has been applied to synthesize
metal doped-alumina materials. A Ti/Al2O3 material
has been synthesized with a Ti/Al molar ratio of 0.25.
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Fig. 3. (a) XRD patterns and nitrogen sorption isotherms at 77 K of Mg/Cu/γ-Al2O3 samples prepared by incipient wetness
impregnation with different molar ratios and calcined at 600°C.
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TiO2 is generally known for its high oxidative charac-
ter, especially when it features the anatase crystalline
phase. However, the resulting mixed oxides is mostly
amorphous and the gamma alumina phase is not well
crystallized even for a calcination at 750°C (Fig. S10).
The mixed-oxide Ti/Al2O3 synthesized by sol-gel
presents very different textural properties in compari-
son to alumina: small mesopore diameter of 5 nm, a
low mesopore volume of 0.27 mL/g and a surface area
of 240 m2/g (Table S8).

Cu/Al2O3 (Cu/Al = 0.2) materials have been pre-
pared by sol-gel and calcined at 600 and 800°C. XRD
pattern (Fig. S11) of the material calcined at 600°C
shows mainly an amorphous phase with two weak
peaks at 2ϴ = 35 and 40° due to few CuO NPs. The
textural properties of Cu/Al2O3 calcined at 600°C
(Table S9) are close to the one of Ti/Al2O3. An
increase of calcination temperature to 800°C reveals
the formation of a cubic spinel phase CuAl2O4
(Fig. S11). The addition of Mg (Mg/Al = 0.2) to form
a mixed Cu/Mg/Al (0.2/0.2/1) material leads after
calcination at 600°C to more crystallized CuO NPs
(Fig. S12). This observation is similar to that made for
the Cu/Mg/Al (0.2/0.2/1) material obtained by
impregnation due to the preferential formation of
Mg/Al2O3 spinel phase. This material shows a higher
mesopore volume (0.44 mL/g) and surface area
(300 m2/g) (Table S10) in comparison to Ti/Al2O3 and
Cu/Al2O3 materials prepared by sol-gel. By increasing
the amount of Mg and Cu (Cu/Mg/Al = 0.5/0.5/1)
the amount of CuO NPs increases evidenced by the
increase of the intensity of XRD peaks (Fig. S12).
Nitrogen sorption isotherm shows the formation of
less homogeneous size distributions of mesopores sug-
gesting inhomogeneous sizes of NPs. The addition of
Ca instead of Mg (Cu/Ca/Al = 0.2/0.2/1) leads to the
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
formation of CuO NPs (Fig. S13) and a drastic loss of
the textural properties with a decrease of surface area
to 74 m2/g (Table S11). Ca is presumably more prone
to form CaAl2O4 spinels in comparison to Mg. The
increase of calcination temperature to 800°C, leads to
a mixture of poorly crystallized spinel phase and some
CuO NPs.

Basicity of the Materials in Water

The basicity of all materials prepared either by
incipient wetness impregnation or by sol-gel precipita-
tion has been investigated. Basic sites can be analyzed
in the gas phase for example by CO2 adsorption mon-
itored by FTIR as we have done in the previous publi-
cation using γ-Al2O3 for catalytic ozonation [13].
However to be closer to the experimental conditions, a
method has been developed to characterize the basic-
ity of the materials in water. In literature a method to
analyze the basicity of solids in aqueous medium has
been proposed based on the amount of benzoic acid
adsorbed measured by UV detection at a wavelength of
272 nm [32]. Authors relate the amount of benzoic
acid adsorbed on the solids to the effective amount of
basic sites: the higher amount adsorbed means the
higher number of basic sites in the materials. Benzoic
acid is also an interesting molecule for the present
study as it is representative of carboxylic acids resulting
from ozonation of petrochemical pollutants, which in
final stage leads mainly to acetic acid and some oxalic
and formic acids. Benzoic acid adsorption allows to
probe the basicity of materials and in the same time
the capacity of the materials to adsorb carboxylic
acids. In non-saline petroleum effluents, carboxylic
acids were adsorbed on the basic sites of γ-Al2O3 lead-
ing to a progressive decrease of activity of the catalyst
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after each run [13]. γ-Al2O3 should be reactivated at
600°C to recover its catalytic properties. It is therefore

advantageous to develop catalysts, which do not
adsorbed carboxylic acids.

Scheme 2. Example of UV spectra of benzoic acid obtained in acidic and basic conditions.

However, interpretation of the UV spectrum of
benzoic acid in a water solution is not straightforward
since peaks intensity and position vary with the pH of
the solution and cannot be solely examined at 272 nm.
At a basic pH, the UV bands are shifted towards lower
wavelengths and the extinction coefficient of the band
decreases resulting in a difficult quantification of ben-
zoic acid in solution. The pKa of benzoic acid is 4.2. At
pH < pKa – 2, therefore pH 2.2, benzoic acid is under
its protonated molecular form C6H5–COOH, and at
pH > pKa + 2, therefore pH 6.2, benzoic acid is under
its anionic form C6H5–COO–. For 2.2 < pH < 6.2,
there is an equilibrium between these two forms. The
shape of the UV spectrum of the remaining benzoic
acid in solution is complex (Scheme 2). For accurate
quantitative estimation of the benzoic acid remaining
in solution after separation from the solid, it is neces-
sary to adjust the pH below 2.2 or above 6.2 to analyze
always the same state of benzoic acid.

We have therefore developed a new methodology
to quantify precisely the amount of benzoic acid
remaining in solution by UV-Vis measurements to
characterize the basicity of the materials and the
amount of benzoic acid adsorbed in the solid. First the
pH of the benzoic acid solution in contact with the
solid has been measured, then the pH of the solution
(after filtration) has been decreased below pH 2 to
obtain the same position of UV bands, the intensities
of the bands were then solely dependent on the ben-
zoic acid concentration.

Basicity of doped-alumina prepared by incipient
wetness impregnation. The initial pH of the benzoic
acid solution was 3.3. By adding γ-Al2O3, the
pH increased to 4. At pH 4 there was a mixture

of C6H5−COOH and C6H5–COO– and the surface
of γ-Al2O3 had a majority of Al–OH species with few
Al−O– groups. Benzoic acid was adsorbed on the alu-
mina surface with an amount of 0.37 mmol/g due
mainly to Al-OH/C6H5–COOH interactions. The
addition of Mg/γ-Al2O3 materials in the benzoic solu-
tion led to an increase of pH values from 5 to 8
depending on Mg amount. The pH of the solution
increased with the increase of Mg content and in par-
allel benzoic acid adsorption decreased with no
adsorption observed for Mg/Al > 0.06 (Fig. S14,
Table S12). The pH of the solutions were 6.6 and 8.1
for Mg/Al = 0.1 and 0.2, respectively (Fig. 4,
Table S12). The basic character of γ-Al2O3 was there-
fore improved by the incorporation of Mg on γ-Al2O3.
As no adsorption of benzoic acid was observed for
Mg/Al > 0.06, Mg/γ-Al2O3 materials should prove
effective for sustainable catalytic ozonation. The
increase of pH of the benzoic solution is related to the
increase of basicity of the materials and is accompa-
nied by a decrease of benzoic acid adsorption
(Fig. S15), which is the opposite of what was suggested
in literature [32]. In literature [32], nitrogen-doped
porous carbons have been studied, which are weakly
basic materials leading presumably to no pH increase.
In this case the maximum benzoic acid adsorption
was found for the more basic materials as only
C‒N/C6H5–COOH interactions are involved. When
the pH increases above a value of 4, the amount of
C6H5–COO– increases, leading to less adsorption of
benzoic acid due to electrostatic repulsion with Al–O–

groups on the surface.
The influence of the calcination temperature on

the basic properties have been examined for materials
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Fig. 4. Basicity test: pH of remaining benzoic acid solution after 4 h contact with metal-doped aluminas materials.
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prepared with Mg/Al = 0.05. Whereas materials cal-
cined at temperatures of 450 and 600°C allowed to
increase the pH of the solution to 6.2 and 6.3, respec-
tively, calcination at 750°C eliminated the promoting
effect of Mg on the basicity of alumina, leading to a
solution pH of 4.3. Consequently, the amount of
adsorbed benzoic acid increased to 0.25 mmol/g as
more molecular protonated form of benzoic acid was
present (C6H5–COOH). This amount of adsorbed
benzoic is close and slightly inferior to the
one obtained for γ-Al2O3, which gives a pH of benzoic
acid solution of 4.0. We can suggest that up to a calci-
nation temperature of 600°C, Mg remains at the sur-
face of γ-Al2O3 to form a basic mixed-oxide whereas at
750°C Mg migrates inside the particle leading to a sur-
face similar to γ-Al2O3.

Materials prepared with other alkaline-earth met-
als (Ba, Ca) (M/Al = 0.05) deposited on γ-Al2O3 led to
an increase of the pH values of the benzoic acid solu-
tion (Fig. 4, Table S12) with the highest pH found for
Ca/γ-Al2O3 (pH 7.0). All the pH values of benzoic
solutions were above 6.2 for Mg/, Ca/ and Ba/γ-Al2O3
materials and benzoic acid was under its anionic form
C6H5–COO–. It means that alkaline-earth metals
really improve the basicity of γ-Al2O3. For Mg/, Ca/
and Ba/γ-Al2O3 materials, no benzoic acid was
adsorbed on these materials (Fig. 4, Fig. S14,
Table S12).

Besides alkaline-earth metal, other elements
(Fe, Co, Ni, Cu, Zn and Ce) have been deposited on
γ-Al2O3 and calcined at 600°C. The pH values of the
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
resulting solutions with their mixture with benzoic
acid solutions were higher (4.2 < pH < 5.4) than
γ-Al2O3 (pH 4.0) except for Fe/γ-Al2O3, which pH was
3.8 (Fig. 4, Table S12). Among the series Co/, Ni/,
Cu/, Zn/, Ce γ-Al2O3, the highest pH values were
obtained for Cu/γ-Al2O3 with pH 5.1 to 5.4 for
Cu/Al = 0.05 to 0.5, respectively. Co/, Zn/,
Cu/γ-Al2O3 materials adsorbed a similar amount
of benzoic acid (0.23 mmol/g), slightly less than on
γ-Al2O3 (0.37 mmol/g) (Fig. S14, Table S12). Simi-
larly Ce and Zr deposited on γ-Al2O3 show a small
increase of pH of the benzoic acid solution with
pH 4.35 for Ce/γ-Al2O3 and pH 4.22 for Zr/γ-Al2O3
and lead to an amount of benzoic acid adsorbed of
0.27–0.28 mmol/g. These results are in accordance
with the relationship between the pH of solution and
the adsorbed benzoic acid amount (Fig. S15) cor-
related to the amount of anionic form of benzoic
acid, which increases with the increase of pH accord-
ingly to its pKa value. An exception is observed for
Fe/γ-Al2O3, which shows a slight decrease of pH
(pH 3.8) in comparison to γ-Al2O3 (pH 4.0), and no
adsorption of benzoic acid (Fig. S15). We suggest that
Fe interacts and covers the basic sites of γ-Al2O3.
Cu/γ-Al2O3 features the highest basicity among non
alkaline-earth metals deposited on γ-Al2O3, but its
basicity remains below alkaline-earth/γ-Al2O3 as
Mg/γ-Al2O3 with pH of benzoic acid equal to 8.1 for
Mg/Al = 0.2 (Fig. 4, Table S12). Increasing the tem-
perature of calcination to 800°C for Cu/γ-Al2O3 does
not decrease the pH (pH 5.4) as for Mg/γ-Al2O3
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(pH 4.3), meaning that Cu remains in the surface of
the particles, but the amount of adsorbed benzoic acid
decreases to 0.10 mmol/g. This is due to the decrease
of the specific surface area of the material coming
from the formation of dense spinel CuAl2O4 phase at
800°C (Fig. 4, Table S12).

The materials formed by co-impregnation of Mg
and Cu on γ-Al2O3 with molar ratios Mg/Cu/Al =
0.1/0.1/1 and Mg/Cu/Al = 0.2/0.2/1 show an increase
of the pH of the benzoic acid solution with values of
5.9 and 6.8, respectively, which are intermediate of
those of Mg/γ-Al2O3 (pH 6.6 and 8.1 for Mg/Al = 0.1
and 0.2, respectively) and those of Cu/γ-Al2O3 (pH
5.2 for Cu/Al = 0.1 and 0.2). The amount of benzoic
acid adsorbed is low (0.05 mmol/g) for Mg/Cu/Al =
0.1/0.1/1 and no adsorption of benzoic acid is mea-
sured for Mg/Cu/Al = 0.2/0.2/1 (Fig. S14, Table S12)
as expected for such pH values (Fig. S15).

In summary, the materials prepared by incipient
wetness impregnation featuring the highest basicity
are Mg/γ-Al2O3 (Mg/Al = 0.2) > Ca/γ-Al2O3
(Ca/Al = 0.07) > Mg/Cu/γ-Al2O3 (Mg/Cu/Al =
0.2/0.2/1) > Mg/γ-Al2O3 (Mg/Al = 0.12). In suspen-
sion in benzoic acid solution they lead to pH values
higher than 6.2 (Fig. 4) with no benzoic acid adsorp-
tion (Fig. S15). These materials are therefore suitable
catalysts for sustainable ozonation.

Basicity of the materials prepared by sol-gel. The
basicity of alumina and different metal/alumina-
based materials prepared by sol-gel precipitation was
probed following the same protocol as above.

Similar amounts of benzoic acid were adsorbed on
the commercial γ-Al2O3 and the sol-gel Al2O3
(0.37 mmol/g compared to 0.33 mmol/g) (Table S12).
The pH value of the benzoic acid solution after mixing
with sol-gel Al2O3 was slightly higher (pH 5) than that
obtained with the commercial γ-Al2O3 (pH 4).

The benzoic acid solution in contact with the sol-
gel Ti/Al2O3 featured a slightly lower pH value
(pH 4.7) than that attained with sol-gel alumina and
showed a lower amount of benzoic acid adsorbed
(0.18 mmol/g). The sol-gel Cu/Al2O3 (Cu/Al = 0.2)
led to a pH value (pH 5.2) similar to that observed with
the sol-gel alumina and the Cu/γ-Al2O3 prepared by
impregnation with a slightly lower amount of benzoic
acid adsorbed (0.19 mmol/g) (Table S12). The highest
basicity was reached with the sol-gel Cu/Mg/Al2O3
with a pH of benzoic acid solution of 7.9, close to the
one obtained for the more basic material prepared by
impregnation (Mg/γ-Al2O3 with Mg/Al = 0.2; pH 8.1)
(Fig. 4), and a low amount of benzoic acid adsorbed
(0.06 mmol/g).

As shown above, most of metal-doped alumina
materials prepared either by incipient wetness deposi-
tion or by sol-gel (sg) method increased the basicity of
alumina. (Fig. 4, Fig. S14). The highest basicity was
revealed by the materials containing alkaline-earth
metals. The basicity decreases in the following order:
Mg/γ-Al2O3 (Mg/Al = 0.2) ≥ Mg/Cu/Al2O3 (sg)
(Mg/Cu/Al = 0.2/0.2/1) > Ca/γ-Al2O3 (Ca/Al =
0.07) > Mg/Cu/γ-Al2O3 (Mg/Cu/Al = 0.2/0.2/1) >
Mg/γ-Al2O3 (Mg/Al = 0.12). The basicity brought by
the transition metals is lower and it decreases in the
order: Cu > Co > Ce > Zn > Ni = Zr > Fe.

Oxidative Character of the Materials

As a test for scaling the oxidative character of the
materials, we have chosen a catalytic model reaction
consisting in the oxidative dehydrogenation of benzyl
alcohol into benzaldehyde in the presence of air [29].
In literature [29], the reaction was performed at 100°C
for 24 h under atmospheric pressure of air, using CuO
NPs as catalyst in toluene with 0.33 mol/L of benzyl
alcohol and 20 g/L of catalyst, corresponding to
75 mol% Cu with respect to benzyl alcohol. CuO NPs
were synthesized from CuCl2.2H2O in water in pres-
ence of N-cyclohexyl-3-amino-propane sulfonic acid
as chelating agent with pH adjustment at 11 with
KOH, afforded, after washing and drying, a high benz-
aldehyde yield (>99% conversion and selectivity).

First, the reaction conditions (solvent, catalyst
amount, reaction time, temperature, air pressure)
were optimized with the material prepared by incipient
wetness impregnation consisting of CuO NPs sup-
ported on γ-Al2O3 and calcined at 600°C, Cu/γ-Al2O3
(Cu/Al = 0.2). Toluene as the solvent can be oxidized
into benzaldehyde and therefore it was replaced by
cyclohexane. Without catalyst, benzyl alcohol could
also be converted into benzaldehyde with 6% conver-
sion for air pressure superior to 2 bar. The air pressure
was therefore set at 2 bar. The highest conversion of
benzyl alcohol conversion into benzaldehyde was
obtained with 0.3 g of catalyst in 15 mL (20 g/L) of
cyclohexane for 4.97 mmol of benzyl alcohol
(0.33 mol/L), for a reaction temperature of 150°C and
a reaction time of 24 h. Benzaldehyde was the only
product obtained, no traces of benzoic acid were
detected.

The oxidative properties of all the materials have
been evaluated using the optimal conditions defined
above for Cu/γ-Al2O3 (Cu/Al = 0.2). Benzaldehyde
yields are reported in Fig. 5 for all alumina-based
materials prepared by incipient wetness impregnation
and sol-gel method. The highest benzaldehyde yields
were obtained on copper containing materials pre-
pared by incipient wetness impregnation on γ-Al2O3
and calcined at 600°C. In the case of Cu/γ-Al2O3
materials, the benzaldehyde yield increased to 68%
when the molar ratio Cu/Al increased from 0.1 to 0.2.
Further increase of the amount of Cu on γ-Al2O3
(Cu/Al = 0.4 and 0.5) had an unfavorable effect on the
catalytic activity with a decrease of benzaldehyde yield
to 30%. This is probably due to an increase in size of
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Fig. 5. Oxidation test: yields of benzaldehyde with the different M/Al2O3 catalysts. The reaction condition: benzyl alcohol
(517 μL), cyclohexane (15 mL), 0.3 g catalyst, 150oC for 24 h, under air 2.0 bar.
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the CuO NPs by sintering, leading to a smaller intrin-
sic surface area of the NPs.

Interestingly and surprisingly, the materials pre-
pared by co-impregnation of Cu and Mg, Mg/Cu/γ-
Al2O3 (Mg/Cu/Al = 0.1/0.1/1 and 0.2/0.2/1) led to
higher benzaldehyde yields of 68 and 95%, respec-
tively (Fig. 5). As explained above, Mg is more prone
than Cu to enter in γ-Al2O3 spinel structure and con-
sequently leads to the formation of larger size CuO
NPs at the surface. However, in this case the growth of
the size of the NPs has a favorable impact on the cata-
lytic activity. This indicates that the support for CuO
NPs plays a role in the reaction. The strong interaction
between a strongly basic support, which is electron
donor, as Mg/γ-Al2O3, with CuO NPs prevents their
migration on the surface and their sintering. The
higher activity is presumably due to a better dispersion
of CuO NPs at the surface of Mg/γ-Al2O3 in compar-
ison to γ-Al2O3. Mg/γ-Al2O3 mixed-oxides are often
preferred to γ-Al2O3 as supports for metal NPs in
catalysis as they bring a structural promoting role
towards interaction with the active metal allowing
higher metal dispersion by stabilizing smaller
nanoparticles [33–37].

To conclude, the materials with the highest oxida-
tive character are Mg/Cu/γ-Al2O3 (Mg/Cu/Al =
0.2/0.2/1) > Mg/Cu/γ-Al2O3 (Mg/Cu/Al = 0.1/0.1/1) =
Cu/γ-Al2O3 (Cu/Al = 0.2). Notably, Mg/Cu/γ-Al2O3
(Mg/Cu/Al = 0.2/0.2/1) features both high oxidative
character and high basicity.
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Catalytic Ozonation
Reaction mechanisms. The mechanism of ozona-

tion has been investigated in previous works [13, 38]
using various model substrates in the presence or
absence of catalyst. Main results are summarized in
Tables 4 and 5. With 2,4-dimethylphenol (DMP) as
starting substrate, intermediate molecules have been
identified, and final by-products consisted of acetic
acid > formic acid  oxalic acid.

Acetic acid is formed rapidly similarly for single
and catalytic ozonation, though in lower amount in
the presence of catalyst. Acetic acid is the main final
product as it cannot be oxidized by O3 or HO°. The use
of catalysts significantly increases the efficiency of the
ozonation process as illustrated in runs 1, 4, 7 and 9,
Table 4. For γ-Al2O3 initial rate of degradation is
increased by a factor 5.3 and TOC removal by a factor
3 to 4. This is due to the occurrence of the radical
pathway, as evidenced by the addition of OH° scaven-
gers such as NaCl and t-butanol in the reaction
medium (runs 5, 6 and 8, Table 4). In both cases the
initial rate of TOC removal is significantly decreased
as well as the final extent of TOC removal. For γ-Al2O3
initial rate of degradation is decreased by a factor 2.2
and TOC removal by a factor 1.6. Without scavengers,
phenol removal results from direct ozonation with O3,
from reaction with OH° radicals and from adsorption
of by-products on the catalyst in the case of γ-Al2O3.
FTIR and 13C MAS NMR experiments demonstrated
that the active catalytic sites of γ-Al2O3 are surface
basic sites.

@
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Table 4. Ozonation of 2,4-dimethylphenol. (Temperature: 25°C, O3 f low rate: 40 L/h, Inlet O3 concentration: 2 g/Nm3,
[2,4-DMP] = 50 mL/L, Solution volume: 1.5 L)

Run # Catalyst Radical scavenger Relative initial reaction rate % TOC removal after 300 min Ref.

1 None None 1 14 38
2 None NaCl (50 g/L) 0.7 10 38
3 None t-BuOH (25 mg/L) 0.8 12 13
4 Na-LTA (2 g/L) None 4.0 34 38
5 Na-LTA (2 g/L) NaCl (50 g/L) 0.9 12 38
6 Na-LTA (2 g/L) t-BuOH (25 mg/L) 1.3 15 38
7 γ-Al2O3 (2 g/L) None 5.3 47 13
8 γ-Al2O3 (2 g/L) t-BuOH (25 mg/L) 2.4 30 13
9 γ-Al2O3 (5 g/L) None 5.3 57 13

Table 5. Ozonation of petroleum model effluent. (Temperature 35°C, O3 flow rate: 24 L/h, Inlet O3 concentration: 5 g/ Nm3,
Solution volume: 1.5 L, [Phenol] : 200 mg/L, [Naphtenic acid] = 50 mg/L, [Pyrene] = 0.05 mg/L, [Naphtalene] = 0.95 mg/L,
[Acetic Acid] = 200 mg/L)

Run # Catalyst Radical scavenger Relative initial 
reaction rate

% TOC removal 
after 300 min Ref.

10 None None 1 59 13
11 None NaCl (50 g/L) 0.7 95 13
12 γ-Al2O3 (5 g/L) None 6.4 52 13
13 γ-Al2O3 (5 g/L) NaCl (50 g/L) 3.8 92 13
14 γ-Al2O3 (600°C) (5 g/L) NaCl (50 g/L) 3.9 92 This work
15 Mg/Al = 0.1 (5 g/L) NaCl (50 g/L) 8.6 95 This work
16 Mg/Al = 0.2 (5 g/L) NaCl (50 g/L) 8.6 95 This work
17 Mg/Al = 0.1 (3.3 g/L) NaCl (50 g/L) 8.6 87 This work
18 Mg/Al = 0.1 (3.3 g/L) reuse NaCl (50 g/L) 8.6 98 This work
The use of scavengers allowed to determine the ini-
tial rate of degradation for each mechanism: for the
mixed mechanism O3 + HO° + adsorption (γ-Al2O3)
the initial rate of degradation was 5.3 times higher than
for a mechanism with O3 alone, and the mixed mech-
anism O3 + adsorption (γ-Al2O3 + scavenger) was
2.4 times higher than direct O3 ozonation.

In the case of the synthetic eff luent simulating pro-
duced water from off-shore oil extraction (phenol
(200 mg/L), polycyclic aromatic hydrocarbons
(PAHs) as naphtenic acid (25 mg/L), pyrene
(0.05 mg/L) and naphthalene (0.95 mg/L), acetic acid
(200 mg/L)), the use of γ-Al2O3 as catalyst resulted in
a strong (6.4 fold) increase of the initial rate of TOC
removal (runs 10 and 12, Table 5) compared to direct
ozonation, as observed with the DMP substrate. The
mechanism is therefore similar and is a mixed mecha-
nism O3 + HO° + adsorption (γ-Al2O3). In both sys-
tems (direct and catalytic ozonation), however, the
extent of TOC removal limits at 50–60%, due to the
high initial content of refractory acetic acid in the
starting solution.
The presence of salt (NaCl) in the synthetic eff lu-
ent (runs 10, 11, 12 and 13, Table 5) has similar scav-
enging effect for HO° as for DMP substrate for the ini-
tial rate of TOC removal for direct ozonation (with a
decrease by a factor 1.7) and slightly less for catalytic
ozonation (with a decrease by a factor 1.4). But, the
main difference with DMP substrate is that the
decrease of initial reaction rate resulted in a dramatic
increase of the level of TOC removal, the latter being
above 90% after 300 min reaction. The extent of TOC
removal achieved, implying decomposition of acetic
acid, led to the conclusion that a somewhat different,
and more complex mechanism, was operating in this
case. By reference to literature data it was therefore
suggested [13] that PAH were oxidized by reaction
with chlorine or chlorine radicals, within in addition,
in-situ generation of HO° and hydrogen peroxide in
the reaction medium, able to degrade acetic acid via
the transient formation of peracetid acid, a powerful
oxidant able to degrade PAH. This suggests two path-
ways for HO° generation: one from the hydroxyls of
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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the catalysts and one from the decomposition of PAH.
The following reactions are suggested:

1—production of HO° by the catalyst:

2—degradation of phenols into carboxylic acids

3—scavenging effect of HO° by Cl-:

4—reactions of Cl– derivatives with PAH:

5—final degradation of carboxylic acids:

We suggest that a faster production of HO° by the
catalyst could predominate on the reaction rate of the
scavenging by Cl- and reach higher initial degradation
rate for saline produced water as obtained in the pres-
ent work for γ-Al2O3 doped with Mg (runs 15 to 18,
Table 5) and presented below.

Catalytic ozonation of saline synthetic produced
water. The catalytic properties γ-Al2O3 modified with
different metal oxides were evaluated in the ozonation
the synthetic produced water. As shown in the experi-
mental section the main characteristics of this eff luent
are: pH 3.3–4.3, COD = 668 mg O2/L, TOC =
216 mg/L, RedOx potential = 350 mV, Cl– = 30 g/L.

After preliminary investigations, we chose to probe
the more basic materials, ie, Mg/γ-Al2O3 (Mg/Al =
0.2), Mg/Cu/Al2O3 (sg) (Cu/Mg/Al = 0.2/0.2/1) >
Mg/Cu/γ-Al2O3 (Cu/Mg/Al = 0.2/0.2/1), Mg/γ-Al2O3
(Mg/Al = 0.1) and the materials featuring the highest
oxidative character, ie, Mg/Cu/γ-Al2O3 (Cu/Mg/Al =
0.2/0.2/1) > Cu/γ-Al2O3 (Cu/Al = 0.2) (Fig. 6). All
the materials have been activated at 600°C. Commer-
cial γ-Al2O3 calcined and uncalcined have been used
for comparison. Note that all catalysts featured similar
textural properties (Table 3): specific surface areas
close to 200 m2/g, mesopore volumes of 0.4−

3Catalyst-OH + O HO (fast),→ °

3Phenols + HO  or O acetic acid
> formic acid oxalic acid,

° →
@
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0.7 mL/g, mesopore diameters of 10 nm and CBET =
100−120 characteristic of hydroxylated surfaces.

No increase of temperature was noticed during cat-
alytic ozonation reactions. The pH of the eff luent
increased from pH 3–4 to 5–7 when catalysts (freshly
dried at 105°C) were added to the reaction mixture
(Fig. S16). A brown color appeared as soon as ozone
was introduced in the reactor and disappeared after
20–50 min (Fig. S17) when the RedOx potential
jumped steeply from 350 to 1000 mV (Fig. S18). Simi-
lar brown color has already been reported during the
oxidation of phenol with HO° radicals into ortho- and
para-benzoquinone [39]. The transient color change
is attributed to the formation of dihydroxylated ring
intermediates, which can react with their own qui-
nones to generate charge-transfer complexes, which
take a dark color at low concentrations. Para-benzo-
quinone has been used as HO° radicals scavenger in
the catalytic ozonation of AO7 (C16H11N2NaO4S) dye
with Cu/Al2O3 catalyst [40]. Benzoquinone drastically
inhibited the catalytic activity of Cu/Al2O3 due to
rapid reaction with HO°. Therefore we may assume
that in our case phenol is first oxidized through direct
ozonation into benzoquinone, which then rapidly
reacts with HO° to give oxidized products. When all
benzoquinone is transformed, the coloration disap-
pears and the concentration of ozone in solution
increases. During the first 20 to 50 min, the TOC val-
ues decreased but in a different way, depending on the
catalyst: 20% of TOC removal for CuO/γ-Al2O3
(Cu/Al = 0.2), Mg/Cu/Al2O3 (sg) (Cu/Mg/Al =
0.2/0.2/1) and 30–50% of TOC removal for γ-Al2O3
calcined at 600°C, Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2),
Mg/Cu/γ-Al2O3 (Cu/Mg/Al = 0.2/0.2/1) (Fig. S18).

TOC removal level increased with ozonation time
(Fig. 6) to reach 70–80% after 5 h for Cu/γ-Al2O3
(Cu/Al = 0.2), Mg/Cu/Al2O3 (sg) (Cu/Mg/Al =
0.2/0.2/1) and uncalcined γ-Al2O3. For γ-Al2O3 cal-
cined at 600°C and Mg based catalysts prepared by incip-
ient wetness impregnation on γ-Al2O3 (Mg/γ-Al2O3,
Mg/Al = 0.1 and 0.2, and Mg/Cu/γ-Al2O3, Cu/Mg/Al =
0.2/0.2/1), TOC removal reached 95% after 5 h
(Fig. 6, runs 15, 16, Table 5). The evolution of TOC
with these materials reveals that the main TOC reduc-
tion occurs within the first 2 h (>90%).

Uncalcined γ-Al2O3 was not active in catalytic ozo-
nation, whereas γ-Al2O3 calcined at 600°C was active.
This observation could explain why some authors con-
sider γ-Al2O3 as excellent in catalytic ozonation due to
the generation of HO° [13, 41, 42], while some others
found that γ-Al2O3 does not catalyze the removal of
pollutants such as hydrocarbons [21, 41, 42]. γ-Al2O3
needs activation before to be used in catalytic ozona-
tion. A good reproducibility of the results of literature
was obtained with γ-Al2O3 calcined at 600°C (runs 13
and 14, Table 5).
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Fig. 6. TOC removal (%) of saline petroleum eff luent (initial TOC = 216 mg/L) as a function of ozonation time for the catalysts
(5 g/L): (j) uncalcined γ-Al2O3, (h) γ-Al2O3 calcined at 600°C and materials calcined at 600°C with (+) Mg/Cu/γ-Al2O3
(Mg/Cu/Al = 0.2/0.2/1), (n) Mg/γ-Al2O3 (Mg/Al = 0.1), (e) Mg/γ-Al2O3 (Mg/Al = 0.2), (s) Cu/γ-Al2O3 (Cu/Al = 0.2),
(×) Mg/CuO/Al2O3 (Mg/Cu/Al = 0.2/0.2/1) prepared by sol-gel (sg). Dashed line represents the ozonation without catalysts
taken from ref. 13.
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The catalyst with only oxidative character such as
Cu/γ-Al2O3 (Cu/Al = 0.2) was poorly active in cata-
lytic ozonation of the saline eff luent as TOC removal
was only around 65% after 5 h ozonation (Fig. 6) infe-
rior to the TOC removal by single ozonation [13]. Cu
leaching was also observed during catalytic ozonation
as after reaction Cu/γ-Al2O3 revealed a ratio Cu/Al of
0.12 instead of 0.20. On the contrary, all catalysts fea-
turing high basicity properties proved very active,
except the catalyst prepared by sol-gel, Mg/Cu/Al2O3
(sg) (Cu/Mg/Al = 0.2/0.2/1). This catalyst was
destroyed and densified during catalytic ozonation, its
surface area has decreased from 300 to 20 m2/g
(Table 3), which explains its low activity.

Catalysts prepared by incipient wetness impregna-
tion exhibited a slight decrease (~ 25%) of surface area
and pore volume after ozonation (S = 150–190 m2/g,
V = 0.40–0.60 mL/g) (Table 3) with a preservation of
their molar composition, except Mg/Cu/γ-Al2O3
(Cu/Mg/Al = 0.2/0.2/1). In this case a large amount
of Cu was leached during catalytic ozonation leading
to 0.003 < Cu/Al < 0.07 measured by EDS on
the solid. Therefore, only the basic character of this
catalyst accounted for its high catalytic activity.
Mg/Cu/γ-Al2O3 (Cu/Mg/Al = 0.2/0.2/1) showed the
same activity as Mg/γ-Al2O3 (Mg/Al = 0.2) (Fig. 6).

From the results above, it appears that surface
basicity is the only requirement to generate active and
stable catalysts for catalytic ozonation of saline petro-
leum effluents while oxidative character do not play a
significant role.

Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2) catalysts pre-
pared by incipient wetness impregnation showed
higher activity than γ-Al2O3 calcined at 600°C with a
faster rate of pollutants degradation. After 1 h ozona-
tion, levels of TOC removal were 55.5, 69.4 and 73.7%
for γ-Al2O3, Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2),
respectively. The initial reaction rate of Mg/γ-Al2O3
catalysts increased by 2.2 in comparison to γ-Al2O3
and by a factor 12 in comparison to direct ozonation
(runs 11, 14, 15 to 18, Table 5). After 2 h reaction, the
levels of TOC removal were 80.5, 90.3 and 93.9% and
after 5 h they reached 92% for γ-Al2O3 and 95% for
Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2) (Fig. 6).

Mg/γ-Al2O3 (Mg/Al = 0.1) exhibited similar
but slightly lower catalytic activity in comparison to
Mg/γ-Al2O3 (Mg/Al = 0.2), due to its slightly lower
basicity, evidenced by a slightly lower pH increase
during ozonation (Fig. S19). After 5 h of catalytic ozo-
nation, the eff luents featured pH values of 8.6 and 9.2
for Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2), respectively.
However Mg/γ-Al2O3 (Mg/Al = 0.1) was the most
efficient catalyst in terms of amounts of ozone con-
sumed for the degradation of pollutants. It allowed less
ozone consumption in comparison to all other catalyst
with 12 g of consumed ozone per g of carbon mineral-
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Fig. 7. TOC removal (%) of saline petroleum eff luents (initial TOC = 216 mg/L) as a function of ozonation time for Mg/γ-Al2O3
(Mg/Al = 0.1) calcined at 600°C with (s) 3.3 and (n) 5 g/L of catalyst and (d) in reuse with 3.3 g/L of catalyst.
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ized (Figs. S20, S21) corresponding to 3 moles of O3
per mole of C mineralized. This catalyst Mg/γ-Al2O3
(Mg/Al = 0.1) might be considered among the most
efficient catalysts for catalytic ozonation of saline pro-
duced water.

Catalysts solely composed of MgO nanoparticles
have already proven good catalysts for catalytic ozona-
tion of quinolone by generating HO° radicals [43].
They have shown relatively good stability in reuse, but
with a progressive decrease of activity after each reuse,
leading to a decrease of degradation level of quinolone
from 100 to 93% after 5 cycles. This loss of activity was
attributed to the increase of the size of the MgO NPs
from 17 to 37 nm by sintering during ozonation, reduc-
ing its overall activity [43].

The stability of Mg/γ-Al2O3 (Mg/Al = 0.1) catalyst
was evaluated in a second run of ozonation (runs 17,
18, Table 5). The catalyst recovered by filtration after a
first run has been washed with demineralized water
and dried at 105°C. 3.3 g of catalyst were thus recov-
ered. During the second run, Mg/γ-Al2O3 (Mg/Al =
0.1) catalyst (3.3 g/L) exhibited an outstanding
improvement of activity, which reached 98% TOC
removal after 5 h reaction (Fig. 7). For a better com-
parison with the fresh catalyst Mg/γ-Al2O3 (Mg/Al =
0.1), an ozonation test with the same amount of fresh
catalyst (3.3 g/L) was performed and revealed a much
lower efficiency with 87% TOC removal after 5 h. To
understand the origin of the increase of efficiency of
Mg/γ-Al2O3 (Mg/Al = 0.1) after an ozonation cycle,
the textural and structural features of the used cata-
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
lysts were examined by nitrogen adsorption, TGA,
SEM (Fig. 8), XRD (Fig. 9) and TEM (Figs. 10–13).

Textural and structural characterization of the cata-
lysts after ozonation. After 1 and 2 ozonation runs the
catalyst Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2) preserved
their textural properties: specific surface areas, meso-
pore volumes and mesopore diameters are similar
(Table 3).

SEM pictures of γ-Al2O3 and Mg/γ-Al2O3
(Mg/Al = 0.1 and 0.2) after ozonation showed grains
with a rough surface and the presence of some round
nanoparticles at the surface of the grains, with a
slightly larger amount of nanoparticles in the surface
of Mg/γ-Al2O3 (Mg/Al = 0.2) (Fig. S22). After the
second ozonation run, Mg/γ-Al2O3 (Mg/Al = 0.1)
showed clearly the appearance of a large amount of
round and square nanoparticles of 100 nm in
size at the surface of the grains (Fig. 8). TEM pictures
of γ-Al2O3 after ozonation revealed the classical mor-
phology of needles-like structure of alumina with very
few round nanoparticles (100 nm) at the surface
(Fig. 9). TEM pictures of Mg/γ-Al2O3 (Mg/Al = 0.1)
after one ozonation showed the classical morphology
of γ-Al2O3 with, in addition, a large population of
nanoparticles (100 nm) (Fig. 10). Some of the
nanoparticles started to segregate from the grains sur-
face. After the second ozonation run, the segregation
of the nanoparticles from the surface increased and
some separate discrete phase appeared, formed by an
aggregation of nanoparticles (Fig. 11). TEM pictures
of Mg/γ-Al2O3 (Mg/Al = 0.2) after one ozonation run
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Fig. 8. SEM pictures of Mg/γ-Al2O3 (Mg/Al = 0.1) after two catalytic ozonations.

600 nm
showed the typical morphology of γ-Al2O3, some
nanoparticles (100 nm) at the surface of the grains,
with, in addition, some large plates characteristic of a
lamellar structure (Fig. 12).

XRD patterns of Mg/γ-Al2O3 (Mg/Al = 0.1) after
1 and 2 ozonation experiments showed additional dif-
fractions peaks apart from the alumina
structure, attributed to an orthorhombic magnesium
aluminium spinel MgAl2O4 phase [44], which
increased in intensity after the second ozonation
(Fig. 13). For Mg/γ-Al2O3 (Mg/Al = 0.2) after 1 ozo-
nation run, XRD showed a similar spectrum
with peaks attributed to a spinel phase with a lower
intensity than for Mg/γ-Al2O3 (Mg/Al = 0.1) and the
apparition of a hydrotalcite-like phase (named, Lay-
ered Double Hydroxide (HDL)) of general formula
Mg1–xAlx(OH)2, , m H2O (0.2 < x < 0.4, corre-

sponding to 2 < Mg/Al < 4, and X = , Cl–). The
calculated interlayer distance of d003 = 0.78 nm
(Fig. 13) indicates the presence of Cl- as compensating
anion due to the excess of NaCl. The formation of the
LDH phase results from the rehydroxylation of the
Mg/Al mixed-oxide present on the γ-Al2O3 surface at
the high pH of the solution (pH 9). The LDH phase is
not detected by XRD for Mg/γ-Al2O3 (Mg/Al = 0.1)

/
n
x nX −

2
3CO −
due to its too low amount or to the slightly lower pH
(8.5) of the solution (Fig. S19).

The formation of orthorhombic spinel phase
MgAl2O4 and possibly LDH phase are therefore
responsible for the outstanding activity of the catalysts
Mg/γ-Al2O3 (Mg/Al = 0.1) in catalytic ozonation of
saline petroleum effluent. In general, the catalytic use
of cubic spinel MgAl2O4 has received significant atten-
tion as an alternative to traditional alumina-supported
catalysts because of its high thermal stability and
strong basicity [45]. MgAl2O4 is an important ceramic
material due to its attractive combination of physical,
chemical, optical and magnetic properties. It is mainly
obtained as dense structures featuring very low surface
areas. Efforts have been paid to synthesize ultrafine or
nanosized powders of MgAl2O4 [44]. Nano-sized
MgAl2O4 powders have been produced at 1150°C for
4 h [46] or in an ultrasonic oxygen atomizer followed
by a combustion at 2000°C [44]. Round nanoparticles
(<60 nm) have been obtained featuring surface areas
of 30–80 m2/g [44]. Spinel MgAl2O4 can be produced
at lower temperature (700°C) by chlorination, while in
air a temperature above 930°C was necessary [47].

Recently, mesoporous f lake-like cubic spinel
MgAl2O4 nanoparticles (10 nm) featuring high surface
area of 264 m2/g with a mesopore diameter of 6 nm
have been produced by the sol-gel process using
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Fig. 9. TEM pictures of γ-Al2O3 (calcined 600°C) after one catalytic ozonation.

500 nm

Fig. 10. TEM pictures of Mg/γ-Al2O3 (Mg/Al = 0.1) after one catalytic ozonation.

200 nm
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Fig. 11. TEM pictures of Mg/γ-Al2O3 (Mg/Al = 0.1) after
two catalytic ozonations.

500 nm
nitrate salts of Al and Mg in the presence of propylene
oxide and a calcination of 700°C [48]. This material
should be worth evaluation in catalytic ozonation.
Such a f lake-like morphology with a high surface area
of 169 m2/g is similar to that of the confidential com-
mercial catalysts used by Sun et al. [42] for ozonation
of non saline petroleum effluents, and could be there-
fore a spinel CuAl2O4. To the best of our knowledge,
no spinel MgAl2O4 catalysts have been used in cata-
lytic ozonation. Only CuAl2O4 and CuxMg(1–x)Al2O4
(20 m2/g) spinels have been reported, with the limita-
tion of Cu leaching [31]. Authors showed slightly
higher activity and stability for CuMgAl spinels in
comparison to HDLs based materials (MgAl, MgFeAl
and MgCuAl) [31].

In our study, spinel MgAl2O4 nanoparticles
(100 nm) are produced at the surface of γ-Al2O3 under
strong oxidizing conditions at ambient temperature
from Mg/γ-Al2O3 (Mg/Al = 0.1) materials previously
calcined at 600°C. In recent literature, Mg/γ-Al2O3
(Mg/Al = 0.0025) was prepared by incipient wetness
impregnation followed by a calcination at 550°C and
used in the catalytic ozonation (with a catalyst amount
of 5 g/L) of non saline petroleum effluents featuring a
pH of 8.15 containing 27% of organic alcohol and 25%
of heterocyclic compounds [49]. Slightly higher effi-
ciencies were found for Mg-Ce/γ-Al2O3 compared to
Mg/γ-Al2O3, both featuring highest efficiencies than
γ-Al2O3. After 40 min reaction, COD removal was 34,
46 and 52% for γ-Al2O3, Mg/γ-Al2O3 and Mg-Ce/γ-
Al2O3, respectively. Increasing the Mg amount
(Mg/Al = 0.0077) did not change the efficiency.
Authors have shown that Mg deposited on γ-Al2O3
enhanced further HO° generation and that direct ozo-
nation operated as well. The active catalytic surface
promote formation of HO° from ozone, accelerating
chemical degradation. Authors state that the density of
surface OH groups stand in the order: γ-Al2O3 >
Mg/γ-Al2O3 > Mg-Ce/γ-Al2O3 [49], suggesting that
the strength of the basic sites was more important than
the number of OH groups in determining catalytic
efficiency. Interestingly, it was shown that Mg2+ was
well dispersed on the γ-Al2O3 surface with strong
interactions between Mg and γ-Al2O3 support and that
the surface content of MgO was greater than that of the
bulk [49].

In our case, TGA profiles and surface areas of
γ-Al2O3 and Mg/γ-Al2O3 (Mg/Al = 0.1 and 0.2) are
identical, revealing a same level of dehydroxylation, so
a similar amount of surface –OHs (Fig. S23). How-
ever a slightly lower dehydroxylation degree was
noticed for the Mg/γ-Al2O3 (Mg/Al = 0.1) after the
second ozonation run, suggesting less surface OHs,
whereas the ozonation efficiency was improved. A seg-
regation of Mg at the surface of the alumina particles
for MgO/γ-Al2O3 (Mg/Al = 0.1 and 0.2) could be at
the origin of the activity enhancement through the for-
mation of Mg rich phases as spinel and LDH at the
surface. This segregation might be favored under
strong oxidizing reaction conditions as ozonation
since the spinel amount increased upon successive
ozonation.

The promotional effect of surface spinels on the
catalytic ozonation activity has been reported several
times and attributed to the generation of oxygen
vacancies. Two hypothesis have been put forward to
account for this observation: either (i) a higher
amount of active-OH groups on the surface by water
adsorption producing more HO° radicals [50, 51] or
(ii) reaction of ozone with vacancies producing very
active superoxide radicals, which can in turn lead to
formation of HO° radicals as well [52, 53]. In both
cases the f low of radicals is increased. In TGA profiles
(Fig. S23) the weight loss occurring between 150 and
200°C could be attributed to some water molecules
trapped into the spinel structure, supporting the first
hypothesis.

The proposed mechanisms operate most probably
for phenols and PAHs oxidation, but presumably not
for other types of pollutants such as chlorinated com-
pounds, which are not interacting with HO° but rather
degraded by direct ozonation of adsorbed ozone with
adsorbed pollutants at the surface of the catalyst. In
that case the process requires hydrophobic catalysts
such as ZSM-5 zeolites with high Si/Al ratio [41]. A
mixture of Mg/γ-Al2O3 (Mg/Al = 0.1) catalyst with
silicalite-1 could represent a versatile catalyst for cata-
lytic ozonation.
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020
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Fig. 12. TEM pictures of Mg/γ-Al2O3 (Mg/Al = 0.2) after one catalytic ozonation.

500 nm
CONCLUSION

Previously, we have demonstrated that γ-Al2O3 was
an efficient catalyst for ozonation as it produces HO°
radicals from the reaction of O3 with Al-OH basic
sites. In the case of saline eff luents, chloride ions play
usually a very strong scavenging effect on HO° radi-
cals, which increases with the amount of NaCl and
account for 70% of HO° neutralization for NaCl =
50 g/L. However, when the eff luents contained poly-
cyclic aromatic hydrocarbons (PAHs) the opposite
effect was observed. It was proposed that PAHs react
with Cl° or Cl2, coming from reaction of Cl– with HO°
and Cl– with O3, respectively, to produce new HO°
and H2O2, which are able to degrade carboxylates into
CO2 and HO– leading to an increase of pH. In the case
of petroleum saline (NaCl 50 g/L) eff luents contain-
ing acetic acid (30%), phenols and PAHs, the combi-
nation of O3, NaCl and PAHs allow a mineralization
of 90% of the pollutants in 5 h including the mineral-
ization of acetic acid, which is the most resistant car-
boxylic acid to oxidize. The addition of γ-Al2O3
increases the rate of mineralization in comparison to
O3 with the same level of final mineralization.

In this study, in order to further improve catalytic
ozonation, mesoporous alumina-based materials con-
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taining different promoters (Mg, Ca, Zn, Fe, Ba, Zr,
Cu, Co, Ni, Ce, Ti) have been prepared either by
incipient wetness on γ-Al2O3 particles or by direct sol-
gel (sg) precipitation. These metals have been chosen
to improve either the basicity and/or the oxidative
character of alumina. A basicity scale in water has been
developed based on the amount of benzoic acid
adsorbed and the pH of the resulting solutions. An oxi-
dative test has been developed based on the oxidation
of benzyl alcohol into benzaldehyde in cyclohexane at
150°C. The more basic solids were Mg-based materi-
als with molar ratios: Mg/Al (0.2/1), Cu/Mg/Al
(0.2/0.2/1)(sg) > Cu/Mg/Al (0.2/0.2/1), Mg/Al
(0.1/1). The materials featuring the higher oxidative
properties were CuO nanoparticles-based materials
with Cu/Mg/Al (0.2/0.2/1) > Cu/Al (0.2/1),
Cu/Mg/Al (0.1/0.1/1). All materials present high sur-
face area, mesopore volumes and mesopore
diameters similar to γ-Al2O3 (200 m2/g, 0.6 mL/g,
11 nm diameter).

These materials were tested in the catalytic ozona-
tion of a synthetic petroleum saline eff luent represen-
tative of a produced water containing phenols, acetic
acid and PAHs. The results show that: (1) γ-Al2O3
leads to an improvement of ozonation rate only if it is
calcined at 600°C, (2) materials with only oxidative
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Fig. 13. XRD pattern of catalysts after catalytic ozonation: (grey) Mg/γ-Al2O3 (Mg/Al = 0.1) after 1 and 2 ozonation (reuse) and
Mg/γ-Al2O3 (Mg/Al = 0.2) after 1 ozonation. For comparison in each graph (black) calcined γ-Al2O3 (600°C) after 1 ozonation.
Diffraction peak for orthorhombic spinel (arrows) and LDH – d100 = 0.78 nm (*). Schematic representation of the orthorhombic
spinel structure.
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properties as Cu/Al (0.2/1) are not efficient, (3) basic
materials are the most efficient. The rate of ozonation
increases with the increase of basicity of the material,
so with the Mg content. After 5 h ozonation, the pH of
the solution initially at 3.3–4.3 has increased to 8.5 for
Mg/Al (0.1/1) and to 9.2 for Mg/Al (0.2/1). Ozona-
tion efficiency is only related to the basicity of the
materials.

Materials prepared by incipient wetness on γ-Al2O3
particles maintain their textural characteristics (meso-
pore volume, diameter and surface area), whereas sol-
gel materials are destroyed during ozonation. Mg/Al
(0.2/1), Cu/Mg/Al (0.2/0.2/1), Mg/Al (0.1/1) cata-
lysts lead to the highest rate of ozonation with a min-
eralization level > 90% after 2 h and 95% after 5 h.
Ozonation leads to the leaching of copper in Cu/Mg
based materials, whereas the composition of Mg/Al
materials remains constant. Mg is the only efficient
metal. Mg/γ-Al2O3 (Mg/Al = 0.1) is the most efficient
catalyst in terms of mineralization level and consump-
tion of O3 to oxidize the pollutants. Furthermore, this
catalyst in reuse shows a remarkable improvement of
catalytic activity with the highest level of mineraliza-
tion (98%). This increase of catalytic ozonation activ-
ity in reuse has never been observed before and is
attributed to the formation of nanoparticles of orthor-
hombic spinel structure (MgAl2O4) at the surface of
the grains of γ-Al2O3 generating probably more HO°
radicals. A catalyst formed only by nanoparticles of
orthorhombic spinel structure MgAl2O4 could be an
outstanding catalyst for ozonation. For the catalyst
with higher Mg content Mg/γ-Al2O3 (Mg/Al = 0.2),
PETROLEUM CHEMISTRY  Vol. 60  No. 8  2020



HIGHLY EFFICIENT MESOPOROUS Mg/γ-Al2O3 CATALYSTS 879
some layered double hydroxide (LDH) are formed at
the expense of the spinel. Both Mg/γ-Al2O3 oxides
(Mg/Al = 0.1 and 0.2) catalysts are promising catalysts
for ozonation of real saline petroleum effluents con-
taining PAHs, such as produced water.
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