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The  Ce–Zr  mixed  oxides  have  been  examined  as  supports  for platinum  and  gold  in oxidation  of  ethanol
and  toluene.  A weight  ratio  of  Ce/Zr  in  the  synthesized  supports  was 1/1.  Two  supported  noble  metals
with  a  different  loading  (2.5  and  0.3 wt.%)  were  compared  to each  other  as well  as  to selected  industrial
catalysts  (HHC-5557  and  VOC-1544).  Whatever  the  metal  content  was,  Pt catalysts  were  always  more
active  in  oxidation  of ethanol  and  toluene  than  Au  catalysts.  Better  reductive  capability  of  platinum  was
confirmed  by  H2-TPR  profiles  and  a  higher  activity  of  platinum  may  also  be linked  to  changes  in  surface
basic  properties  (a higher  amount  of  basic  centers)  illustrated  by CO2-TPD  profiles.  Deposition  of  gold
latinum
erium
irconium
xidation
thanol
oluene

on  Ce–Zr  mixed  oxide  resulted  in  a formation  of  certain  amounts  of crystalline  Au phase  detected  by
X-ray  diffraction  while  the  deposition  of  platinum  did  not  produce  any  crystalline  Pt phase.  As  observed
by  FE-SEM,  part  of  Au  was  well  dispersed  but  significant  amount  of  Au  was  present  as  inactive  crystals.
Platinum  catalysts  were  comparable  or even  more  active  than  industrial  catalysts  (50%  conversion  of
ethanol was  achieved  with  2.5Pt/CeZr(1)  at 99 ◦C).  On the other  hand,  gold  catalysts  proved  the  best
selectivity  in  oxidation  of ethanol.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Volatile organic compounds (VOCs) are emitted into the atmo-
phere from thousands of sources and may  have short and
ong-term adverse health effects. They are widely used as ingredi-
nts in household products or fuels made up of organic chemicals;
ll of these products can release organic compounds while they are
sed, and, to some degree, when they are stored [1].

In our work, we focus on two compounds: ethanol and toluene.
oluene is classified as VOC and it is a model aromatic hydrocar-
on. Ethanol was chosen intentionally to focus on the emerging
nvironmental problems of nowadays such as E-85 combustion
linked to the rising biofuel production), which actually augments
he output of two different carcinogens, namely formaldehyde and
cetaldehyde.

Catalytic oxidation of VOCs can be effectively applied to
emove air pollutants from tail gases of industrial processes [2].
mploying the suitable catalysts for ethanol or toluene oxidation

o CO2 and H2O requires significantly lower temperatures than
hose needed in thermal oxidation [3,4] besides, the use of the

∗ Corresponding author. Tel.: +420 220 390 282; fax: +420 220 920 661.
E-mail address: gaalova@icpf.cas.cz (J. Gaálová).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.05.011
appropriate catalytic material avoids generation of dangerous
reaction by-products [5].

Noble metal catalysts are generally favourable because of their
high activity. Those materials are very stable and indicate the
advantage of good selectivity to form CO2 [6].  From different noble
metals, platinum is often present as a part of the most active cata-
lysts in oxidation of toluene [7–21] and ethanol [22–33].  Gold is less
exploited in oxidation of both molecules [34–36,8,10,37–41].  With
the view of better dispersion and mechanical resistance, the met-
als are usually supported by appropriate materials. In the 1990s,
many studies were devoted to ceria-based materials, notably to
their synthesis and their catalytic properties, e.g., they were used
as structural and electronic promoters to increase the activity,
selectivity and thermal stability of catalysts [42–45]. CeO2–ZrO2
oxides demonstrate the unique combination of an elevated oxy-
gen transport capacity coupled with the ability to shift easily
between reduced and oxidized state Ce3+–Ce4+. It induces a high
refilling of active oxygen at the catalyst surface. Their success in
the field of catalysis is mainly due to this high oxygen mobil-
ity and oxygen storage capacity (OSC) [46–48]. Recently, Ce–Zr
mixed oxides were proposed as catalysts for the oxidation of VOCs

[49,50].

The aim of this work was  to examine the possibility of using
Ce–Zr mixed oxides as supports for two  noble metals, particu-
larly active in oxidation of volatile organic compounds, gold and

dx.doi.org/10.1016/j.cattod.2011.05.011
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gaalova@icpf.cas.cz
dx.doi.org/10.1016/j.cattod.2011.05.011
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latinum. New Pt and Au catalysts were prepared, characterized
nd tested in total oxidation of ethanol and toluene.

. Experimental

.1. Catalyst preparation

After dissolution of 38 g of zirconium n-propoxide (70 wt.% solu-
ion in propan-1-ol, Fluka, prod. No. 96595) in 51 mL  of propan-2-ol
Lach-Ner, prod. No. 30470), the solution was added to the solution
f 25 g of cerium(III) nitrate hexahydrate (Strem Chemicals, prod.
o. 93-5831) in 25 mL  distilled water with a rate of 5 mL min−1

nder vigorous stirring at ambient temperature. A pseudogel was
ormed immediately as the reactant hydrolyzed. The pseudogel was
ried either overnight at ambient temperature (batch 1) or over a
and bath at 60 ◦C for 1 h (batch 2). Then the samples were dried
n an oven at 120 ◦C for 24 h and calcined in a batch furnace at
00 ◦C with a temperature ramp rate 5 ◦C min−1 and dwell time 1 h
t 300 ◦C and 5 h at 500 ◦C. The samples were then crushed and
ieved to particle size fraction 0.16–0.32 mm and labelled CeZr(1)
nd CeZr(2), respectively.

3 g of the supports CeZr(1) and CeZr(2) were impregnated
ith 6 mL  of aqueous solutions of either gold(III) acetate (Alfa
esar, prod. No. 39742) or platinum(II) tetraaminehydroxide

Alfa Aesar, prod. No. 42918) in rotary vacuum evapora-
or at 30 ◦C in order to deposit 2.5 and 0.3 wt.% of the

etals. The samples were dried in an oven at 120 ◦C for
4 h and labelled 0.3Au/CeZr(1), 2.5Au/CeZr(1), 0.3Au/CeZr(2),
.5Au/CeZr(2), 0.3Pt/CeZr(1), 2.5Pt/CeZr(1), 0.3Pt/CeZr(2), and
.5Pt/CeZr(2). Prepared catalysts were compared to two  industrial
atalysts supported on alumina: HHC-5557 (0.13 wt.% Pt, 0.04 wt.%
d) and VOC-1544 (3.34 wt.% Cu, 5.44 wt.% Mn)  that were pur-
hased from Südchemie.

.2. Characterization

The prepared samples were characterized by chemical analysis
ICP), thermogravimetric analysis, powder X-ray diffraction (XRD),
2 physisorption, temperature programmed techniques (TPR, TPD)
nd field-emission scanning electron microscopy (FE-SEM).

Chemical analysis of samples was performed on the ICP OES
nstrument Intrepid II DUO and GBC Avanta instrument. The con-
entration of elements was  quantified in solutions obtained after
ecomposition of samples by melting in KHSO4 in porcelain cru-
ibles, filtration and dissolution in water.

Thermogravimetric analysis of the supports dried at 120 ◦C
nd/or calcined was done in air with a temperature ramp rate of
0 ◦C min−1 to 900 ◦C using thermobalance Stanton-Redcroft TG-
50.

The X-ray diffraction data were collected on a Philips X’Pert MPD
ystem in Bragg–Brentano geometry using CuK� radiation and a
econdary graphite monochromator in the range of 10–80◦ 2 theta
t a rate of measurement of 0.02◦ s−1. The size of CeO2–ZrO2 and
u crystallites was calculated from the Scherrer equation.

N2 physisorption was performed with Micromeritics ASAP 2010,
fter drying the samples at 105 ◦C for 24 h and evacuation at
50 ◦C until the pressure 10−5 Pa was achieved (usually 2–5 h).
he adsorption–desorption isotherms of nitrogen at −195 ◦C were
reated by the standard Brunauer–Emmett–Teller (BET) proce-
ure to calculate the specific surface area SBET. The total volume

f pores VP was calculated from the amount of N2 adsorbed at
/Po = 0.98. The surface area of mesopores SM and the volume of
icropores VMicro were determined by t-plot method. Pore size

istribution was calculated from the desorption branch of the
ay 175 (2011) 231– 237

adsorption–desorption isotherm by the Barrett–Joyner–Halenda
(BJH) method.

Temperature-programmed reduction (TPR) measurements of
the calcined samples (0.025 g) were performed with a H2/N2 mix-
ture (10 mol% H2), flow rate 50 mL  min−1 and linear temperature
increase 20 ◦C min−1 up to 1000 ◦C. A change in H2 concentration
was detected with a mass spectrometer Omnistar 300 (Pfeiffer
Vacuum). Reduction of the grained CuO (0.16–0.315 mm)  was
repeatedly performed to calculate absolute values of hydrogen con-
sumed during reduction.

Temperature-programmed desorption (TPD) of NH3 and CO2
was carried out to examine acid and basic properties of the cat-
alysts surface, respectively. The measurements were accomplished
with 0.050 g of a sample in the temperature range 20–1000 ◦C, with
helium as a carrier gas and CO2 or NH3 as adsorbing gases. The
heating rate 20 ◦C min−1 was  applied. During the experiments the
following mass contributions m/z were collected: 2-H2, 18-H2O,
16-NH3, and 44-CO2. The spectrometer was calibrated by dosing
an amount (840 �l) of CO2 or NH3 into the carrier gas (He) in every
experiment. The TPR and TPD experiments were evaluated using
OriginPro 7.5 software with an accuracy of ±5%.

Field-emission scanning electron microscopy (FE-SEM) images
were taken using JSM-6700F scanning electron microscope. The
samples for FE-SEM measurements were prepared by depositing
the powder sample on a graphite drop.

2.3. Catalytic experiments

Catalytic reaction was carried out in a fixed-bed glass reac-
tor (5 mm i.d.) in the temperature range from 50 to 400 ◦C (the
temperature of the furnace was linearly increased with the rate
of 2 ◦C min−1). The catalyst (0.4 g of sieved grains with particle
size of 0.16–0.315 mm)  was examined at 20 m3 kg−1 h−1 space
velocity (GHSV). The inlet concentration of model compounds
(MC) in the air was 1 g m−3 (toluene and ethanol were chosen as
MC). Reaction products were analyzed using a gas chromatograph
Hewlett-Packard 6890 equipped with a FID detector and a capil-
lary column (HP-5 19091 J-413, 30 m × 0.32 mm × 0.25 mm with
5% phenylmethyl silicone). The concentrations of CO and CO2 were
monitored using a Siemens Ultramat 23 infrared analyzer. Conver-
sion of the examined MC C and selectivity to carbon dioxide S were
calculated based on the material balance using Eqs. (1) and (2):

C = ain
MC − aMC

ain
MC

(1)

S = n(ain
MC − aMC/fMCMMC) −

∑
(niai/fiMi)

n(ain
MC − aMC/fMCMMC) −

∑
((ni − 1)ai/fiMi)

(2)

where ain
MC is the GC peak area of the examined MC  corresponding

to its inlet concentration (1 g m−3), aMC is the GC peak area of the
examined MC,  n is the number of carbon atoms in the molecule
of examined MC,  fMC is experimentally determined FID relative
response factor of examined MC  (1.18 for ethanol and 1.05 for
toluene), MMC is the molecular weight of the examined MC,  ni is
the number of carbon atoms in the molecule of corresponding by-
product, ai is the GC peak area of corresponding by-product, fi is
experimentally determined FID relative response factor of corre-
sponding by-product (1.00 for ethylene and 0.50 for acetaldehyde),
and Mi is the molecular weight of corresponding by-product. The
accuracy of the conversion and selectivity determination was  ±2%.
Temperatures T50 and T90 (the temperature at which 50 and 90%

conversion of the examined MC  was observed, respectively) were
chosen as a measure of catalyst activity. The selectivity of the cat-
alysts was evaluated as the selectivity to CO2 at 95% conversion
of the examined MC (S95). In order to eliminate the influence of
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Fig. 1. (A) Solid line – CeZr(1) dried at 120 ◦C, dashed line CeZr(1) calcined at 5

O2 adsorption on the catalyst, the selectivity was computed from
C peak areas using material balance according to Eq. (2); at 95%
onversion, the presence of CO was not detected in any of the exper-
ments.

. Results and discussion

.1. Characterization
Chemical analysis confirmed that the weight ratio of Ce/Zr
n the synthesized supports was close to 1/1 (1.01–1.15/1). The
ctual loadings of Au and Pt in the selected catalysts 0.3Au/CeZr(2),
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 (B) solid line – CeZr(2) dried at 120 ◦C, dashed line CeZr(2) calcined at 500 ◦C.

2.5Au/CeZr(2), 0.3Pt/CeZr(2), and 2.5Pt/CeZr(2) were found to be
0.3, 2.8, 0.2, and 1.5 wt.%, respectively. Bearing in mind measure-
ment uncertainty of the chemical analysis (20%) and operation with
low amount of sample (potential inhomogeneity), the impregna-
tion method deposited the precious metals onto the support quite
successfully.

Thermogravimetric analysis of the support studied is shown if
Fig. 1. It is seen that the supports dried at 120 ◦C lost about 25 wt.%
between 200 and 400 ◦C. For that reason the samples were kept at

300 ◦C for 1 h prior to further temperature increase to 500 ◦C during
the preparation procedure. The calcined supports exhibited only
about 2.5 wt.% loss during the thermogravimetrical analysis, which
confirmed the stability of the supports. This low weight loss could
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catalyst (Fig. 6B) and even more platinum catalyst (Fig. 6C) indicate
a shift of a peak maximum to higher temperatures. It means that
addition of gold and especially addition of platinum increases the
strength of basic centers of the support. A higher area of the peak for

C

B

A

Fig. 3. (A) N2 adsorption–desorption isotherms. (B) Pore-s

e ascribed to physically bounded water in porous systems of the
upports. It was concluded that both batches CeZr(1) and CeZr(2)
id not differ in thermogravimetrical analysis.

X-ray diffraction patterns of the supports and selected cata-
ysts are shown in Fig. 2 together with the effect of calcination. It

as found that the crystalline phase was already formed after the
rying of the supports CeZr(1) and CeZr(2) at 120 ◦C showing the
rystallite size to be about 10 and 9 nm.  Calcination, however, sig-
ificantly extended the crystallization. The patterns are consistent
ith the patterns presented in literature [51,52]. Furthermore, dif-

erences between the preparation procedure of the support CeZr(1)
nd CeZr(2) (drying overnight at ambient temperature and drying
n a sand bath at 60 ◦C) did not affect the resulting crystalline size,
hich remained low (about 9 nm). Deposition of gold resulted in a

ormation of certain amounts of crystalline Au phase (Au crystallite
ize was about 44 and 37 nm for 2.5Au/CeZr(1) and 2.5Au/CeZr(2),
espectively) while the deposition of platinum did not produce
rystalline Pt phase.

N2 physisorption was employed to determine the textural
arameters of the supports and selected catalysts. The results are
ummarized in Table 1. Nitrogen adsorption-desorption isotherms
nd pore-size distribution are shown in Fig. 3. It is seen that the
upports exhibited similar adsorption–desorption isotherms and
extural parameters while the pore-size distribution slightly dif-
ered. The bimodal porous systems with main maxima centered
bout 2.8 and 6 nm for CeZr(1) and CeZr(2) respectively were more
ronounced over CeZr(2) than over CeZr(1). Moreover, the maxi-
um  at 1.8 nm was not pronounced over CeZr(2) support. CeZr(2),

urthermore, exhibited 1.25 times higher total pore volume VP than
eZr(1).

Reducibility of the mixed oxide and selected catalysts was
xamined by temperature-programmed reduction using hydrogen
s a reductant. Fig. 4 demonstrates distinct differences between
he bare support and metal containing catalysts. The TPR profile
f support CeZr(1) (Fig. 4C) showed reduction peak maxima at
emperatures close to 480 and 700 ◦C. A lower temperature signal
ocated at 480 ◦C was assigned to the reduction of the surface, while
he reduction of the bulk was responsible for the high-temperature
ignal at 700 ◦C. In contrast, the TPR profiles of noble metal catalysts
ssentially showed a main broad reduction feature at significantly
ower temperatures: between 200 and 420 ◦C for Au catalysts while
or Pt samples already between 110 and 400 ◦C. The shift toward

he lower temperature is more pronounced for the catalysts with
igher loading (2.5 wt.%). This indicates the promotion of Ce4+

eduction. It can be related to enhancement of mobility and dif-
usion of bulk O2 due to the metal addition. As we know, the peak
stributions. CeZr(1) – open circle; CeZr(2) – filled squares.

area has a direct correlation with the amount of reductive species.
When the area of the peak is bigger, there is a higher amount of
reductive species and a stronger reductive capability. Compared
with the support CeZr(1), Au catalysts and even more Pt catalysts
have a bigger peak area, which demonstrates that noble metal has
a positive effect on reductive capability for CeZr(1) [53].

From the TPD patterns of NH3 (Fig. 5), two  peaks were identified
for both the bare support and the metal catalysts. They correspond
to weak (Tmax around 125 ◦C) and strong (Tmax around 307 ◦C) acid
centers. The high-temperature peak (representing acid centers of
high strength) of the catalyst containing gold was  slightly shifted to
a lower temperature while its low-temperature peak (representing
acid centers of low strength) was  slightly shifted to a higher tem-
perature. Considering a low amount of metal (0.3 wt.%) introduced
on the examined support, gold addition caused certain decrease
of amount of strong acid centers and small increase of amount of
weak acid centers. TPD of CO2 for three selected catalysts (Fig. 6)
visualized changes in surface basic properties related to the impreg-
nation of noble metals. The peak at about 94 ◦C corresponds to basic
centers of moderate strength. Comparing to CeZr(1) (Fig. 6A), gold
200 400 600 800
Temperature, °C

Fig. 4. H2-TPR profiles of (A) solid line – 2.5Pt/CeZr(1), dashed line – 0.3Pt/CeZr(1),
(B) solid line – 2.5Au/CeZr(1), dashed line – 0.3Au/CeZr(1) and (C) support CeZr(1).
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Table 1
Textural parameters of the supports.

Specific surface
area, SBET (m2 g−1)

Total pore volume,
VP (mm3 g−1)

Mesopore surface
area, SM (m2 g−1)

Micropore volume,
VMicro (cm3 g−1)

CeZr(1) 56 88 37 14
CeZr(2) 55 110 35 14

0 200 400

307 °C

Temperature, °C

A

B

C

125 °C

Fig. 5. NH3-TPD profiles of (A) support CeZr(1), (B) 0.3Au/CeZr(1) and (C)
0.3Pt/CeZr(1).
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Table 3
Activity and selectivity of selected catalysts in total oxidation of ethanol and toluene.

Catalyst Ethanol Toluene

T50 (◦C) T90 (◦C) S95 (%) T50 (◦C) T90 (◦C) S95 (%)

HHC-5557 160 179 86 184 197 100
VOC-1544 172 210 33 153 184 100
0.3Pt/CeZr(1) 167 193 56 187 207 100
2.5Pt/CeZr(1) 99 151 55 167 184 100
2.5Pt/CeZr(2) 116 180 49 172 189 100
0.3Au/CeZr(1) 188 219 88 215 322 100
2.5Au/CeZr(1) 173 210 96 242 281 100
2.5Au/CeZr(2) 190 222 99 255 301 100
ig. 6. CO2-TPD profiles of (A) support CeZr(1), (B) 0.3Au/CeZr(1) and (C)
.3Pt/CeZr(1).

etal catalysts, again especially for platinum catalyst, points out a
igher amount of basic centers in comparison with bare support.
PD characteristics (quantitative data in mmol  g−1) of selected cat-
lysts are gathered in Table 2. The overall number of basic sites in
he support was 0.135 mmol  g−1 and increased to 0.395 mmol  g−1
n the case of platinum catalyst. The NH3 and CO2 TPD experiments
onfirmed that the support is more acidic than basic and that the
cidity is decreasing with increasing metal loading (especially for
t), while the basicity is increasing.

able 2
PD characteristics (quantitative data in mmol g−1) of selected catalysts.

NH3-TPD (mmol  g−1) CO2-TPD (mm3 g−1)

CeZr(1) 0.449 0.135
0.3Au/CeZr(1) 0.183 0.201
0.3Pt/CeZr(1) 0.145 0.395
CeZr(1) 207 239 95 221 287 100
CeZr(2) 201 246 99 262 363 100

Fig. 7 illustrates four selected FE-SEM images of Au and Pt sam-
ples. The particle size distribution, estimated by field-emission
scanning electron microscopy confirms the results calculated from
XRD patterns.

3.2. Catalytic experiments

Temperatures of 50 and 90% conversion of ethanol and toluene
(including selectivity to CO2) achieved with all catalysts are sum-
marized in Table 3. Comparing the catalysts with 2.5 wt.% loading,
platinum-containing samples exhibited higher activity in the oxi-
dation of both ethanol and toluene than their gold analogues.
Regardless of the substrate, the activity of these catalysts was
decreasing in oxidation of both model compounds in the order:

Pt/CeZr(1) > Pt/CeZr(2) > Au/CeZr(1) > Au/CeZr(2)

Decreasing the metal loading from 2.5 to 0.3 wt.% led to a lower
activity of platinum supported on CeZr(1) in the oxidation of both
ethanol and toluene; this decrease was  less pronounced in the case
of gold catalysts.

The activity of our catalysts was compared to that of indus-
trial ones: VOC-1544 and HHC 5557. In general, all tested catalysts
were more active in the oxidation of ethanol than in the oxida-
tion of toluene except VOC-1544. This catalyst, containing 3–6 wt.%
Cu + Mn,  converted 50% of ethanol at 172 ◦C and 50% of toluene at
153 ◦C. There was only 14 ◦C difference between VOC-1544 and our
best catalyst 2.5Pt/CeZr(1) in oxidation of toluene (T50 = 167 ◦C).
However, 2.5Pt/CeZr(1) was  more efficient catalyst in oxidation
of toluene than industrial HHC 5557 containing 0.13 wt.% Pt and
0.04 wt.% Pd (T50 = 184 ◦C). Furthermore, 2.5Pt/CeZr(1) excelled in
the oxidation of ethanol where the T50 was achieved already at 99 ◦C
(comparing to 50% conversion of ethanol achieved at 160 ◦C and
172 ◦C with industrial catalysts HHC 5557 and VOC-1544, respec-
tively).

The differences between activities of tested catalysts in oxida-
tion of ethanol and toluene can be explained by several attributes,
which were partly already formulated in similar literature. Baylet
et al. published the parametric study of propene oxidation over

supported Pt and Au catalysts [54]. The study showed that catalytic
activity was not linked to the specific surface area or the metal con-
tent but could be attributed to the nature of the metal, the support,
to the particle oxidation degree and, to a less extent, the particle
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Fig. 7. FE-SEM of (A) 0.3Au/CeZr(1), (B) 0.3P

ize of the metal or the support. Our study confirms that whatever
he metal content is, the support impregnated with platinum is
lways more active than the same support impregnated with gold.
etter reductive capability of platinum is confirmed by H2-TPR pro-
les (Fig. 4). A higher activity of platinum may  be also linked to
hanges in surface basic properties (a higher amount of basic cen-
ers) as illustrated by CO2-TPD profiles (Fig. 6). Santos et al. [38,57]
bserved higher activity of Pt than Au in oxidation of ethanol and
oluene over TiO2 supported catalysts as well. Furthermore, specific
ctivities, according to them, depended on O2 adsorption strengths
n metals (volcano plots), and oxidation of ethanol and toluene over
upported Pt catalysts was structure sensitive. Metal content influ-
nced catalytic activity of our platinum catalysts but not really the
old ones. This was noticed in spite of the fact, that real metal con-
ent of the 2.5 wt.% catalysts was 2.8 wt.% for gold but only 1.5 wt.%
or platinum. It may  confirm a weak influence of the metal content
omparing to the nature of the metal, or to raise a question of opti-
al  amount of noble metal (related to the optimal particle size),
hich is planned to be studied more precisely in the near future.

n our study we experienced the influence of a support as well.
eZr(1), slightly different from CeZr(2) (which is visible e.g. from
ore-size distributions, Fig. 3B), showed a little bit better results in
xidation process than CeZr(2). When comparing gold with plat-
num, another important attribute rising from the characterizations
arried out in our study is a presence of Au crystals that are inactive
n the oxidation process. Deposition of gold on Ce–Zr mixed oxide
esulted in a formation of certain amounts of crystalline Au phase
etected by X-ray diffraction while the deposition of platinum did
ot produce any crystalline Pt phase. This was confirmed by FE-
EM (Fig. 7): while no crystalline Pt phase is visible, it is seen that
art of Au is well dispersed but significant amount of Au is present
s inactive crystals.

Concerning selectivity, prepared catalysts as well as the indus-
rial ones were more selective in the oxidation of toluene

S95 = 100%) than in the oxidation of ethanol (S95 from 33 to
9%). Main by-product of the ethanol oxidation was  identified as
cetaldehyde. With ethanol, the gold catalysts exhibited superior
electivity to the platinum ones; moreover, the selectivity of our
(1), (C) 2.5Au/CeZr(1) and (D) 2.5Pt/CeZr(1).

gold catalysts was  comparable or higher than that of industrial
catalysts. Besides others, Maltos and Noronha underlined the influ-
ence of the nature of the metal on the product distribution in
oxidation of ethanol [38,56]. Their studies revealed that Pt/CeO2
catalysts show mainly ethoxy species whereas acetate species are
mainly formed on Pd/CeO2 catalyst. The ethoxy species can undergo
further dehydrogenation and desorb as acetaldehyde. This could
explain the higher selectivity to acetaldehyde observed on sup-
ported Pt catalysts. On the other hand, Sheng et al. investigated
the reaction of ethanol on the surface of Au/CeO2 by tempera-
ture programmed desorption (TPD), infrared (IR) absorption and in
steady-state catalytic conditions [58]. They observed that at 27 ◦C
the surface is covered with both ethoxy species and weakly bonded
ethanol. Most of these species desorb giving back ethanol (about
50%; TPD) by 128–177 ◦C with some formation of acetaldehyde
(7.5%; TPD). A small part of the remaining ethoxy gives bridging
CO (� = 1916 cm−1). Most of CO is oxidized to CO2 (CO2/CO ≈ 25;
TPD) indicating the powerful nature of Au in the oxidation pro-
cess. At 327 ◦C, the surface is covered with carbonates species
(� = 1524 cm−1). As shown by IR and TPD, these carbonates are
mainly decomposed to CO2. Our Pt and Au catalysts are enriched
with zirconium and slightly differ from those presented in litera-
ture. Nevertheless, we  suggest that the influence of the nature of
the metal on the product distribution is the main cause of differ-
ent selectivity of platinum and gold catalysts to acetaldehyde. It is
possible that the redox properties of catalysts are a key to more
precise explanation of the selectivity to acetaldehyde. Therefore,
those properties of platinum and gold catalysts will be studied in
the near future.

4. Conclusion

A  series of Au and Pt catalysts supported on Ce–Zr mixed oxides,

prepared by sol–gel method, was synthesized and tested in total
oxidation of toluene and ethanol. The differences between prepara-
tion procedure of the CeZr(1) and CeZr(2) support (drying overnight
at ambient temperature and drying on sand bath at 60 ◦C, respec-
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ively) slightly altered their pore-size distribution. The CeZr(1)
upport showed better results in the oxidation of model com-
ounds. Impregnated by noble metals Pt and Au, Ce–Zr mixed
xides showed remarkable activity in the oxidation of toluene and
thanol. Platinum catalysts exhibited higher activity in comparison
ith corresponding gold catalysts, which can be attributed mainly

o the nature of the noble metal. Changes in surface basic prop-
rties, optimal metal loading linked to the optimal particle size or
resence of inactive Au crystals seems also to play a role in catalytic
ctivity. The efficiency of our platinum catalyst was comparable to
hat of industrial catalyst, platinum–palladium supported on alu-

ina, even when the metal loading was lower. In the oxidation of
thanol, Au catalysts proved a better selectivity than their platinum
nalogues already at relatively low metal loading (0.3 wt.%). This is
gain linked to the nature of the metal, possibly to its influence on
edox properties of the catalysts.
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