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a  b  s  t  r  a  c  t

A  series  of  Ce–Zr  mixed  oxides  with  different  composition  have  been  characterized  and  used  as catalysts
in the catalytic  wet  oxidation  (CWO)  of phenol.  The  addition  of  Zr significantly  enhanced  the redox  and
catalytic  activity  of  ceria.  However,  a catalytic  activity  drop  occurred  for  zirconium  contents  higher  than
80%,  which  is related  with  a ZrO2 segregation  observed  in Zr-rich  oxides.  The  effects  of the  temperature
of  reaction,  the oxygen  partial  pressure  and  the  phenol/catalyst  ratio  on the activity  for  the  oxidation  of
phenol and  the  selectivity  to  CO were  also  investigated.  The  values  for CO selectivities  were  greatly
eywords:
henol
atalytic wet  oxidation
e–Zr oxides
arbonaceous deposit
eactivation

2 2

influenced  by  the  formation  of  a  carbonaceous  deposit  adsorbed  on the  catalyst  surface.  The  results
indicated  that  these  C-deposits  can  be totally  oxidized  by  selecting  appropriate  operating  conditions,
thus  obtaining  catalytic  systems  with  a very  promising  performance  for phenol  abatement.  A mechanism
is proposed  to interpret  the role  of the  carbonaceous  deposits  in  the  oxidation  of  phenol  as  a function  of
the  reaction  conditions.
EM

. Introduction

The waste management initiatives have increased in the recent
ears in response to the dire need of the environmental protec-
ion. A clear example of such initiatives is the increasing stringent
nvironmental legislation concerning to the limits of pollutants,
hich led to the development of new wastewater purification

echnologies and the improvement of the pre-existing ones. In
his sense, the elimination of organic pollutants in wastewa-
ers has been a major issue and intensive research effort has
een focused on the development of new technologies for water
epuration.

The wet air oxidation (WAO) is one of the most attractive pro-
esses for treating wastewaters which are too dilute to incinerate
r when biological processes are less effective because of pollu-
ant toxicity [1–4]. Although WAO  is currently used in treatment
f toxic or refractory substances [5],  it requires elevated pressures
0.5–20 MPa) and temperatures (150–325 ◦C) [3].  However, the use
f catalysts (catalytic wet oxidation, CWO) implements this tech-
ology thus making the process economically much more attractive
1,6].
Several homogeneous catalysts (CuSO4 and other inorganic
alts) exhibit good performances for different wastewater treat-
ents [7,8]. However, the high toxicity of the catalyst ions requires
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a separation step, such as precipitation, to remove them from the
final effluent. This negative aspect can be overcome by using het-
erogeneous catalysts, which are easily recoverable and reused.
Among the heterogeneous catalysts used in CWO, the Ce-based
oxides have attracted attention because of their excellent perfor-
mance, often attributed to their capacity to exchange oxygen with
the reaction environment [9].  In particular, the oxides of cerium
and manganese have demonstrated an excellent activity in the
oxidation of model pollutants, such a phenol [10–12].  However,
these systems suffer two types of deactivation mechanisms: (i) the
leaching of the active phase and (ii) the formation of carbonaceous
deposits. In accordance with the results of the literature, both pro-
cesses are associated with the presence of manganese [13]. On the
other hand, it is well known that the redox properties and ther-
mal  stability of pure ceria can be enhanced by adding zirconia
(ZrO2) to form solid solutions of the Ce1−xZrxO2 type [14,15,9],
thus making of these formulations good candidates for CWO
purposes.

In the present work we  report on the catalytic performances
in phenol oxidation of a series of Ce–Zr mixed oxides with molar
contents of Zr from 20 up to 80%. We  also include pure ceria for
comparison. The close relationship between the redox and nano-
structural properties of the oxides and their catalytic performances
is discussed. We also investigate the effect of the temperature, oxy-

gen partial pressure and phenol/catalyst ratio on phenol conversion
and selectivity to CO2. The characterization of the used catalysts by
means of transmission electron microscopy allowed us to obtain
evidences of the formation of carbonaceous deposits on the surface

dx.doi.org/10.1016/j.cattod.2011.03.069
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:miguelangel.cauqui@uca.es
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Table  1
Chemical composition (molar content) measured by ICP, and textural properties of fresh catalysts.

Sample Ce (%) Zr (%) SBET (m2 g−1) Vmicro (cm3 g−1) Average pore diameter (Å) D/(nm)a

CZ100 100 0 100 0.0020 65 11.0
CZ80  80 20 111 0.0003 40 7.4
CZ68  68 32 100 0.0007 65 8.0
CZ50  58 42 106 0.0018 55 7.5
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dominated by sharp and intensive diffraction peaks corresponding
to cubic fluorite-type CeO2 structure (JCPDS 43–1002). According
to the phase diagram proposed by Yashima et al. [18,19], a partial
CZ15 15 85 95

a Particle size obtained from X-rays analysis of peak (1 1 1).

f the catalytic particles. By using carbon-mass balances calcu-
ations, the influence of the operating conditions on the deposit
ormation process was established.

. Experimental

High surface mixed oxides with different Ce/Zr molar ratio
15/85, 50/50, 68/32, 80/20 and 100/0) were supplied by Rho-
ia. They will be hereafter referred to as CZX, where X indicates
he Ce% molar content (Zr% molar content = 100 − X). Table 1
ummarizes the results concerning chemical composition, mea-
ured by inductively coupled plasma atomic emission spectroscopy
ICP-AES), and textural properties, determined by nitrogen
dsorption–desorption isotherms at −196 ◦C (Micromeritics Asap
020C). The pore size distribution was obtained by applying the
JH method [16].

The structural characterization of the fresh and used catalysts
as obtained by using transmission electron microscopy (TEM) and
-ray diffraction. X-ray diffraction (XRD) analyses were performed
n a Philips PW1820 diffractometer (Cu K� radiation) operating at
0 kV and 40 mA.  TEM and energy dispersive spectroscopy (EDS)
easurements were performed on a JEOL JEM-2010 microscope
ith a structural resolution of 0.19 nm.

Temperature-programmed reduction (TPR) and O2 uptake mea-
urements were carried out following the procedures described in
17].

The used catalysts were also investigated by temperature pro-
rammed oxidation (TPO), to obtain the burn-off profiles of the
arbonaceous deposits. For TPO experiments, a mixture of 5% O2 in
elium was used as oxidant agent. The gas flow was 60 cm3 min−1

nd the heating rate set to 10 ◦C min−1. The effluent gas was ana-
yzed by using a mass spectrometer (Sensorlab 200D instrument).

The CWO  tests were carried out in a 500-mL autoclave (Auto-
lave Engineers), operating in batch mode. The reactor was
quipped with a pollutant injector, a valve for sampling, a magnetic
tirrer and a pressure gauge. The autoclave was initially charged
ith 250 mL  of distilled water and 1 g of catalyst. The vessel was
ressurized with a certain pressure of oxygen (2.0 MPa) and heated
o the reaction temperature (120–160 ◦C). Once the desired tem-
erature was reached, a phenol solution was injected into the
utoclave under pressure of nitrogen (3.5 MPa), leading to an ini-
ial phenol concentration of 650 ppm (500 ppm of carbon). Liquid
amples (3 mL)  were periodically withdrawn from the reactor and
nalyzed. Total organic carbon (TOC) was measured by using a
himadzu TOC analyzer, while phenol and organic intermediates
ere identified and quantified by gas chromatography (Carlo Erba,
C 8000 TOP Series) using a flame ionization detector and a col-
mn  made of NukolTM. The liquid was also analyzed by ICP-AES, to

nvestigate the leaching of active phase. The carbon content on the
urface of the used catalyst was quantified by CHN elemental anal-

sis (Carlo Erba, model 1106). Blank experiments (without catalyst)
ere performed under the most severe operation conditions used

n this work (Ta = 160 ◦C, PO2 = 2.0 MPa). No activity was  observed
n these experiments.
0.0006 95 6.9

3. Results and discussion

3.1. Characterization of the fresh catalysts

Table 1 summarizes the most important results derived from the
characterization studies on Ce–Zr oxides. The specific surface areas
of all the oxides were quite close in the range from 95 to 110 m2 g−1.
In all the cases, the nitrogen isotherms were of type IV, according to
the BDDT classification [16]. The mean particle sizes of the oxides,
obtained by X-ray diffraction, were in good agreement with the
experimental BET surface areas. All the series presented a quite
narrow distribution of pore diameters, the mean diameter varying
from 40 to 95 Å. The t-plots indicated the absence of significant
microporosity, the contribution of Vmicro remaining below 1%.

The XRD patterns of the Ce–Zr mixed oxides are shown in Fig. 1.
For Ce-rich compositions (CZ80, CZ68 and CZ50), these patterns are
Fig. 1. X-ray diffraction pattern of samples CZ80 (a), CZ68 (b), CZ50 (c) and CZ15
(d).
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etragonalization would be expected in the case of CZ50 sample.
owever, in our case, it was not possible to clearly identify the dou-
le peak (1 1 2)/(2 0 0) of the tetragonal structure, due to the very
lose position of the theoretical values of these peaks. No other
rystalline or amorphous phases were detected in these oxides by
RD, thus assuming that all the Zr cations were incorporated into

he CeO2 lattice forming a CeO2–ZrO2 solid solution. The substi-
ution of the larger Ce4+ (0.97 Å) by the smaller Zr4+ (0.84 Å) was
lso deduced from a gradual shifting in the position of the ceria
1 1 1) diffraction peak, as a function of Zr content (see inset in
ig. 1). The CZ15 mixed oxide exhibited a different pattern char-
cterized by the presence of both, the fluorite-like CeO2 and the
onoclinic ZrO2 (JCPDS 37-1484) structures. As indicated for the

Z50 oxide, we cannot rule out either in this case the presence of the
etragonal structure. The characterization by HREM confirmed the
ormation of a Ce–Zr–O solid solution in the cases of CZ80, CZ68
nd CZ50 oxides. As an example, Fig. 2A shows a typical image
btained for the CZ68 sample. The inset in this figure shows the
igital diffraction pattern (DDP) corresponding to the selected par-
icle. This pattern could be indexed to the cubic structure along the
1,1,0] zone axis or, alternatively, to a tetragonal structure along the
1,1,1] or even the [0,1,0] or [1,0,0], in which some spots are not seen
Fig. SI1). According to dynamic simulations, the additional spots of
he tetragonal structure (missing in the DDP) would only gain inten-
ity in the case of particles thicker than the ones obtained in our
ase. The elemental EDS analyses indicated a high compositional
omogeneity. The compositions obtained by this technique (spa-
ial resolution better than 1 nm)  were close to the nominal values
or CZ80, CZ68 and CZ50 mixed oxides.

Fig. 2B and C corresponds to the TEM characterization of the
Z15 sample. In addition to the presence of Ce–Zr mixed oxide
Fig. 2B), the segregation of Zr forming ZrO2 is confirmed by the
DP shown in Fig. 2C, which can be unequivocally attributed to
onoclinic ZrO2 either in the [1,1,−1] or [1,1,1] zone axis (Fig. SI1).

he compositional analysis of these particles was made by EDS.
his technique confirmed the presence ZrO2 nanoparticles with a
ery poor content in Ce. On the other hand, the composition of the
ixed oxide was close to Ce0.20Zr0.80O2, which is slightly enriched

n cerio content compared with the nominal composition.
The reducibility of Ce–Zr oxides was investigated by means of

PR experiments, following the evolution of water under flowing
2 (5%)/Ar as a function of temperature. The reduction profiles are

hown in Fig. 3. The CZ100 sample presented the well-known pro-
le for ceria consisting of two peaks at 495 and 890 ◦C, attributed
o surface and bulk reduction, respectively [20,21]. In contrast to
he TPR profile for pure ceria, CeZr samples showed essentially a

ain single broad reduction feature centred around 560–570 ◦C.
n additional reduction contribution is also observed at moderate

emperature (350–420 ◦C) for Zr-rich oxides, being more evident
n the case of CZ15. The analysis of these profiles suggests that, in
ontrast to pure ceria, the surface and bulk reduction processes in
eZr oxides occur concurrently. This fact is generally explained in
erms of a higher mobility of the lattice oxygen, as a consequence
f the vacancies or structural defects created by the incorporation
f Zr into the ceria fluorite structure [22].

Another important aspect related to redox properties is the
aximum degree of reduction achieved by the oxides. To mea-

ure this reduction degree, the samples reduced in TPR experiments
ere submitted to reoxidation with pulses of O2 at 427 ◦C. Accord-

ng to [23], this treatment leads to fully reoxidized samples, so the
2 uptake can be considered as a measure of the amount of oxy-
en vacancies created upon reduction. Fig. 4 shows the effect of

he sample composition on the oxygen uptake. We  can observe
hat, compared to pure ceria (CZ100), the addition of Zr signifi-
antly increases the amount of oxygen vacancies created during
he TPR experiments. Similar values were found for CZ50, CZ68
Fig. 2. TEM images of fresh samples: (A) CZ68 and CZ15 (B and C). The included DDP
corresponds to the marked area.

and CZ80 samples. For the Zr richest oxide (CZ15), the O2 uptake
dramatically decreased to 0.26 mmol  g−1. As indicated previously
when discussing TPR results, this behaviour can be interpreted in
terms of a higher mobility of oxygen atoms as a consequence of the
introduction of Zr in the ceria lattice [9,17].

Fig. 4 also includes the percentage of Ce4+ reduced to Ce3+ during

the TPR experiment, calculated considering the O2 uptake and the
total amount of cerium in each sample. We  can observe that the per-
centage of cerium reduced also increases with the Zr content, the
sample CZ15 exhibiting the highest value of %Ce+3, close to 100%.
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Fig. 3. TPR profiles of samples CZ100 (a) CZ80 (b), CZ68 (c), CZ50 (d) and CZ15 (e).

Fig. 4. Oxygen uptake and ceria reduction degree after TPR experiments as a func-
tion of the sample composition.
Fig. 5. Phenol concentration (top) and total organic carbon (bottom) evolution in
different CWO  experiments using 2.0 MPa  of oxygen and 120 ◦C (•), 140 ◦C (�) and
160 ◦C (�). The evolution of acetic acid is included as inset.

However, we  should also consider that the amount of cerium sus-
ceptible of been reduced obviously is minimum in the case of CZ15.
Thus, and combining the results obtained in TPR and O2 uptake
experiments, we can conclude that an intermediate concentration
of zirconium in the sample would be the best compromise between
oxygen availability and mobility in CeZr mixed oxides. In other
words, oxides with cerium contents in the range 50–70% would
exhibit the highest concentration of reactive oxygen, this being the
main reason for the improvement in redox properties with respect
to pure CeO2 and ZrO2 oxides.

3.2. Catalytic tests

3.2.1. Effect of the temperature of reaction on phenol and TOC
conversion

Fig. 5 shows the evolution of the TOC and phenol concentra-
tion in CWO  of phenol experiments at different temperatures over
the CZ68 catalyst. We  observe that, as expected, the temperature
greatly affects the activity for phenol conversion and TOC abate-
ment. The initial amount of phenol in these experiments (500 ppm
of C) was completely converted operating at 160 ◦C during 6 h. After
this time, the phenol conversion obtained at 120 ◦C was only of 60%.
As observed in Fig. 5, the values of TOC concentration were always
higher than those obtained for phenol concentration, thus indicat-

ing the presence of refractory intermediate compounds, basically
acetic acid, formed during the reaction. The inset in Fig. 5 shows the
evolution of acetic acid concentration. We  can observe that acetic
acid is formed from the very initial stage of the reaction, and its
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ig. 6. Phenol (top) and total organic carbon (bottom) removal after a reaction time
f  420 min  as a function of the catalyst composition using 2.0 MPa  of oxygen and
20 ◦C (•), 140 ◦C (�) and 160 ◦C (�).

oncentration increased up to a maximum and stable value. As a
onsequence of the acetic acid formation, the pH decreased up to
–3. The concentration of acetic acid at the end of the run was
lmost negligible in the case of the assay carried out at 120 ◦C, but
ignificantly important at higher temperatures. In other words, the
mount of residual acetic acid increased with phenol (or TOC) con-
ersion. To better evaluate the capacity of Ce/Zr mixed oxides for
cetic acid removal, several CWO  runs of this compound (initial
oncentration = 1250 ppm) were performed in the same range of
emperatures used for phenol oxidation. Conversions were always
ower than 3%, thus corroborating the reduced capacity of Ce/Zr for
he oxidation of this rather refractory compound. Similar results
ere obtained by Trovarelli et al. by investigating the wet  oxida-

ion of acetic acid on a Ce0.8Zr0.2O2 at 190 ◦C [24]. The authors found
hat, even at this temperature, only 27% of the initial compound was
onverted after 7 h of reaction.

.2.2. Effect of the catalyst composition on phenol and TOC
onversion

The effect of the catalyst composition in the CWO  of phenol is
resented in Fig. 6. Although all the catalysts were active for the
eaction, the activity shown depended on the Ce/Zr molar ratio of
he oxides. We  observed that in terms of both, phenol (Fig. 6A) and
OC (Fig. 6B) removal, the better performances were obtained with

Z50, CZ68 and CZ80 catalysts. The differences with respect to CZ15
the Zr-richest composition) and CZ100 (pure ceria) were espe-
ially evident at the lowest reaction temperature. It is important
o note the very high conversion values obtained at 160 ◦C (close to
Fig. 7. Phenol concentration evolution using the CZ68 sample at 160 ◦C and 2.0 (�),
1.5 (•), 1.0 (�) and 0.5 (�) MPa  of oxygen (total pressure 3.5 MPa).

100%), which prevent from establishing differences between cata-
lysts at this temperature. The enhancement of the oxidation activity
for intermediate compositions could be explained by the higher
reducibility exhibited by these oxides. In effect, as deduced from
structural and redox characterization, the replacement of Ce4+ by
the smaller Zr4+ ions provoked a structural modification of the
original fluorite-like structure through a defective cubic and/or
tetragonal solid solution in which oxygen ion mobility is enhanced,
as evidenciated by the lower temperature onset for oxygen removal
(as H2O) in TPR experiments and the higher O2 uptake values mea-
sured on these samples. In this sense, it is worth of noting the
similitude in shape between the graphics corresponding to conver-
sions at low temperature in Fig. 6, and that reporting for O2 uptake
experiments in Fig. 4. In the case of the CZ15 oxide, the observed
phenol (and TOC) conversion values can be explained considering
that the low amount of oxygen available in this Ce-poorest oxide is
more easily released (Fig. 3). The CWO  process is carried out at rel-
atively soft operation conditions and for this reason the availability
of oxygen at low temperature plays such as an important role.

3.2.3. Effect of the oxygen partial pressure on phenol and TOC
conversion

The effect of the partial pressure of oxygen on the conversion
of phenol was evaluated in the range 0.5–2.0 MPa. These experi-
ments were performed over the CZ68 catalyst at 160 ◦C. The phenol
removal curves (Fig. 7) are characterized by a fast reduction during
the first 2–3 h of reaction followed by a linear dependence of phe-
nol concentration with time, this latter being much more evident
in the case of the experiment performed at 0.5 MPa. As deduced
from this figure, the influence of the partial pressure of oxygen on
the final conversion (after 7 h of reaction) is almost negligible for
values higher than 0.5 MPa.

3.2.4. Effect of the phenol/catalyst ratio on phenol and TOC
conversion

The effect of the phenol/catalyst ratio was  investigated in two
series of experiments using the CZ68 catalyst at 160 ◦C and oxygen
partial pressure of 2.0 MPa. In the first series, the initial phenol con-
centration varied from 250 to 3900 ppm. The amount of catalyst
was always 1 g (3.85 g/l). In the second series, three experiments
were done with a catalyst load of 1.92, 3.85 and 5.77 g/l, respec-
tively. The initial concentration of phenol was set to 500 ppm.

The results corresponding to the first series of experiments are
presented in Fig. 8. The phenol is almost completely converted
when using concentrations of this contaminant below 1000 ppm.
When total conversion was not achieved (concentration higher



30 J.J. Delgado et al. / Catalysis Today 180 (2012) 25– 33

Fig. 8. Phenol evolution in CWO  runs over the CZ68 catalyst as a function of the initial p
conditions: Ta = 160 ◦C, PO2 = 2.0 MPa, catalyst loading = 1 g.
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ig. 9. Phenol evolution in CWO  runs over the CZ68 catalyst as a function of the cat-
lyst loading (Ta = 160 ◦C, PO2 = 2.0 MPa, phenol initial concentration = 500 ppm).

han 1000 ppm), a phenol evolution profile similar to the ones
escribed in previous section was obtained. As seen in Fig. 8,
hese profiles are characterized by a fast slope of phenol at the

eginning of the reaction followed by a linear reduction of its con-
entration with time. Similar profiles were obtained in terms of
OC abatement. The results obtained by varying the catalyst load-
ng are presented in Fig. 9. Under these operating conditions, the

Fig. 10. TEM micrographs of the sample CZ68 after reaction at 120 ◦C (A) and 160 ◦
henol concentration (250 (�), 500 (�), 1000 (•), 1900 (�) and 3800 (�)). Reaction

catalyst loading did not significantly influence the maximum con-
version. Only a very small improvement in initial conversion was
observed when increasing the amount of catalyst from 3.85 to
5.77 g/l. In the case of the lowest catalyst loading (1.92 g/l), the
rate of phenol disappearance was much lower, and also in this
case, a low-sloped linear dependence of the phenol concentra-
tion with time was  observed at the end of the run. According to
these results, we  can conclude that the linear part of the phenol
conversion profile accounts for a step of the phenol oxidation mech-
anism that is favoured when using high phenol to catalyst loading
ratio.

3.3. Characterization of the catalysts after reaction

Fig. 10 shows representative HREM images corresponding to the
CZ68 oxide after the catalytic runs at 120 ◦C (A) and 160 ◦C (B). The
presence of a carbonaceous layer partially covering the catalytic
surface can be clearly observed after the low temperature essay
(Fig. 10A). On the contrary, a clean surface was observed in the
case of the run performed at 160 ◦C. The TEM images also indicate
that the carbonaceous layers exhibit fully amorphous structure, in
good accordance with the low graphitization level of the deposits
formed on MnO2–CeO2 catalysts after CWAO reactions [25]. The

analysis by means of TEM and XRD of the used catalysts indicated
that no structural changes occurred during the reaction (Fig. SI2).
Regarding its textural properties, only a slight decrease in surface
area was  observed, likely provoked by the carbonaceous deposit

C (B). Coke (marked) was  only observed after reaction at lower temperature.
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Table  2
Phenol (and TOC) conversions, selectivities to CO2 and carbon mass balances corresponding to catalytic tests at different reaction temperature (PO2 = 2.0 MPa,
[Ph]o = 500 ppm).

Ta (◦C) Sample SBET
a (m2 g−1) Cphenol (%) CTOC (%) SCO2 (%) C-mass balance (%)

Phenol Intermediates C-deposit CO2

160 CZ100 99.6 88.4 78.8 79.6 11.6 9.6 8.5 70.3
CZ68 97.5 98.2 85.2 84.1 1.8 13.0 2.7 82.5
CZ15  92.2 89.6 81.2 83.8 10.4 8.4 6.1 75.1

120 CZ100 95.3 40.0 36.8 23.6 60.0 3.2 27.4 9.4
CZ68  87.0 60.9 53.2 36.5 39.1 7.7 31.0 22.2
CZ15  90.3 43.4 36.4 28.2 56.6 7.0 24.2 12.2

a Surface area of the catalysts after reaction.

Table 3
Phenol (and TOC) conversions, selectivities to CO2 and carbon mass balances in experiments at different oxygen partial pressures ([Ph]o = 500 ppm, Ta = 160 ◦C, catalyst: CZ68).

PO2 (MPa) Cphenol (%) CTOC (%) SCO2 (%) C-mass balance (%)

Phenol Intermediates C-deposit CO2

0.5 87.8 73.4 74.5 12.2 14.4 8.0 65.4
1.0  94.9 83.7 83.1 5.1 11.2 4.8 78.9
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1.5  97.0 83.3 82.5 

2.0  98.2 85.2 83.8 

nd therefore correlated with the carbon content measured after
eaction (see Table 2).

The profiles of O2 consumption and CO2 and H2O formation dur-
ng the TPO analysis of the CZ68 catalyst, once recovered from the
un at 120 ◦C, are shown in Fig. 11.  As deduced from this figure, the
arbonaceous deposit could be completely burned-off by calcina-
ion at mild temperatures (<350 ◦C), thus regenerating the catalytic
apacity of the catalyst for the wet oxidation of phenol.

The leaching of metals was investigated by analysing the con-
entration of Ce and Zr in the liquid at the end of the runs. The
alues obtained by ICP were always below the detection limits of
he technique (<0.05 ppm), thus indicating a high stability of the
e–Zr oxide catalysts under the experimental conditions used in
his work.

.4. Carbon-mass balance and CO2 selectivity
In the wet oxidation reaction, phenol is converted into organic
ntermediates, which remain in the liquid, carbonaceous deposits,
dsorbed on the surface of the catalysts, and carbon dioxide. In

ig. 11. Traces of O2, H2O and CO2 during TPO analysis of the CZ68 catalyst after
eaction at 120 ◦C.
3.0 13.7 3.3 80.0
1.8 13.0 2.9 82.3

order to establish the real capacity of Ce–Zr oxides for the min-
eralization of phenol, the amounts of CO2, intermediates and
carbonaceous deposits must be quantified. For this purpose, carbon
mass balances were carried out at the end of the runs. The results
for these balances, in terms of percentage of carbon, along with CO2
selectivities, expressed as the fraction of the total converted carbon
that is mineralized into CO2, are reported in Tables 2–4 for the set of
catalytic tests previously commented. Phenol and TOC conversions
are also included for a better analysis of the data. In our case, only
acetic acid was  identified as intermediate.

In general, the carbon contents obtained for Ce–Zr oxides were
similar to the ones reported by Nousir et al. [26], and significantly
lower than those previously reported for other catalytic formula-
tions also active in the wet oxidation of phenol, like Ce–Mn oxides
[13,27]. Moreover, it should be pointed out that, in spite of the well-
recognized ability of Ce–Mn oxides for phenol oxidation in terms
of phenol or TOC conversion (100% of phenol converted at 90 ◦C
after 4 h), they generally exhibit rather lower mineralization than
Ce–Zr oxide catalysts when operating at moderate temperatures
(90–140 ◦C).

As it can be seen in Table 2, there is a significant influence of
the temperature on the CO2 selectivity. At 160 ◦C, the initial phe-
nol concentration is almost completely converted into CO2 after
7 h (SCO2 higher than 79%), and consequently the amounts of inter-
mediates and carbonaceous deposits formed are very low. When
operating at 120 ◦C, the selectivity to carbon dioxide is significantly
reduced, basically due to the presence of a higher amount of deposit
adsorbed on the catalytic surface. To have a more precise idea about
the influence of the temperature on the formation of the carbona-
ceous deposit, additional runs at 120 ◦C and 160 ◦C were performed
with the CZ68 catalyst and stopped when reaching a TOC conver-
sion of 60% in both cases. The carbon content was double in the case
of the experiment performed at 120 ◦C, thus confirming that, for the
same conversion value, the higher the temperature, the lower the
amount of deposit adsorbed on the catalyst. Regarding the influence
of the catalyst composition on the mineralization of phenol, we
observed that CO2 selectivity was  higher in Zr-containing samples,
the highest value being obtained for the CZ68 oxide, irrespectively
of the temperature of reaction. Thus, the SCO2 obtained whit this

oxide at 120 ◦C is roughly double than those obtained with CZ100
and CZ15 oxides. It is worth of noting that the CZ68 oxide also
showed the higher carbon content after the run at 120 ◦C, thus sug-
gesting that the formation of the carbonaceous deposits might not
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Table  4
Phenol (and TOC) conversions, selectivities to CO2 and carbon mass balances in experiments with different initial phenol concentrations (PO2 = 2.0 MPa, Ta = 160 ◦C, catalyst:
CZ68).

[Ph]o (ppm) Cphenol (%) CTOC (%) SCO2 (%) C-mass balance (%) Slopea (ppm min−1) Ccb (%)

Phenol Intermediates C-deposit CO2

250 98.2 80.6 80.4 1.8 17.6 1.6 79.0 – 0.3
500 98.2  85.2 83.8 1.8 13.0 2.9 82.3 – 0.3

1000  93.1 79.2 79.2 6.9 13.9 5.5 73.7 −0.81 1.4
1900 70.9 60.1 48.1 29.1 10.8 26.0 34.1 −1.17 11.4
3800  52.7 43.6 46.5 47.3 9.1 19.1 24.5 −1.11 15.8
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tent adsorbed on the surface. The results are shown in Table 4. In
these experiments, the formation of the carbonaceous deposits was
favoured by using highly concentrated phenol solutions. As it can
be seen in this table, the catalysts is still active for the oxidation of
a Obtained by least squares regression analysis of the linear parts of the curves (s
b Carbon content referred to the weight of catalyst.

e just considered as a deactivation process, but rather as a part of
he mechanism for the total mineralization of phenol under these
onditions.

The effect of the oxygen partial pressure on the mineralization
f CO2 is less important than the one previously commented for
emperature or catalyst composition dependence. At 160 ◦C, the
CO2 is close to 80% for oxygen partial pressure in the range 1–2 MPa.
s indicated in Table 3, there is a slight decrease in the amount of
eposit when increasing the oxygen pressure from 0.5 to 2.0 MPa.

The influence of the initial concentration of phenol is illustrated
n Table 4. Conversion values are close to 100% and CO2 selectivi-
ies higher than 70% when starting from phenol concentration up to
000 ppm. For more concentrated solutions, both, the conversion
f phenol and the mineralization to carbon dioxide decreased. The
elationship between mineralization and carbonaceous deposits
ollows the same trend already observed when discussing the effect
f the temperature or oxygen partial pressure, that is, the loss of CO2
electivity is basically attributable to the increase in carbon content
ound on the catalyst surface at the end of each run. However, in this
ase we should take into account the differences in phenol concen-
ration of the starting solutions. One point to be considered when
sing highly concentrated solutions is the limited capacity of the
atalysts to adsorb the carbonaceous products, as well as the possi-
ility of total blockage of the catalyst surface by the deposit, which
ight provoke the total deactivation of the catalyst. In terms of ppm

f C, the residual carbon content accumulated on the surface of the
Z68 catalyst increased with the initial phenol concentration, as
xpected, reaching a value of 725 ppm after the run performed with
he highest phenol concentration (3800 ppm). To get more insight
nto the role of carbonaceous deposit on the mechanism for the

et oxidation of phenol, a series of experiments were performed
o monitor the evolution of the deposit as a function of the time of
eaction. The results are shown in Fig. 12.  Considering the evolution
f phenol conversion, also included in this figure, we may  suggest
hat, at 120 ◦C, phenol is basically transformed into carbonaceous
eposit in a rapid process occurring at the beginning of the reac-
ion. Once the surface is covered, the carbon content on the catalyst
emains almost constant, and the rate for phenol removal signifi-
antly decreases. The evolution of the carbon content observed in a
tandard catalytic test at 160 ◦C was rather different. The deposit is
ewly formed very rapidly during the first minutes of reaction but,
ontrary to the observed at 120 ◦C, it decomposed in a very fast
rocess occurring in parallel with phenol removal. These results
an be interpreted according to the reaction scheme for wet oxi-
ation of phenol proposed in [13] and briefly depicted in Fig. 13.
his scheme consists of two processes occurring consecutively in
he liquid medium. Firstly, in the presence of Ce–Zr oxides, phenol

olecules polymerize leading to a complex mixture of organics

y-products, which are very rapidly adsorbed on the surface of
he catalyst. At 160 ◦C, this deposit is further oxidized into CO2.
he high value of CO2 selectivity and the low amount of deposit
ormed at this temperature would strongly suggest that both mech-
s of the regressions coefficients > 0.999).

anisms, the direct phenol oxidation and the formation/oxidation of
the carbonaceous deposit, were taking place. However, at the lower
temperature (120 ◦C), the polymerization of phenol is significantly
favoured with respect to its direct oxidation into intermediates
or CO2. Moreover, the rate for the oxidation of the carbonaceous
material at this temperature is very low, and therefore the cata-
lyst became apparently deactivated. Assuming this global reaction
mechanism, the linear part of the profiles accounting for phenol
(or TOC) removal in the less active samples, or when operating at
most unfavourable conditions (low temperature and oxygen partial
pressure or high phenol to catalyst ratio) could be mainly associated
with the oxidation of the carbonaceous layer, and its slope used as
a comparative measure of the rate for this process. We  have used
this approximation to investigate the activity of the CZ68 catalyst
for the oxidation of the polymer as a function of the carbon con-
Fig. 12. Evolution of phenol (•) and coke (�) concentration operating at 2.0 MPa  of
oxygen and 120 ◦C (top) and 160 ◦C (bottom).
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Fig. 13. Reaction scheme for wet oxidation of phenol: (1) phenol polymerization leading to a complex coke formation, (2) coke combustion on the catalyst surface, (3) partial
p (5) dir
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he deposit even when the amount of such deposits is as high as
5.8% in weight of catalyst, the rate for this process being almost
onstant for carbon contents higher than 11%.

. Conclusions

The covering of the Ce–Zr catalytic particles by carbonaceous
eposits, frequently associated with the total deactivation of the
ystem, can be considered as a preliminary step of the mechanism
or the CWO  of phenol. The oxidation of this deposit, necessary
or the desired mineralization of phenol, is favoured by employing
e–Zr molar compositions close to 50%, at reaction temperatures
bove 160 ◦C and oxygen partial pressures higher than 0.5 MPa. The
ate for this oxidation step can be deduced from the slope of the lin-
ar part of the conversion profiles as a function of time. The residual
eposit remaining on the catalysts surface at the end of the run can
e easily removed by calcination at 350 ◦C, thus regenerating the
apacity of the catalysts for phenol (and TOC) removal.
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