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Abstract
Catalysts based on CuO/g-alumina, CuAl2O4/g-alumina, NiO/g-alumina, NiAl2O4/g-alumina and bulk CuAl2O4 have been
structurally characterized by BET, porosimetry, X-ray diffraction (XRD) and scanning electron microscopy (SEM). Their
catalytic behaviors have also been tested for the oxidation of 5 g/l phenol aqueous solutions using a triphasic tubular reactor
working in a trickle-bed regime and air with an oxygen partial pressure of 0.9 MPa at a temperature of 413 K. The copper and
nickel catalysts supported on g-alumina have surface areas of the same order as the support g-alumina of ca. 190 m2/g and high
active phase dispersions which were also con®rmed by SEM, whereas the bulk copper aluminate spinel has a surface area of
ca. 30 m2/g. XRD detects the phases present and shows a continuous loss of CuO by elution and the formation of a copper
oxalate phase on the surface of the copper catalysts which also elutes with time. The NiO was also eluted but less than the
copper catalysts. Only the copper and nickel spinel catalysts were stable throughout the reaction. Phenol conversion vs. time
shows a continuous overall decrease in activity for the CuO/g-alumina and NiO/g-alumina catalysts. In turn, the copper and
nickel spinel catalysts reach steady activity plateaus of 40 and 10%, respectively, of phenol conversion. The bulk copper
aluminate spinel shows an activity plateau of 20% of the conversion which is lower than that from the copper aluminate/galumina catalyst due to its lower surface area. Nickel catalysts always have lower activities than the copper catalysts for the
phenol oxidation reaction. The copper catalysts drive a mechanism of partial phenol oxidation to carboxylic acids and
quinone-related products with very high speci®c rates, and the nickel catalysts mainly drive a mechanism of CO2 formation
with lower conversion but with a potential higher catalyst life. The triphasic tubular reactor using trickle-bed regime largely
avoids the mechanism of polymer formation as a catalyst deactivation process. # 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction
In many cases, the aqueous streams caused by
chemical and related industries contain organic pol*Corresponding author. Tel.: +34 977 559787; fax: +34 977
559597.

lutants such as phenol, which is toxic and poorly
biodegradable. These polluting agents are also in very
high concentrations so that direct biological treatment
is not appropriate, or in very low concentrations when
the recovery is not economically feasible [1]. In these
cases, it is necessary to use less conventional techniques to remove the pollutants.
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Different methods for treating industrial waste
water containing organic pollutants have been
widely reported. The choice of treatment depends
on the level of phenol concentration, on economics
and easy control, reliability and treatment ef®ciency
[2,3,9,14].
Several processes have been studied, such as chemical oxidation [2,4±8], electrochemical treatment
[9±13], wet oxidation [14±18], photo-catalytic oxidation [19], photo-electrochemical oxidation [20], processes in supercritical conditions [21±28], or burning.
In many cases, several reaction conditions are
required, higher temperatures (500±700 K) and pressures 70±200 bar, for oxidation to take place. In other
cases, higher amounts of energy or chemical products
are required. Hence, these expensive methods have
lower feasibility.
The development of inexpensive and ef®cient processes for waste-water treatment at intermediate levels
of phenol concentration is of considerable interest for
industrial activities.
The oxidation of dilute aqueous solutions for
organic pollutants using air or oxygen over a solid
catalyst has been shown to be a useful and inexpensive
alternative process in which the organic compounds
are oxidised to carbon dioxide and water [29±37].
Batch and semi-batch approaches have previously
been studied [29±33]. It has been recently reported
[34±38] that continuous processes in a three-phase
reactor in a trickle-bed regime are suitable in much
milder conditions for the catalytic treatment of aqueous solutions with pollutant loading.
The catalysts which have been used until now
undergo serious activity losses and deactivations
due to the strong oxidation conditions of the processes
used. This effect needs further investigation, and is
one of the targets of this work. Here, we make a

comparative study of a copper oxide/g-alumina catalyst and four novel catalysts based on copper aluminate, nickel aluminate and nickel oxide/g-alumina
which, to our knowledge, have not yet been reported
for the reaction concerned.
These solids have been prepared and structurally
characterised to oxidise phenol aqueous solutions
using a trickle-bed reactor.
2. Experimental
2.1. Sample preparation
Copper oxide/g-alumina and nickel oxide/g-alumina precursors were prepared by impregnating galumina (BET area 197 m2/g) with the corresponding
copper nitrate hydrate or nickel nitrate hexahydrate
aqueous solutions using the dry soaking method. The
alumina support was previously ground and sieved in
the 25±50 mesh range before impregnation. The samples were dried at 393 K for 5 h and then calcined at
different temperatures for 8 h in air, for the catalysts
labelled C-1, C-2, C-3 and C-4. Catalyst C-5 was
prepared from the stoichiometric mixture of hydrated
copper nitrate and aluminium nitrate nonahydrate.
Calcination temperatures and the loadings obtained
after calcination are listed in Table 1. All reagents
were reagent-grade (from Aldrich).
2.2. BET areas
BET surface areas were calculated from the nitrogen adsorption isotherms at 77 K by using a Micromeritics ASAP 2000 surface analyser and a value of
0.164 nm2 for the cross section of the nitrogen molecule.

Table 1
Surface characteristics of catalysts C-1, C-2, C-3, C-4 and C-5
Sample

Composition

Calcination
temperature (K)

BET area
(m2/g)

Average pore
diameter (nm)

Pore volume
(cm3/g)

C-1
C-2
C-3
C-4
C-5

10% CuO/g-Al2O3
10% NiO /g-Al2O3
10% CuO /g-Al2O3
10% NiO /g-Al2O3
CuAl2O4

773
773
1173
1173
1173

190
188
187
189
30

11.2
11.2
11.3
11.3
13.8

0.53
0.52
0.52
0.53
0.06

A. Alejandre et al. / Applied Catalysis B: Environmental 18 (1998) 307±315

309

Fig. 1. Experimental setup for catalytic oxidation studies.

2.3. X-ray diffraction (XRD)

2.4. Scanning electron microscopy (SEM)

Powder X-ray diffraction (XRD) patterns of the
catalysts were obtained with a Siemens D5000 diffractometer by using nickel-®ltered CuK radiation.
Samples were dusted on double-sided sticky tape and
mounted on glass microscope slides. The patterns
were recorded over the 5>2>858 range and compared to the X-ray powder ®les to con®rm phase
identities. The patterns of the detected phases are:
Ê (100),
aluminium oxide (g-alumina) (d1.40 A
Ê (80), 2.4 A
Ê (60), 4.6 A
Ê (40) and 2.27 A
Ê
1.97 A
Ê (100),
(30)); copper oxide (tenorite) (d2.524 A
Ê (100), 2.531 A
Ê (60) and 1.8667 A
Ê (25));
2.311 A
Ê
copper oxalate hydrate (moolooite) (d3.88 A
Ê (20), 1.756 A
Ê (18) and 1.774 A
Ê
(100), 2.476 A
(16)); aluminium oxide hydroxide (boehmite)
Ê (100), 3.164 A
Ê (65), 2.346 A
Ê (55),
(d6.11 A
Ê (30) and 1.860 A
Ê (25)); copper aluminium
1.896 A
Ê (100), 2.856 A
Ê (55), 1.4279 A
Ê (35),
oxide (d2.436 A
Ê (25) and 2.019 A
Ê (16)); Nickel oxide
1.5542 A
Ê (100), 2.412 A
Ê (60), 1.477 A
Ê (35),
(d2.088 A
Ê (35) and 1.260 A
Ê (18)) and nickel aluminium
1.476 A
Ê (100), 2.013 A
Ê (65), 1.4232 A
Ê (60),
oxide (d2.427 A
Ê (30), 4.65 A
Ê (20) and 2.846 A
Ê (20)).
1.5485 A

Scanning electron micrographs were obtained with
a JEOL JSM-6400 microscope operating at acceleration voltages30 kV, working distances8±19 mm
and magni®cation values of 30 000.
2.5. Determination of catalytic activity
The experimental set-up (see Fig. 1) consists of a
stirred, 1-l tank connected to a high-pressure metering
pump that works in a ¯ow-rate range of 10±150 ml/h.
This pump feeds a triphasic tubular reactor (1.1 cm i.
d. and 20.0 cm long), operating in a trickle-bed regime
and heated by an oven equipped with a temperature
control system. The reactor was ®lled with the catalysts, previously ground and sieved in the 25±50 mesh
range.
The air was directly fed in from a high-pressure gas
cylinder after reaching the desired value. The products
of the reaction were rapidly cooled, before separating
the liquid and gas phases, into two vessels, the smallest of which was used for liquid sampling. The gases
were measured with a ¯ow-meter that also worked as a
gas-¯ow controller. Both, the feed and the different
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reaction products were analysed by high-performance
liquid chromatography (Beckman System Gold,
HPLC) to determine the phenol conversion and product distribution, using Spherisorb
ODS2
(250.4 cm2) as a stationary phase and a mixture
of 35% methanol (HPLC quality) and 65% bidistilled
water at pH 2.5 with H2SO4 as a mobile phase. Flow
rate of the mobile phase was set to be 1 ml/min. A UV
spectrophotometer at 254 nm was employed as
detector. For the analysis of carboxylic acids and
quinones, a method with changing the methanol/water
ratio in the mobile phase and two different  values,
such as 219 and 254 nm, was used. The weight
percentage of total carbon difference between the feed
and the sum of the reaction organic products, determined by HPLC, was assumed to be the CO2 released
by the reaction [34,37]. To evaluate the error of this
assumption, the expected COD (chemical oxygen
demand from total organic matter) values from the
HPLC results (feed and total reaction organic products) were compared with the experimental COD
values determined by the standard method of
3
reduction and UV-visible spectroscopy
Cr2 O2ÿ
7 =Cr
determination of Cr3. The results of both methods
gave deviations which were always lower than 2%.
The fairly good agreement between both techniques
accounted for the HPLC sound analysis of the whole
product range obtained, and allowed us to determine
the conversion of phenol to carbon dioxide. The
amount of carbon dioxide was also obtained (for
one test), by the determination of barium carbonate
obtained when the gas outlet stream was continuously
bubbled into a saturated barium hydroxide solution
[32]. The deviations with this method were always
lower than 4%.
This work shows the results of the catalytic removal
of phenol in the aqueous phase, and, in particular, the
results of the catalytic oxidation of an aqueous solution of 5 g/l in phenol using air as oxidant. The
reaction conditions were as follows: the reaction
temperature was 413 K, the gas ¯ow rate 2.3 ml/s,
the liquid ¯ow rate 35.4 ml/h working at 0.41 h of
inverse WHSV (weight hourly space velocity), the
partial oxygen pressure was maintained at 0.9 MPa,
the particle diameter of the catalysts was 25±50 mesh,
and 14.52 g of the catalyst was loaded into the reactor.
The standard tests of diffusional limitations through
the catalysts revealed the absence of limitations by

external and internal mass transfers. For this purpose,
several experiments were performed, changing the
weight catalyst between 5 and 20 g and the particle
diameter in the 25±110 mesh range, maintaining the
residence time (0.41 h) [39]. The conversion values
were always similar to those of Fig. 3 (zone of
plateaus of conversions).
3. Results and discussion
3.1. Bet areas
Table 1 collects the results obtained from the BET
and porosimetry determinations which include the
BET surface area, the average pore diameter (nm)
and the pore volume of the catalysts. Small differences
have been observed in the C-1 to C-4 BET surface
areas and pore volumes, and with respect to the
support (g-alumina of 197 m2/g). The BET surface
area is ca. 190 m2/g and the average pore diameter
11 nm. Supported catalysts C-1 to C-4 basically retain
the surface properties of the support. We can assume
that the CuO and the NiO phases are well dispersed on
the support and do not gives rise to any signi®cant
change in porosities, even at higher calcination temperature such as 1173 K. This high dispersion of the
catalysts active phases has also been detected using
other techniques such as XRD and SEM. The low
surface area (30 m2/g) and pore volume of the C-5
sample are indicative of the fact that its pore density is
lower than catalysts C-1 to C-4. This is because of the
strong agglomeration of the material produced by the
higher calcination temperature and by the formation of
a new pure phase such as copper aluminate.
3.2. X-ray diffraction (XRD)
Table 2 summarises the crystalline phases detected
by XRD before, during (analysing at different reaction
times) and after the reaction process for the catalysts
being studied. Before reaction, the crystal phases
detected are related with the calcination temperature
of the sample. At lower calcination temperatures
(773 K), the detected phases shown in Table 2 are
g-alumina together with CuO and NiO for catalysts
C-1 and C-2, respectively. However, at higher calcination temperatures (1173 K), the detected phases are
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Table 2
XRD characterization of catalysts C-1 to C-5 a
Sample
C-1
C-2
C-3
C-4
C-5

XRD phase detected
before reaction

during reaction

after reaction

gT
gN
gS1
gS2
S1

gMBT
gBN
gMBTS1
gBNS2
S1

B
B
BS1
BS2
S1

a

Here, g stands for g-alumina (g-Al2O3); M for moolooite (CuC2O4
nH2O); S1 for spinel-phase (CuAl2O4); S2 for spinel-phase
(NiAl2O4); B for boehmite (ALOOH); T for tenorite (CuO); and
N for bunsenite (NiO).

g-alumina for C-3 and C-4 catalysts, and spinel phases
CuAl2O4 for C-3, and C-5, and NiAl2O4 for C-4
catalysts, produced by interactions between the copper
or nickel oxide and the alumina [37,40,44,45].
The crystal phases of the catalysts C-1 to C-4
change quite considerably before, during and after
the reaction. Catalyst C-1 shows g-alumina and tenorite (CuO) phases before the reaction, g-alumina, moolooite (CuC2O4), boehmite (AlOOH) and tenorite
during the reaction and only boehmite after the reaction (1000 h). Thus, under the reaction conditions
tested, the CuO phase disappears with time. Catalyst
C-2 shows g-alumina and bunsenite (NiO) before
reaction, g-alumina, boehmite and bunsenite during
reaction and only boehmite after the reaction. Thus,
under the reaction conditions tested, the NiO phase
also disappears with time.
Table 2 also shows that the spinel structure of
catalysts C-3 and C-4 (CuAl2O4 and NiAl2O4 respectively) remains stable as a function of time but the
phase of the support changes from g-alumina to boehmite. Traces of moolooitetenorite and bunsenite
were also detected for catalysts C-3 and C-4, respectively, during the reaction. These phases came from
the copper and nickel oxides which did not react with
the aluminium oxide during the calcination process at
higher temperatures to form the corresponding aluminate. The reaction conditions, (aqueous phase and
both, higher temperature (>413 K) and pressure
(>40 atm)), may improve the crystallinity of the copper and nickel oxide particles [37]. Therefore, these
crystalline phases (tenorite and bunsenite) can be
detected in some catalysts during the reaction process,
although they were not detected for the fresh catalysts.
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Catalyst C-5, made up of pure copper aluminate,
remains stable during the reaction conditions tested.
From Table 2, it can also be observed that the
reaction process containing catalysts C-1 and C-3
causes the formation of a new crystalline phase such
as copper oxalate, moolooite (CuC2O4 nH2O), the
latter showing a good crystallinity. This copper oxalate phase may be formed either by the reaction of the
oxalic acid, obtained during the reaction pathway
shown in Fig. 5 [32,37], with the copper oxide on
the surface of the catalyst, or by the precipitation of
copper oxalate assuming that copper ions are
obtained from copper oxide elution with the organic
acids, yielded during the process, It should be
pointed out that we did not detect nickel oxalate
on the surface of catalysts C-2 and C-4 during the
reaction process.
During the reaction process, it was also observed
that the support (g-alumina) evolves into a new phase
detected as boehmite (AlOOH) in catalysts C-1 to C-4.
This new crystalline phase may be formed because of
the reaction conditions, that is to say, the aqueous
phase and both, higher temperature (>413 K) and
pressure (>40 kg/cm2). Hence, according to the
XRD results, catalysts C-1 to C-4 become unstable
under the reaction conditions used, whereas catalyst
C-5 does not.
3.3. Scanning electron microscopy (SEM)
The electron microscopy technique shows that the
copper and nickel oxides of the fresh catalysts C-1 and
C-2, respectively, are highly dispersed. No large CuO
or NiO particles (particles sizes smaller than 10 nm)
were detected on the g-alumina surface under magni®cation of 30 000, as shown in Fig. 2, in agreement
with the XRD and X-ray analysis. As a result, mappings of the copper and nickel oxides on the catalyst
using X-ray analysis at lower voltages (<2 kV) were
obtained showing homogeneous distributions of copper and nickel oxides on the surface of the catalysts.
For the catalysts C-3 and C-4, the copper and nickel
aluminates which were formed, respectively, by calcination at the highest temperature (1173 K), are more
highly dispersed on the g-alumina surface (particle
sizes <6 nm). Nonporous formations of the copper
spinel CuAl2O4 phases, were also observed by SEM
for catalyst C-5 [37,38,40±42].
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Fig. 2. Scanning electron micrograph of the C-1 sample.

Fig. 3. Evolution of the phenol conversion for the catalysts C-1 to
C-5.

3.4. Catalytic activities
Fig. 3 shows the conversions during a 33-day run
for the catalytic oxidation of phenol in aqueous solutions using catalysts C-1 to C-5, under the experimental conditions given in the experimental section.
The phenol conversion depends on the time of operation and type of catalyst. As can be seen, catalyst C-1
has three activity zones. In zone 1, at the beginning of
the reaction (®rst 20 h), the catalyst C-1 shows an

approximate constant phenol conversion of 80%. We
may reasonably expect free copper oxide to be mainly
responsible for the initial higher catalytic activity in
this ®rst plateau [37]. Next, in zone 2, phenol conversion rapidly decreases from 80 to 40% in ca. 2
days. After that, phenol conversion decreases more
slowly and steadily to zero conversion (zone 3).
Catalyst C-2 shows similar trends of phenol conversions as a function of time (see Fig. 3). There are now
only two zones. A rapid decrease of phenol conversion
is observed in zone 1 which takes place during the ®rst
48 h of reaction. This effect is followed by a steady
conversion decrease in zone 2 which results in the
deactivation of the catalyst. The decrease in the conversion for the nickel catalyst is lower, ca. 1/2, than for
the copper ones. It seems that the nickel oxide is more
stable under the acidic conditions produced during the
reaction process or that its reaction mechanism is
different. It should also be pointed out that the nickel
catalysts (C-2 and C-4) always have lower phenol
conversions than the copper catalysts (C-1 and C-3),
respectively.
Furthermore, catalysts C-3, C-4 and C-5 (after an
induction time of 100 h) show a steady region of
phenol conversion vs. time with conversion in the
40, 10 and 20% range, respectively. It can be seen
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Fig. 4. Typical products detected by HPLC from copper C-1, C-3
and C-5 (Crom-1) and nickel C-2 and C-4 (Crom-2) catalysts.

Fig. 5. Simplified reaction pathway of the phenol oxidation
reaction.

that the copper and nickel aluminates are stable at the
reaction conditions tested and, that, the copper aluminate catalysts are always more active than the nickel
aluminate ones. The two copper aluminate catalysts
C-3 and C-5 obtained by different procedures (see
above), show different speci®c rates for phenol conversion and this effect is due to the BET area values of
the catalysts.
The reaction products obtained were monitored by
HPLC, and Fig. 4 shows the product distributions for
the catalysts tested, which may be classi®ed into three
large categories, i.e. CO2, carboxylic acids (mainly
oxalic, acetic and succinic acids in concentration
ratios of 10/5/1, respectively) and quinones±diphenols
[37]. The mechanism of the oxidation of phenols is
extremely complex and is not yet fully understood. It
is generally accepted that the oxidation of phenol by
molecular oxygen is basically an electrophillic reaction and the rate limiting step is the reaction between
the aryloxy radical with oxygen [16,29]. At elevated
temperatures, and in the presence of water and catalyst, oxygen is capable of different oxidation reactions, i.e. it can substitute an oxygen atom into an
aromatic ring to form a dihydric phenol or quinone;
oxygen is also capable of attacking carbon double
bonds to form carbonyl compounds, and in oxidising
alcohols and carbonyl groups to form carboxylic acids
[7]. Furthermore, the greater part of the reaction
products for all the catalysts are CO2 (mainly), oxalic
acid, p-benzoquinone, formic acid, acetic acid, succinic acid and catechol, that is in agreement with the

simpli®ed pathway for the phenol oxidation reaction
showed in Fig. 5 [32].
On the other hand, the formation of polymers during
the phenol oxidation reaction has also been reported
[32]. These polymers can be formed by two reactions
in the liquid phase caused by the addition of glyoxal to
phenol or the polymerisation of glyoxal. This homogeneous polymerisation reaction markedly reduces the
extent of total phenol oxidation. It is important to
mention that, in the reaction conditions of this study,
no formation of polymerisation products has been
detected [37], which is in contrast to the data in the
literature using other reactors [30,32] but in agreement
with runs conducted in a differentially operated ®xedbed reactor [43]. This may be because of the high
solid-to-liquid phase ratio characteristic of a tricklebed regime, which prevents the formation of polymers. Thus, the oxidation rate measured is only the
result of the heterogeneously catalysed reaction.
So, using a trickle-bed reactor, the activity loss in
catalysts C-1 and C-2 cannot be explained by the
formation of polymers, which might cause a poisoning
effect on the catalytic sites. This activity loss, however, can easily be explained by the disappearance of
CuO, NiO and copper oxalate dissolved because of the
hot acidic medium due to the reaction conditions.
Fig. 6 shows the Cu and Ni concentration pro®les in
the reaction products during the reaction process for
catalyst C-1 and C-2 due to the loss of copper and
nickel, carried out by the effect of the hot acidic
aqueous solution produced during the reaction. It
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Fig. 6. Cu and Ni concentration profiles during the reaction
process for the catalysts C-1 to C-5.

con®rms the disappearance of Cu and Ni, as do the
XRD results. During the ®rst 100-h run, all the catalysts show a signi®cant loss of copper and nickel
ions. However, after the ®rst 100-h run, the nickel and
copper aluminate catalysts (C-3, C-4 and C-5) show a
loss of concentration which is always lower than
1 ppm of copper and nickel.
Another important feature which can be extracted
from the HPLC ®gure is the signi®cant decrease in
intermediate oxidation products, namely quinones and
carboxylic acids obtained from nickel catalysts C-2
and C-4 which mainly convert phenol into CO2
(>95%) (see Fig. 4). In contrast, the copper catalysts
have a CO2 conversion of ca. 80%. It seems that nickel
catalysts are less ef®cient at cleaving the phenol ring
(which is the limiting step of the oxidation process)
but surprisingly are more active at transforming the
quinones and carboxylic acids to CO2 than the copper
catalysts. Hence, although nickel catalysts have lower
speci®c rates than copper catalysts, they seem to
contain mainly speci®c surface-active sites for the
complete oxidation of phenol to CO2. This is of
interest because it may signi®cantly affect the life
of the catalyst.
4. Conclusions
Five catalysts based on CuO/g-alumina (C-1), NiO/
g-alumina (C-2), CuAl2O4 (C-3 and C-5) and NiAl2O4
(C-4) have been structurally characterised by BET,
porosimetry, X-ray diffraction (XRD) and scanning

electron microscopy (SEM). Their catalytic behaviours have also been tested for the oxidation of
5 g/l phenol aqueous solutions using a trickle-bed
triphasic tubular reactor and air with an oxygen partial
pressure of 0.9 MPa at a temperature of 413 K.
Here, C-1 to C-4 have surface areas of the same
order as the supported g-alumina of ca. 190 m2/g,
whereas C-5 has a surface area of ca. 30 m2/g. C-1
to C-4 showed high active-phase dispersions which
were also con®rmed by SEM.
XRD detects the phases present and shows a continuous loss of eluted CuO and NiO and the formation
of a copper oxalate phase in C-1 and C-3 which also
elutes with time. The copper and nickel aluminate
active phases are stable throughout the reaction.
The plot of phenol conversion vs. time shows that,
for C-1 and C-2, there is an overall decrease in activity
with several slopes reaching conversion values close to
zero after a continuous working run of 1000 h. In turn,
C-2, C-4 and C-5 reach steady activity plateaus at
phenol conversions of 40, 10 and 20%, respectively,
within 48 h of starting deactivation. HPLC monitoring
of the reaction products show that copper catalysts
C-1, C-3 and C-5 drive a mechanism of partial phenol
oxidation to carboxylic acids and quinone-related
products with very high speci®c rates. In turn, nickel
catalysts C-2 and C-4 mainly drive a mechanism of
CO2 formation with lower conversion but with a
potential higher catalyst life. It has also been found
that the trickle-bed triphasic tubular reactor largely
avoided the mechanism of polymer formation as a
catalyst deactivation process.
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