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The  catalytic  performance  of  manganese  and cerium  oxides  synthesized  by  an exotemplating  method  was
evaluated  in  the  total  oxidation  of  ethyl  acetate,  ethanol  and  toluene.  The  addition  of  gold  to  cerium  and
manganese  oxides  improved  their  catalytic  activity  in most  cases,  especially  in  the  case  of ceria  materials.
The best  catalysts  were  able  to totally  convert  ethanol,  ethyl  acetate  and  toluene  to 100%  of  CO2 at  230 ◦C,
250 ◦C and  300 ◦C,  respectively,  using  a space  velocity  of 53,050  h−1 and  a feed  VOC  concentration  of
1000  mg  C  m−3 (10  mg  C  min−1 gcat

−1). Both  the  pure  oxides  and  gold  catalysts  were  found  to  be stable.
© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs) are a major contributor to
ir pollution because of their toxic and malodorous nature and
heir involvement in ozone depletion and smog formation [1,2].
hey are emitted from a wide range of industrial processes and
ransportation activities.

Catalytic combustion is the most promising technology for the
estruction of VOCs [1,2]. This approach is preferred to the ther-
al  one due to the lower temperature required and its greater

electivity, which implies a considerable saving of energy. Thermal
xidation needs to operate in a range of temperatures between 700
nd 1000 ◦C, which leads to NOx production from the N2 present

n air. In the case of catalytic oxidation, the operation temperature
ecreases to around 250–500 ◦C, therefore, NOx production is much

ower, as well as the energy needed to preheat the stream [2].
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lfig@fe.up.pt (J.L. Figueiredo).
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Metal oxides or supported noble metals can be used in catalytic
oxidation of VOCs, manganese materials being very interesting in
this context [3–11]. On the other hand, gold supported on ceria has
been reported as a good catalyst for benzene, toluene, propanol,
propene and formaldehyde oxidation [1,12–15].

Recently, templating methods for the preparation of porous
metal oxides have been reported [8,16–24]. Templating synthe-
sis can be distinguished according to the way the template acts
[18]. Templates that are occluded in the growing solid and leave a
pore system after their removal are called “endotemplates”. Alter-
natively, if the template is a material with structural pores in which
another solid is created, thus providing a scaffold for the synthesis,
it is called an “exotemplate”. In both procedures, the template is
removed in order to obtain high-surface area pure materials [18].

Carbon templates are attractive due to their high-surface area
and porosity, low cost and because they are easily removed by com-
bustion. This approach has been successfully used for the synthesis
of high-surface area metal and mixed metal oxides like Al2O3, CeO2,
Cr2O3, Fe2O3, MgO, MnOx,TiO2 using activated carbons [16–18,21],

activated carbon fibers [18,21],  carbon nanotubes [25] and carbon
aerogels [20] as templates.

In previous papers, our group reported on the synthesis of
manganese [8,24] and cerium [23] oxides by exotemplating, using
activated carbons and carbon xerogels, with different textural
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roperties and surface chemistries, as templates. The resulting
xotemplated materials were loaded with gold and tested for the
xidation of CO, which is an important reaction in pollution con-
rol (CO removal), fuel-cells, and gas sensing [1,26].  Moreover, the
tudy of CO oxidation is also important in this context, CO being a
ossible by-product in VOC oxidation (since the complete oxidation
f the pollutant to CO2 does not always take place [27]).

In the present work, selected exotemplated manganese and
erium oxide catalysts, pure or loaded with gold, which were
lready used in the oxidation of CO in previous works [23,24], were
ested in the oxidation of VOCs, namely ethyl acetate, ethanol and
oluene.

. Experimental

.1. Synthesis

Manganese and cerium oxides were synthesized by exotemplat-
ng with carbon materials, following the procedures described in
arlier papers [8,23,24]. Two different techniques were used for
xotemplate synthesis: incipient wetness (IW) and excess solu-
ion impregnation (EI). Other Mn  and Ce oxides were synthesized
y traditional methods (direct calcination of the precursor or its
recipitation with sodium hydroxide) in order to compare their
atalytic performances with those prepared by exotemplating. A
ummary of the samples used in this work is shown in Table 1.
urther details can be found elsewhere [8,23,24].

Au was loaded on the supports by the double impregnation
ethod (DIM) using HAuCl4·3H2O as the gold precursor (Alfa Aesar)

n order to achieve 1 wt.% nominal content of Au, as described
arlier [23,24].  The materials prepared were used with no further
reatment.

.2. Characterization

Manganese and cerium oxides were characterized by adsorp-
ion of N2 at −196 ◦C and temperature programmed reduc-
ion (TPR), under H2 atmosphere, as described in previous
orks [23,24].  Selected samples were characterized by field

mission scanning electron microscopy/energy dispersive X-
ay spectroscopy (FESEM–EDS), X-ray diffraction (XRD), X-ray
hotoelectron spectroscopy (XPS), high resolution transmission
lectron microscopy (HRTEM), high-angle annular dark-field imag-
ng (HAADF) and inductively coupled plasma/atomic emission
pectroscopy (ICP–AES). Further details can be found elsewhere
8,23,24].
.3. Catalytic experiments

The catalyst samples (50 mg)  were pretreated under air flow
or 1 h before reaction. This pretreatment was conducted at room

able 1
haracterization of oxides and supported gold catalysts.

Oxide supports 

Sample Template Method BET
(m2/g)a

Phases detect
XRDa

Ce1 – Precipitation with NaOH 150 CeO2

Ce2  – Calcination of the precursor 98 n.d. 

Ce7  Carbon xerogel Exotemplating by EI 96 n.d. 

Ce8 Carbon xerogel Exotemplating by IW 96 CeO2

Mn1  – Precipitation with NaOH 31 Mn5O8

Mn2  – Calcination of the precursor 18 Mn3O4 (60%);
Mn4 Activated carbon Exotemplating by EI 84 n.d. 

Mn10  Carbon xerogel Exotemplating by EI 124 Mn3O4 (92%);

a From Refs. [8,23,24].
b Only large crystals (>15 nm)  were detected.
day 180 (2012) 148– 154 149

temperature for supported gold catalysts, while the supports were
heated up to 400 ◦C. The catalytic oxidation of ethyl acetate,
ethanol and toluene was  performed under atmospheric pressure
using a VOC composition of 1000 mg  C m−3 (∼466 ppmv of ethyl
acetate, ∼930 ppmv of ethanol and ∼266 ppmv of toluene) or
10 mg  C min−1 gcat

−1. The feed stream of 500 cm3 min−1 (PTN),
which corresponds to a space velocity of 53,050 h−1 (determined
in terms of total bed volume), was heated at a rate of 2.5 ◦C min−1.
A fixed-bed reactor was  placed inside a temperature controlled
electrical furnace and the temperature in the reaction zone was
measured by a K type thermocouple placed in the middle of the
catalyst bed. In order to minimize thermal effects, the catalyst
was  mixed with an inert (Carborundum, CSi, from VWR). The
outgoing stream from the reactor was analyzed by a CO2 non-
dispersive infrared (NDIR) sensor Vaisala GMT220, a CO ToxiPro
(Biosystems) sensor and a total volatile organic compounds ana-
lyzer MiniRAE2000.

The reaction was  carried out in two cycles of increasing and
decreasing temperature. The conversion into CO2 (XCO2 ) was  calcu-
lated as XCO2 = FCO2 /(�voc FVOC,in) where FVOC,in is the inlet molar
flow rate of VOC, FCO2 is the outlet molar flow rate of CO2 and �voc is
the number of carbon atoms in the VOC molecule (�ethyl acetate = 4,
�ethanol = 2 and �toluene = 7).

3. Results and discussion

3.1. Characterization

Table 1 shows the characterization results for the oxide sam-
ples. The surface area of the ceria exotemplated materials is similar
to that of samples prepared by standard calcination and precipita-
tion methods, unlike the results obtained with manganese oxides,
which increased up to seven fold.

FESEM showed that all the ceria materials look very similar,
as can be seen in Fig. 1a–d, having a “cottonlike” appearance.
Mn1  sample (Fig. 1e) has a homogeneous surface with prismatic
shaped particles of 30–50 nm length. Mn2  (Fig. 1f) has a very het-
erogeneous surface, showing prismatic shaped particles with very
different sizes. The microstructure of Mn10 consists of quadran-
gular prisms (not shown), which are similar to those observed
with Mn1. As reported in previous papers [8,24] these observations
are related to the different phases formed, which are displayed
in Table 1. The average oxidation state of Mn  in these materials
was  between 2.45 and 3.30 (as determined by XPS), which is in
agreement with the mixture of manganese phases in each sample
[8,24]. Ceria materials showed the same phase (cerianite CeO2),

as detected by XRD. XPS results were very similar and allowed to
determine the percentage of Ce (IV) on the surface, which varied
from 76 to 83% [23].

Selected samples were analyzed by HRTEM and HAADF. Fig. 2a
shows one image of the Ce8 support. Its appearance is of ultrafine

Au/oxide supports

ed by First peak of
TPR (◦C)a

First peak of
TPR (◦C)a

Au particle
size (nm)

Au loading
(%)

430 125 n.d. 0.77
420 175 6–12a 0.84
250 105 n.d. n.d.
280 105 5–10a 0.75a

240 250 b 0.97
 Mn2O3 (40%) 230 430 b 1.08

290 220 4–11 0.78
 Mn2O3 (8%) 265 266 b 0.86
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Fig. 1. FESEM images of samples Ce1 (a)

gglomerated crystallites, in different forms, with a body diagonal
f ∼3–6 nm.  These nanoparticles of ceria have different orienta-

ions and in some cases rounded edges are observed, as seen with
olvothermal ceria [28,29].

Fig. 2b shows a HRTEM image of a gold nanoparticle on the Ce8
upport while Fig. 2c shows an HAADF image of a gold nanoparticle
n the Mn4  support. The low metal loading and the high-surface
b), Ce7 (c), Ce8 (d), Mn1  (e) and Mn2  (f).

area of the catalysts prevented to obtain the particle size distri-
butions, since not many particles were visible, as found in earlier

works [23]. However, estimations of the gold nanoparticle sizes are
displayed in Table 1. The particle size range observed for the gold
supported catalyst was between 5 and 12 nm for the Au/ceria mate-
rials [23]. The size of gold nanoparticles detected was larger in the
manganese oxide materials, as expected from an earlier work [24],
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Fig. 2. HRTEM images of the Ce8 support (a) and of a gold particle on Au/Ce8 (b).
HAADF image of a gold particle on Au/Mn4 (c).
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Fig. 3. Performance of the cerium and manganese oxide catalysts in the oxidation
of ethyl acetate (space velocity = 53,050 h−1, CVOC,in = 1000 mg C m−3): (a) Au/CeO2

versus CeO2; (b) Au/MnOx versus MnOx . The curves are continuous, symbols are
added only for identification.

being above 15 nm for all samples, except for Mn4 (for which the
size varied from 4 to 11 nm).

ICP–AES results allowed to determine the gold loading (Table 1).
A range between 0.75% and 0.84% was obtained for Au/Ce samples,
while the gold loading for Au/Mn samples varied from 0.78% to
1.08%.

H2-TPR experiments were carried out both for the oxides alone
and loaded with gold. Not much difference was observed with the
manganese oxide materials, as referred in a previous work [24],
i.e., the same peaks were observed corresponding to the progres-
sive reduction of the manganese oxides, which agree well with the
results obtained by XRD. Concerning the ceria materials, loading
gold onto the supports shifted the peak corresponding to the reduc-
tion of surface oxygen to much lower temperatures (∼100–200 ◦C),
while the bulk oxygen peak (∼800 ◦C) was  not significantly affected
[23]. The temperature values for the first peak obtained in the TPR
spectra for the oxide catalysts, with or without gold, are shown in
Table 1.

3.2. Catalytic experiments

3.2.1. Screening tests

The catalytic activities for the total oxidation of ethyl acetate

(Fig. 3), ethanol (Fig. 4) and toluene (Fig. 5) for the cerium and
manganese oxides, alone and loaded with gold, were evaluated in
order to determine the effect of the physical and chemical prop-
erties of the materials. Light-off curves of a standard experiment
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catalyst (Table 1).
f ethanol (space velocity = 53,050 h−1, CVOC,in = 1000 mg C m−3): (a) Au/CeO2 versus
eO2; (b) Au/MnOx versus MnOx . The curves are continuous, symbols are added only
or  identification.

onsist in two cycles of: increasing temperature, keeping the tem-
erature constant for 1 h and decreasing it, as shown in a previous
ork [8].  The catalytic performance in the increasing temperature

tep in both cycles was found to be quite similar, and the same is
rue for the decreasing temperature step. This is a clear indication
f the stability of these catalysts.

As can be seen in Fig. 3a, the addition of gold to cerium oxides
mproves their catalytic performances. In fact, the support itself is
ot able to completely oxidize ethyl acetate up to 450 ◦C, CO being
etected as a by-product. Total conversion of ethyl acetate with
old supported on cerium oxides is achieved at ∼260 ◦C. This is
ost likely due to the remarkable capacity of these Au/ceria mate-

ials to oxidise CO, as shown in a previous paper [23]. The activity of
u/CeO2 catalyst has been explained by the ability of gold nanopar-

icles to increase the mobility of lattice oxygen by weakening the
e–O bonds adjacent to Au atoms, which increases the lattice oxy-
en donating ability of CeO2 to oxidize the VOC molecule through

 Mars-van Krevelen reaction mechanism [13]. In fact, a correla-
ion was found between the catalytic activity of ceria samples and
he temperature of the first peak of the TPR spectra, that is related

ith the oxygen reactivity of these samples. Apparently, the cerium

xides synthesis is not much relevant for Au/Ce catalytic perfor-
ance because their light-off curves are similar, with the exception

f Au/Ce7 that has a slightly worse performance between 200 and
Fig. 5. Performance of the cerium and manganese oxide catalysts in the oxidation
of toluene (space velocity = 53,050 h−1, CVOC,in = 1000 mg  C m−3): (a) Au/CeO2 versus
CeO2; (b) Au/MnOx versus MnOx . The curves are continuous, symbols are added only
for  identification.

∼240 ◦C. Our results for ethyl acetate oxidation on Au/Ce catalysts
are in agreement with other ceria supported noble metal catalysts,
such as Pt/CeO2, Pd/CeO2, Ru/CeO2 and Rh/CeO2, which can oxidize
this type of VOC molecule into 100% of CO2 up to 250 ◦C [30], but
using a space velocity of 15,000 h−1 while we  used 53,050 h−1.

There are a few differences in the total oxidation of ethyl acetate
on gold supported manganese oxides, as showed in Fig. 3b. For sam-
ple Mn1, which was found to be one of the best catalysts in our
previous work on ethanol oxidation [8],  the addition of gold does
not improve its catalytic performance. This is most likely due to the
large particle size of gold particles found in this catalyst (>15 nm),
well known to be inversely related with catalytic activity [1,26].
However, in the case of the samples Mn4  (prepared with activated
carbon as template) and Mn10 (prepared with carbon xerogel as
template), adding gold to these manganese oxides increases their
catalytic activities, the effect being more considerable in the case
of Mn4, which is not able to oxidize ethyl acetate to 100% of CO2
up to 400 ◦C by itself, leading to the formation of some CO as a
by-product. When gold is added to Mn4, total conversion of ethyl
acetate to CO2 is possible at ∼250 ◦C. This could be explainable with
the smaller particle size of gold particles (4–11 nm)  found in this
Catalytic results for the total oxidation of ethanol are shown in
Fig. 4. Similar trends to those obtained in the ethyl acetate oxi-
dation experiments were observed. It was  shown in a previous
paper [8] that the lattice oxygen of the manganese oxide can react
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ig. 6. Influence of time on stream in the oxidation of ethyl acetate (space veloc-
ty  = 53,050 h−1, CVOC,in = 1000 mg  C m−3) at 260 ◦C over Ce7.

ith ethanol and is involved in the ethanol oxidation mechanism,
 strong correlation between catalytic activity and the lattice oxy-
en donating ability being found. Therefore, as in the case of ethyl
cetate, the reactivity follows the order of the TPR peaks. It is inter-
sting to notice that addition of gold has a larger effect on the ceria
aterials (Fig. 4a) than on the manganese oxides (Fig. 4b). This is
ost likely due to fact that the particle size of gold is lower on

erium than on manganese oxides (as seen in Table 1).
Selected samples were also tested in the total oxidation of

oluene, and these results are shown in Fig. 5. Addition of gold to
eria causes total oxidation to occur at ∼320 ◦C, while the supports
lone are not able to achieve it. Again, this might be related with
he high activity of ceria materials loaded with gold to oxidise CO
23], which is a by-product of the oxidation of VOCs.

Sample Mn10 was found to be the best catalyst for the total
xidation of toluene, possibly because it has the largest surface
rea (Table 1). Addition of gold to this sample does not improve
ts catalytic activity, possibly as a result of the large particle size
etected. In the case of Mn1  and Mn2, addition of gold improves the
onversion into CO2, possibly as a result of the gold activity found
or CO oxidation [24], which was the main by-product detected
uring toluene oxidation in the presence of manganese oxides. On
he other hand, the significant enhancement in the activity of Mn4
fter gold loading may  be related to the smaller gold particle size
f sample Au/Mn4.

.2.2. Stability tests
In order to evaluate the stability of the gold catalysts presented

n this work for the total oxidation of VOC, long term experiments
ere performed for ethyl acetate oxidation. Fig. 6 shows the influ-

nce of time on stream in the oxidation of ethyl acetate at 260 ◦C
ver Ce7. It can be seen that the catalyst is stable for at least 40 h.
imilar results were obtained with other samples, with or without
old.

. Conclusions

Manganese and cerium oxides were synthesized by exotemplat-
ng using activated carbon and carbon xerogel as templates. Au
as loaded into these materials by a double impregnation method.
he oxides alone and the oxides loaded with gold, were tested
n the total oxidation of ethyl acetate, ethanol and toluene. The
ddition of gold to cerium oxides improved significantly their cat-
lytic activity. In the case of manganese oxides, the addition of

[

[
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gold did not always produce better results (as for Mn1  and Mn10
samples in the oxidation of ethyl acetate and toluene, respectively,
where results with and without gold are similar). However, the
addition of gold improved the activity of the manganese oxide cat-
alysts that were less active (namely the Mn4  sample). The best
Au/CeO2 and Au/MnOx catalysts were able to oxidize ethyl acetate
into 100% of CO2 at ∼250 ◦C. Total oxidation of ethanol was achieved
at 230 ◦C using Au/Mn1 as catalyst. Toluene was  the most difficult
VOC molecule to oxidize, and this was only accomplished at 300 ◦C
with the Mn10 catalyst. Both CeO2 and MnOx catalysts, with or
without gold, were found to be stable during VOC oxidation.
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