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a b s t r a c t

The diesel soot combustion was studied using catalysts prepared by impregnation with cesium nitrate
and/or gold on zirconium oxide (ZrO2), hydrated zirconium oxide and silica (SiO2). Catalysts were char-
acterized by colorimetry, elemental analysis, atomic absorption spectrophotometry, XRD, FTIR, TPR and
ccepted 20 October 2010
vailable online 27 October 2010

ey words:
iesel soot
esium nitrate
old

XPS. Measurements of catalytic activity were performed in a thermobalance with air and in a fixed bed
reactor with a NO/O2 feed. All catalysts containing cesium nitrate exhibit a good activity for soot oxida-
tion and the addition of gold substantially increases the CO2 generation leading the selectivity to 100%
in CO2.

© 2010 Elsevier B.V. All rights reserved.
ombustion

. Introduction

The emission of diesel engines due to the high content of par-
iculate matter (PM) and to the presence of nitrogen oxides, among
ther pollutants, is harmful for the environment as well as for the
uman health [1]. In order to decrease the emission of particu-

ate matter, catalytic filters in the exhaust pipe are frequently used.
hese filters must retain the soot, catalyze the combustion emis-
ions and regenerate continuously.

There exist numerous reports of formulations able to decrease
he soot combustion temperature from high temperatures (about
00 ◦C) up to the temperatures of gases in an exhaust pipe [2–6].

The different proposed mechanistic hypotheses are based on the
ollowing catalyst properties: the capacity to store oxygen [7], the
ncrease of the contact between the soot (solid) and the catalyst
solid) [8,9], the presence of systems with redox functions [10–13].
ikewise, this type of materials must fulfill the need of being sta-
le and active in atmospheres similar to that ones present in the
xhaust pipe.

Catalysts containing compounds of alkaline metals (potassium,

ithium, sodium and cesium) are particularly active, being potas-
ium the most studied element of group 1 [14–19].

Some of these catalysts are used as molten salts and others are
ased on the use of supported salts. The stability of this last type of

∗ Corresponding author. Fax: +54 221 4211353.
E-mail address: eponzi@quimica.unlp.edu.ar (E.N. Ponzi).

926-860X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2010.10.024
catalysts is based on the salt-support interaction. The anion nature
of the alkaline metal salt has influence on the catalyst activity, and
it has been observed that catalysts prepared using nitrates present
higher activities than other precursors. Besides, it was found that
among supported alkaline nitrates, cesium nitrate is the most active
[12,17].

In previous works, it was possible to notice by means of spec-
troscopic techniques that catalysts containing nitrates can oxidize
the soot so being reduced to nitrite [10]. This working hypothe-
sis is accepted and other authors postulate the activity of nitrate
anions.

Some authors propose the decomposition of bulk cesium nitrate
into oxides and peroxides and they suggest, for the supported
cesium nitrate, that part of cesium nitrate remains on the catalytic
surface [15]. Catalysts containing only alkaline nitrates present a
disadvantage, they do not present total selectivity to CO2 and it is
necessary to add transition metals able to oxidize the generated
CO. In recent works, it has been reported that catalysts that have
gold in their formulations are active for CO oxidation [20–23]. In
this respect, it is interesting the use of catalysts promoted with
gold for the complete soot combustion. The selection of this metal
is based on the fact that it is cheaper and more plentiful than the
other precious metals, [24]. On the other hand, there exist publi-

cations indicating that Au-based catalysts present activity for the
reaction of NOx reduction [25].

The aim of this work is the study of CsNO3 and gold-based catal-
ysis for the diesel soot combustion reaction in presence of O2/inert
and NO/O2/inert. Furthermore, several characterization techniques

dx.doi.org/10.1016/j.apcata.2010.10.024
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:eponzi@quimica.unlp.edu.ar
dx.doi.org/10.1016/j.apcata.2010.10.024
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ave been performed to study the nature of gold and cesium nitrate
n these catalysts.

. Experimental

.1. Preparation and characterization of catalysts

Hydrated zirconium oxide (ZrO2·nH2O) was obtained by hydrol-
sis of zirconium oxychloride, ZrOCl2·6H2O (Fluka). The necessary
mount of aqueous ammonia (Tetrahedron 28%) was added to the
irconium oxychloride to reach a pH 10. The product obtained by
ydrolysis was filtered and washed until it was free from chloride

ons, as determined by the silver nitrate test. The hydrated zirco-
ium oxide (ZrO2·nH2O) thus obtained was dried at 80 ◦C for 24 h.
his solid was then milled in a mortar and sieved to obtain particle
izes between 0.150 and 0.090 mm. The other supports, ZrO2 and
iO2, are commercial products provided by Anedra and Degussa,
espectively.

For the preparation of catalysts with cesium nitrate, the impreg-
ation of supports was carried out with an aqueous solution of
esium nitrate, in a rota-vapor equipment at 100 ◦C, rate 170 rpm
nd a vacuum pressure of 500 mm Hg. The obtained solids were
ried for 2 h at 80 ◦C. Catalysts containing cesium nitrate and gold
ere prepared by impregnation of supports with an aqueous solu-

ion of cesium nitrate as it was described above and, after the drying
tep, the impregnation with a solution HAuCl4·3H2O (1.0 wt% of
u) was performed. Catalysts containing cesium nitrate and gold
ere prepared by impregnation of supports with an aqueous solu-

ion of cesium nitrate as it was described above. With supports of
rO2·nH2O and ZrO2, successive gold impregnations were made
ith intermediate drying. Meanwhile, for the SiO2 support, the

mpregnation with Au was made with a more diluted solution to
roduce a better solid wetting. This same impregnation method
as used for the preparation of catalysts Au/supports. Precursors
ere prepared with a nominal concentration of 23.6% in weight

f cesium nitrate and 2.0% in weight of Au. These precursors were
alcined at 600 ◦C for 1 h.

The temperature selected for calcination of precursors was
00 ◦C, approximately 200 ◦C above the operation temperature of
atalysts in an exhaust pipe. This calcination temperature assures
o catalyst transformations during activity measurements. In order
o differentiate zirconia supports, the catalyst impregnated on
rO2 will be named Z and the catalyst prepared by impregnation
f ZrO2·nH2O, Zt. The silica will be named S. In this way, cat-
lysts with cesium nitrate will be named CsNO3Z, CsNO3Zt and
sNO3S, gold catalysts will be named AuZ, AuZt and AuS and
hose ones with both species will be CsNO3AuZ, CsNO3AuZt and
sNO3AuS.

.2. Characterization of catalysts

Specific surface areas of support and catalysts were determined
y the BET method using N2 adsorption isotherm; the nitro-
en adsorption isotherm was evaluated by using an automated
icromeritics ASAP 2020 equipment. Pore specific volume of mate-

ials was determined.
Bulk gold and cesium contents were determined by atomic

bsorption spectrophotometry with a spectrophotometer
erkinElmer AA 3110.

The content of soluble nitrate ions was determined by means of

photometric method with a colorimeter DR/890 Hatch. For this,

amples were washed with distilled water and nitrates in washing
aters were analyzed.

The elemental nitrogen content was determined by means of
lemental analysis (EA) with a CHNS LECO 932 analyzer.
: General 392 (2011) 45–56

Crystalline phases within the catalysts were identified by
powder X-ray diffraction (XRD) analysis using a Rigaku D-Max
III diffractometer equipped with Ni-filtered Cu K� radiation
(� = 1.5378 Å).

The melting point of the potassium nitrate in the catalysts was
studied by differential scanning calorimetry (DSC) using a Shi-
madzu DSC 50 equipment. �-Al2O3 was used as reference and N2
as a carrier.

The presence of nitrate anions on fresh and used catalysts was
studied by means of FTIR spectroscopy using a Bruker EXINOX
55 equipment. Spectra were recorded at room temperature in the
4000–400 cm−1 range and the samples were prepared in form of
discs with KBr.

The X-ray photoelectron spectroscopy (XPS) was performed
with a Physical Electronics PHI-5700 spectrometer, equipped with
a dual X-ray source of Mg-K� (1253.6 eV) and Al-K� (1486.6 eV)
and a multi-channel detector. Spectra of powdered samples were
recorded in the constant pass energy mode at 29.35 eV, using a
720 �m diameter analysis area. Charge referencing was measured
against adventitious carbon (C 1s at 284.8 eV). A PHI ACCESS ESCA-
V6.0 F software package was used for acquisition and data analysis.
A Shirley-type background was subtracted from the signals.
Recorded spectra were always fitted using Gaussian–Lorentzian
curves in order to determine the binding energy of the different
element core levels more accurately.

TPR (temperature programmed reduction) experiments were
carried out with the conventional equipment. The TPR was per-
formed using 10% hydrogen in nitrogen (flow rate 20 cm3 min−1)
with a heating rate of 10 ◦C/min up to 950 ◦C. The sample loaded
was 20 mg.

Experiments of precursor decomposition were made using a
reactor with programmed temperature with mass detector (Dycor
System 2000) in order to detect all gaseous sub-products.

2.3. Measurements of catalytic activity

Thermal programmed oxidation techniques were used to carry
out the catalytic tests. Two types of catalytic experiments were car-
ried out: exploratory runs in a thermogravimetric reactor with an
air/He feed and experiments in a fixed bed reactor with NO/O2/He
feed. Experiments in a thermogravimetric reactor are fast and
exploratory and the aim is to know if catalysts present activity in
oxygen presence, while experiments in the flow reactor are per-
formed in order to investigate the influence of the NO presence
in the activity. Besides, in the flow reactor a poor contact (loose
contact) is used to approach to the real contact conditions.

In the first case, the soot combustion was performed in a ther-
mobalance (TGA-50 Shimadzu) with a heating rate of 10 ◦C/min
and an air/He feed (2:1). The soot sample used in this work is a
synthetic flame soot named Printex-U manufactured by Degussa.
In order to carry out activity experiments, the soot (3 mg) and the
catalyst (30 mg) were milled carefully in an agate mortar before
introduction into the reactor. The weight loss and the temperature
were recorded as a function of time. The derivative curve (DTGA)
was obtained from the weight loss information as a function of time,
and from this curve the temperature where the combustion rate is
maximum (Tmax).

In the second case, catalytic tests in O2/NO/He presence were
performed in a temperature programmed oxidation (TPO) appa-
ratus, a fixed bed quartz microreactor with analysis of reaction
gases. The microreactor was electrically heated with a heating rate

of 2 ◦C/min. The reaction mixture was obtained from three feed
lines individually controlled: NO/He, O2/He, and He to close the
balance. The reactor was fed with the following mixture: 1500 ppm
of NO and 8% of O2 (Q total = 50 ml/min). The microreactor was
loaded with 30 mg of catalyst and 3 mg of soot (Printex-U) and the
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Table 1
BET surface areas of supports and of CsNO3/oxide catalysts.

Support Area (m2/g) Support pore specific volume (cm3 g−1) Area of Cs catalysts Catalysts pore specific volume (cm3 g−1)
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SiO2 200 0.183
ZrO2·nH2O 320 0.210
ZrO2·nH2O calc600 60 0.109
ZrO2 monoclinic 8 0.005

ombustion was carried out in the range of 200–650 ◦C. Before the
eaction, the soot was mixed with the catalyst, with a spatula (loose
ontact). Reaction products were monitored with a gas chromato-
raph, Shimadzu model GC-8A, provided with a TCD detector. The
ampling was carried out approximately every 8 min. The separa-
ion of products was performed with a concentric column CTRI of
lltech. This system permitted the identification and quantification
f the peaks of O2, N2, CO2, and CO. The concentration of CO2 and
O was determined from the area of CO2 and CO peaks obtained by
hromatographic analysis.

. Results and discussion

.1. Characterization of catalysts

.1.1. Surface area and chemical analysis
Catalysts were prepared using oxidic supports, ZrO2, ZrO2·nH2O

nd SiO2, whose specific surface varies significantly. The BET areas
nd pore specific volume of supports and of the series of catalysts
sNO3/support, previously calcined at 600 ◦C for 2 h, were deter-
ined (Table 1). The obtained results indicate that catalysts present

ower BET areas than those of the corresponding supports and this is
ttributed to the fact that the cesium nitrate is a fundent that, when
t is added on a support, decreases its area considerably. In the cata-
yst prepared from ZrO2·nH2O, the area also diminishes by effect of
upport nucleation and crystallization. When calcining ZrO2·nH2O
n cesium nitrate absence, a zirconia with a BET area of 60 m2/g is
btained. In the CsNO3 presence, the obtained BET area is 5.6 m2/g,
hich indicates a strong material sinterization. This same effect is

bserved in catalysts prepared from commercial supports. The area
ecrease is attributed to the blocking of a large fraction of pores and
he pore volume of catalysts with cesium nitrate is substantially
ower than the pore volume of supports without impregnation.

Catalysts were formulated with the following nominal concen-
rations: 2.0% (w/w) gold, 16.1% (w/w) cesium, 7.5% (w/w) nitrate
on. Table 2 shows results of the concentration of gold and cesium
AAS), nitrogen (EA) and nitrate anion (colorimetric analysis).
In catalysts that only contain cesium nitrate supported on zir-
onia, CsNO3Z and CsNO3Zt, the cesium nitrate concentration,
stimated from the elemental nitrogen concentration, is near to
he nominal value (23.6%), which would indicate that most of sup-

able 2
hemical compositions of the catalysts.

%CsNO3
a %Aub %CsNO3

c %CsNO3
d

CsNO3S 5.4 19.8 4.0
CsNO3Z 24.2 23.1 23.4
CsNO3Zt 24.4 21.3 24.8
AuS 1.5 –
AuZ 1.6 –
AuZt 2.7 –
CsNO3AuS 0.1 1.0 18.7 –
CsNO3AuZ 4.0 0.8 20.9 –
CsNO3AuZt 1.3 2.3 23.8 –

a Estimated from % N determined by elemental analysis.
b By AAS.
c Estimated from %Cs (AAS).
d Estimated from %NO3 (colorimetric).
75.5 0.069
– –
5.6 0.009
0.5 0.001

ported cesium nitrate has not been volatilized or decomposed in
its respective oxides (CsO2, Cs7O2). The same results appear from
analyses of nitrate ion concentration determined by colorimetric
analysis. In these catalysts, the cesium nitrate concentration esti-
mated from the cesium content (AAS) is similar to the nominal
one.

The catalyst supported on silica, CsNO3S, presents a different
behavior. The cesium nitrate concentration (19.81% (w/w)) esti-
mated from the cesium concentration is slightly lower than the
nominal (23.6%), while the cesium nitrate concentration estimated
from the nitrogen content and the colorimetric analysis is much
lower than the nominal, which indicates that during precursor cal-
cination, an important cesium portion remains in the catalyst as
other species. It is evident that the anchoring of nitrate species in
the silica is weak.

The gold concentration in AuZ and AuS catalysts is slightly lower
to the nominal (2.0%) while it is higher in the AuZt catalyst. The con-
centration increase in AuZt is attributed to water loss of the support
during precursor calcination and to an increase in the supported
species concentration.

In catalysts containing cesium nitrate and gold, CsNO3AuZ,
CsNO3AuZt and CsNO3AuS, the cesium nitrate concentration esti-
mated from the nitrogen content is noticeably lower than the
nominal (23.6%). This behavior differs from that observed in cat-
alysts that only contain cesium nitrate. The cesium concentration
obtained by AAS is similar to the nominal (16.5%), which indicates
that the cesium nitrate has been transformed in other species dur-
ing calcination of precursors that contain gold salt.

In order to analyze the nature of cesium and cesium nitrate
species and to explain the differences between nominal and ana-
lyzed concentrations, studies of X-ray diffraction, DSC and FTIR
were performed.

3.1.2. X-ray diffraction
In the XRD diagrams of catalysts, AuZ, CsNO3Z, and CsNO3AuZ

(Fig. 1A), it is possible to detect diffraction lines typical of mono-
clinic zirconia (2� = 28.2◦, 31.5◦ and 34.5◦), of cesium nitrate C and
of metallic gold (2� = 38.2◦ and 44.5◦).

In the XRD diagrams of catalysts CsNO3Z and CsNO3AuZ, the
most intense signal of cesium nitrate at 28.28◦ is overlapped with
a diffraction line of the support but the other signals are observed.
The CsNO3AuZ catalyst presents these signals with lower intensity
than the CsNO3Z in agreement with the cesium nitrate decrease
observed by chemical analyses.

The XRD diagram of the AuZ catalyst presents diffraction lines
associated to metallic gold and these signals are less evident in the
XRD diagram of CsNO3AuZ. This can be the result of a low gold
concentration as found by AAS.

Also, signals associated to the presence of CsCl (2� = 30.6◦ and
21.55◦) are observed in the diagram of CsNO3AuZ catalyst. These
results sustain the hypothesis of cesium nitrate decomposition in
other species during the calcination stage. It is possible that cesium

nitrate dissolves during the second impregnation and forms CsCl
that precipitates. The presence of cesium chloride may be due to
this dissolution and precipitation in presence of chlorides during
the second impregnation or by a chemical reaction between gold
salt and cesium nitrate. However, signals associated to the presence
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ig. 1. (A) XRD diagrams of catalysts supported on monoclinic zirconia (ZrO2). Zm
onoclinic zirconia and Zt is tetragonal zirconia. (C) XRD diagrams of catalysts sup

f AuCl3 (2� = 16.62◦, 33.61◦, 31.37◦ and 43.23◦) or oxidic cesium
pecies (CsO2, Cs7O2, Cs2O, etc.) are not observed.

Fig. 1B shows XRD diagrams of catalysts CsNO3Zt, CsNO3AuZt
nd AuZt. During calcination, the amorphous ZrO2·nH2O support
rystallizes in different polymorphisms depending on the nature of
he host cation. Catalysts CsNO3Zt and CsNO3AuZt adopt a tetrag-
nal metastable structure (2� = 30.5◦, 35.2◦ and 50.7◦). Instead, in
he AuZt catalyst, the predominant zirconia phase is the monoclinic
2� = 28.2◦, 31.5◦ and 34.5◦). These results suggest a possible inter-
ction between cesium ions and the zirconium oxide originated
uring calcination of ZrO2·nH2O in alkaline ion presence, generat-

ng a Zr+4 substitution and the generation of oxygen vacancies. This
act has been also observed by other authors [26,27].

In diagrams of catalysts CsNO3Zt and CsNO3AuZt, it is possible to

bserve signals associated to the presence of crystalline CsNO3 and
hese signals are more intense in the diffractogram of the CsNO3Zt
atalyst. These results agree with those found by chemical analysis,
hich show a significant difference in the cesium nitrate concen-

ration of both catalysts.
onoclinic zirconia. (B) XRD diagrams of catalysts supported on ZrO2·nH2O. Zm is
on silica. (D) XRD diagrams of CsNO3/support catalysts. SS: Silica support.

Catalysts AuZt and CsNO3AuZt present diffraction lines associ-
ated to metallic gold at 2� = 38.2◦ and 44.5◦.

Fig. 1C shows XRD diagrams of catalysts AuS, CsNO3S and
CsNO3AuS. XRD lines of CsNO3 can be observed only in the CsNO3S
catalysts. Results achieved agree with that found by chemical anal-
yses that show a very low cesium nitrate concentration in the
CsNO3AuS catalyst.

Catalysts AuS and CsNO3AuS show diffraction lines of metallic
gold and these signals are more intense in the AuS catalyst.

When comparing the intensity of the diffraction line at 19.80◦

(CsNO3) in diagrams of catalysts CsNO3Z, CsNO3Zt and CsNO3S,
it is possible to observe that the signal is more intense in
CsNO3Z (Fig. 1D). This catalyst contains a high CsNO3 content
and a very low surface area. The formation of large CsNO3 crys-

tals is suggested. During the calcination step, the salt melts
and blocks a large fraction of pores generating a segregation of
CsNO3 crystals. This fact is evidenced with the drastic decrease
of the specific surface and the smaller pore size found in these
catalysts.
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The surface gold concentration in catalysts CsNO3AuZ and
CsNO3AuZt is lower than that observed in the case of AuZ and AuZt
catalysts. Probably, in these catalysts, part of gold is found covered
by cesium nitrate. Instead, the surface gold concentration in the
CsNO3AuS catalyst is higher than that observed in the AuS catalyst.

Table 3
Surface concentrations and cesium BE in catalysts.

Sample [Au] (%) [Cs] (%) Cs BE Au 4f7/2

CsNO3S – 17.29 725.0 –
CsNO3Z – 24.40 724.4 –
CsNO3Zt – 18.30 724.2 –
AuS 0.10 – – 83.2
ig. 2. DSC diagram of CsNO3/support catalysts and CsNO3 salt: (a) CsNO3Z, (b)
sNO3AuZ, (c) CsNO3Zt, (d) CsNO3S, (e) CsNO3. Catalyst mass: 10 mg, CsNO3 mass:
.36 mg.

.1.3. Differential scanning calorimetry, DSC
Fig. 2 shows DSC diagrams of catalysts CsNO3/support and of

ulk cesium nitrate.
The DSC diagram of CsNO3 shows an endothermic signal cen-

ered at 405 ◦C assigned to salt melting. The DSC diagram of CsNO3Z
atalyst shows clearly this signal, evidencing the presence of big
rystallites of CsNO3. The diagram of the CsNO3Zt catalyst shows a
eak endothermal signal at 360 ◦C. This signal is attributed to the
elting of CsNO3 that it is much dispersed. In the DSC diagram, the

sNO3S catalyst does not show signals of salt melting, even when
he diffraction lines of cesium nitrate are clearly observed by XRD.
hese results can be correlated with the values of surface area and
esium nitrate concentration, the CsNO3Z catalyst is prepared on a
ow surface area support, it presents high cesium nitrate concen-
ration which leads to a poor dispersion of supported salt and a very
lear melting signal.

From the series of catalysts CsNO3AuSupport, the only catalyst
hat presents an evident melting signal is the CsNO3AuZ catalyst.

.1.4. Infrared spectroscopy (FTIR)
Fig. 3 shows the FTIR spectra of cesium containing catalysts. The

TIR spectrum of cesium nitrate salt presents a band at 1385 cm−1

ssociated to the antisymmetric N–O stretching vibration mode
�as). Besides it is possible to note a weak band at 1050 cm−1 associ-
ted to the symmetric vibration mode (�s) and the band associated
o the angular deformation O–N–O at 830 cm−1.

In spectra of catalysts CsNO3Zt, CsNO3Z and CsNO3S, an absorp-
ion band at 1385 cm−1 assigned to antisymmetric N–O stretching
f free nitrate species is observed. This band is accompanied with
he band of the angular deformation O–N–O at 830 cm−1 [28]. This
ast one cannot be observed in the spectrum of CsNO3S catalyst
ecause it is overlapped with the support absorption bands.

The band associated to antisymmetric N–O stretching
1385 cm−1) is present in spectra of catalysts CsNO3AuZ and
sNO3AuZt. In this series, the signals are weaker than the ones
bserved in spectra of series CsNO3Support. In the spectrum of

sNO3AuS catalyst, no absorption bands associated to the pres-
nce of nitrate ions are observed. This fact agrees with XRD results
here no diffraction lines of the supported salt are observed.

It is not possible to observe, in any spectrum, FTIR signals associ-
ted to the presence of monodentate and bidentate nitrate species,
Fig. 3. FTIR spectra of CsNO3 bulk and catalysts: (a) CsNO3, (b) CsNO3S, (c)
CsNO3AuS, (d) CsNO3Z, (e) CsNO3AuZ, (f) CsNO3Zt, (g) CsNO3Au Zt.

which are evidenced with antisymmetric N–O stretching bands
placed at 1420 and 1500 cm−1.

3.1.5. Photoelectron spectroscopy (XPS)
Fig. 4A shows XPS spectra for the Cs 3d5/2 region of supported

CsNO3 catalysts, Fig. 4B shows XPS spectra for the Au 4f7/2 region of
the series of supported Au catalysts, and Fig. 4C shows XPS spectra
for the Au 4f7/2 region of the series of supported CsNO3Au cata-
lysts. The signal attributed to the presence of nitrates could not
be observed, probably due to the nitrate ion decomposition by X-
ray radiation. Other authors have reported the same phenomena
when studied the degradation of nitrates due to the fact that several
compounds can be damaged by X-ray radiation [29].

The position of the emission band was determined from spectra
and the analysis of the superficial cesium concentration was carried
out. Data attained are presented in Table 3.

A high cesium concentration is found on the surface of cata-
lysts supported on zirconia. It is also possible to observe that when
adding Au the surface cesium concentration is not modified.

The Au 4f7/2 signal is observed in all catalysts with Au at 83.9 eV.
This signal is assigned to metallic Au and photoemissions at 85.7 eV
are not observed. This is the value found in the literature for Au2O3
[30]. Results obtained by XPS are in agreement with those obtained
by XRD and reject the possibility that a small portion of superficial
gold is found as oxidic phases.
AuZ 3.43 – – 84.1
AuZt 7.38 – – 83.6
CsNO3AuS 0.83 18.08 724.9 82.9
CsNO3AuZ 0.60 21.58 724.2 82.6
CsNO3AuZt 3.38 22.75 724.3 84.0
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of this reaction. The mass detector on-line during the calcination
ig. 4. (A) X-ray photoelectron spectra for the Cs 3d5/2 region: (a) CsNO3Zt, (b) CsNO
c) AuS. (C) X-ray photoelectron spectra for the Au 4f region: (a) CsNO3AuZt, (b) CsN

.1.6. Temperature programmed reduction with H2 (TPR)
The reducibility of species present in series of supported CsNO3

nd CsNO3Au catalysts is evaluated by means of the hydrogen tem-
erature programmed reduction technique. No reduction of gold
pecies is expected because in all cases there is metallic gold as it
as noticed by XPS.

In TPR profiles of CsNO3 catalysts (Fig. 5A–C), the reduction sig-
al starts around 500 ◦C and it is centered at 580 ◦C for catalysts
upported on zirconia, CsNO3Z and CsNO3Zt, and at a higher tem-
erature (630 ◦C) for the catalyst supported on silica, CsNO3S. This
eduction signal is attributed to the reduction of nitrate species [31].
he nitrate ion reduction is performed slowly in the catalyst sup-
orted on silica evidencing higher supported salt interaction. This

ndicates that the remainder nitrate portion stays in the catalyst
ith high interaction degree. Catalysts that show higher hydro-

en consumption are CsNO3Z and CsNO3Zt. The catalyst that shows
ower hydrogen consumption is the CsNO3S catalyst, which is the
ne that contains lower nitrate ion concentration. These results cor-
oborate that the nitrate concentration in catalysts supported on
irconia is several times higher than the one found in the catalyst
upported on silica.

The hydrogen consumption of supported CsNO3Au catalysts is

ubstantially lower than that observed in the case CsNO3 catalysts
ue to lower nitrate concentration. The TPR diagram of CsNO3AuS
atalyst does not show any reduction signal, this result is in agree-
ent with the very low concentration of cesium nitrate.
d (c) CsNO3S. (B) X-ray photoelectron spectra for the Au 4f region: (a) AuZt, (b) AuZ,
Z, (c) CsNO3AuS.

The nitrate reduction peaks in catalysts CsNO3AuZt and
CsNO3AuZ present the maxima at lower temperatures than cat-
alysts without gold promotion. The temperature of maxima is
between 530 and 540 ◦C, respectively, while for catalyst CsNO3Zt
and CsNO3Z the same peaks are found at 585 and 574 ◦C. These
experiments show clearly an influence of gold in nitrate reduction
in catalysts supported on zirconia. Probably, the H2 is absorbed and
dissociates on the metallic particles and it spilled-over to nitrate
ions placed near them.

Results obtained from different characterization techniques
are analyzed in the following paragraphs. Results obtained by
FTIR are in agreement with the ones achieved according to
chemical analysis and X-ray diffraction, XPS and TPR, where
it was possible to note that the cesium nitrate concentration
is low in catalysts containing gold in their composition. This
fact is accompanied by the appearance of a peak in the XRD
diffractogram of AuCsNO3 catalysts assigned to CsCl. A proba-
ble mechanism is that gold salt decomposes giving molecular
chlorine through reaction 1 which is thermodynamically feasi-
ble from 300 ◦C (Table 4), and the generated Cl2 may attack the
cesium nitrate according to reaction 2 being the CsCl a product
of precursor AuCsNO3Support corroborated the presence of NO2
(m/z = 30 and 46).

2AuCl3 = 2Au0 + 3Cl2(g) (1)
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(a) CsNO3Zt and (b) CsNO3Au Zt. (C) TPR of catalysts: (a) CsNO3S and (b) CsNO3AuS.
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Fig. 5. (A) TPR of catalysts: (a) CsNO3Z and (b) CsNO3AuZ. (B) TPR of catalysts:

l2(g) + 2 CsNO3 = 2 CsCl + O2(g) + 2 NO2(g) (2)

For this reason, a series of catalysts was prepared where thermal
reatments performed to precursors were modified. This new series
as prepared by support impregnation with gold salt followed by

n intermediate calcination at 600 ◦C. Then, an impregnation with
esium nitrate was made and the obtained material was calcined
t 600 ◦C. So, the attack of molecular chlorine to cesium nitrate is
voided.

Fig. 6 shows XRD diagrams of catalysts prepared by mod-

fying the preparation method, CsNO3Au(c)Z, CsNO3Au(c)Z and
sNO3Au(c)S. XRD diagrams differ significantly from the ones
btained with the original preparation technique. New catalysts
o not present X-ray diffraction lines of CsCl salt and they continue

able 4
ibbs free energies for reactions (1) and (2).

Temperature (◦C) �G reaction (1) (kJ) �G reaction (2) (kJ)

100 74.7 60.7
200 32.9 26.9
300 −7.5 −4.4
400 −46.8 −34.4
500 −85.1 −59.9
600 −122.2 −84.1

Fig. 6. XRD diagrams of CsNO3Au(c)/support catalysts.
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Fig. 8. (A) TPO of particulate matter (soot) with CsNO3/support catalysts in air/He
Wave numbers (cm-1)

ig. 7. FTIR spectra of CsNO3Au(c)/support catalysts: (a) CsNO3Au(c)S, (b)
sNO3Au(c)Zt, (c) CsNO3Au(c)Z.

resenting diffraction lines of CsNO3 (2� = 38.2◦ and 44.5◦) and of
etallic gold (2� = 38.2◦ and 44.5◦). The presence of nitrate anions

an be also observed by means of FTIR spectroscopy in the three
atalysts. Spectra show the typical signal of antisymmetric vibra-
ion of the N–O bond of free nitrate ions at 1385 cm−1 (Fig. 7) and
hese signals are more intense than the ones found with the series
uCsNO3support, fundamentally in the CsNO3Au(c)/S catalyst. In

he spectrum of CsNO3AuS catalyst, this signal was not evidenced.

.2. Measurements of catalytic activity

.2.1. Catalytic results obtained in a thermogravimetric reactor in
ir/He presence

Fig. 8A and B shows catalytic results obtained in the thermo-
ravimetric reactor. Table 5 presents temperatures obtained when
erforming TPO tests in presence and absence of catalysts, the

nitial reaction temperature (Ti), the maximum combustion rate
emperature (Tmax) and the temperature at which the reaction ends
Tfinal) are shown.

Supported gold catalysts Au/support present a poor activity in

ir/He presence. These results indicate that gold contributes very
ittle to the activity of catalysts in this atmosphere.

Fig. 8A shows TPO diagrams achieved by using the series of sup-
orted CsNO3 catalysts. In all cases the combustion of soot occurs at
uch lower temperatures than that of the pure soot (625 ◦C). The

able 5
atalytic results obtained in a thermogravimetric reactor fed with air/He with tight
ontact and high heating rate (10 ◦C/min).

Ti Tmax Tfinal

AuS 430 585 620
AuZ 455 610 669
AuZt 430 598 643
CsNO3S 325 393 455
CsNO3Z 325 382 427
CsNO3Zt 325 393 430
CsNO3AuS 328 427 508
CsNO3AuZ 322 377 415
CsNO3AuZt 334 387 427
CsNO3Au(c)S 316 408 470
CsNO3Au(c)Z 321 373 416
CsNO3Au(c)Zt 323 380 423
presence: (a) CsNO3Z, (b) CsNO3Zt, (c) CsNO3S, (d) soot. (B) TPO of particulate matter
(soot) with CsNO3Au/Support and CsNO3Au(c)/support catalysts in air/He presence:
(a) CsNO3Au(c)Z, (b) CsNO3AuZ, (c) CsNO3Au(c)Zt, (d) CsNO3AuZt, (e) CsNO3Au(c)S,
(f) CsNO3AuS.

three catalysts start with their combustion at a temperature near
325 ◦C and the combustion occurs at lower temperature in the case
of CsNO3Z catalyst.

Data obtained by means of characterization techniques show
that the more active catalysts, the CsNO3Z, presents a high cesium
nitrate concentration, the highest crystalline size observed by XRD,
fusion signal evidenced by DSC, and high surface cesium concen-
tration by XPS.

D. Hleis et al. [12] found similar catalytic results with a cata-
lyst of cesium nitrate (15.11 cesium weight ratio (%)) supported
over a monoclinic zirconia. The catalyst was obtained by impregna-
tion of an amorphous zirconia prepared from ZrO2·nH2O calcined at
300 ◦C. In this catalyst, the alkaline cation does not stabilize the zir-
conia metastable tetragonal phase. The catalyst prepared by Hleis
et al. and the most active of the series CsNO3Support, the CsNO3Z,
present reducible phases by hydrogen, free nitrate ions as predom-
inant species (determined by FTIR) and a high amount of supported
crystal CsNO3 phase.
The soot oxidation is proposed as reaction mechanism by nitrate
ion reduction [10–11,17]

2 NO3
− + C = 2 NO2

− + CO2 (3)

2 NO2
− + O2 = 2 NO3

− (4)
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ig. 9. TGA curves of a mixture of CsNO3 and soot: (a) Helio (soot: 1 mg, CsNO3:
5 mg), (b) Air/Helio (soot:1 mg; CsNO3: 2 mg).

Physicochemical properties support the proposed model that
upposes: (a) well contact soot–catalyst and (b) high nitrate ion
oncentration. The most active catalyst of the series, the CsNO3Z
ample, presents both characteristics.

Fig. 9 shows TGA curves of a mixture of CsNO3 and soot carefully
illed in a mortar. The mass loss obtained in the experiment with

elium atmosphere (a) is 3.54 mg for 1 mg soot. The theoretical
ass loss by the reaction (3) is 3.66 mg per mg of soot. The nitrite

annot be regenerated to nitrate since there is no oxygen in the
ow that feeds to the thermobalance.

The mass loss obtained in the experiment with an atmosphere
ir/helium is 0.94 mg per mg of soot. The mass loss only corre-
ponds to soot. This result suggests that nitrate intervenes in the
atalytic cycle being regenerated with the oxygen of the gaseous

urrent.

Fig. 10 shows FTIR spectra of a sample of the CsNO3Z catalyst
xtracted from a fixed bed reactor after a reaction between soot and
ctive phases of catalysts in an inert helium atmosphere at 360 ◦C.
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ig. 10. FTIR spectrum of CsNO3Z catalyst, sample extracted from the reactor after
oot combustion at inert atmosphere.

Fig. 11. (A) Successive catalytic cycles performed with the CsNO3Z catalyst: (a) 1st

cycle, (b) 2nd cycle, (c) 3th cycle, (d) 4th cycle. (B) Successive catalytic cycles per-
formed with the CsNO3AuZ catalyst: (a) 1st cycle, (b) 2nd cycle, (c) 3th cycle, (d) 4th
cycle.

In this FTIR spectrum it is possible to observe an energy absorp-
tion band at 1330 cm−1 assigned to symmetric N–O stretching and
another at 1268 cm−1 assigned to antisymmetric N–O stretching of
free nitrite species. Besides, other bands appear that can be asso-
ciated to the presence of coordinated nitrite species. The nitrite
cannot be regenerated to nitrate since there is no oxygen in the
current that feeds to the reactor. This experiment also evidences
that reaction of soot combustion occurs thanks to the oxygen of
the nitrate ions. Similar results were reported previously with
KNO3/ZrO2 catalysts [10].

Table 5 and Fig. 8B show results obtained with CsNO3Au/support
and CsNO3Au(c)/support catalysts. All catalysts present an initial
combustion temperature (between 316 and 334 ◦C) similar to that
observed for CsNO3 catalysts (325 ◦C). When comparing the tem-
perature of maximum combustion rate of catalysts, it is possible to
notice that the gold addition increases the combustion rate when
the support is zirconia.

On the other hand, CsNO3Au(c)/support catalysts are more
active than CsNO3Au/support catalysts. Probably the little activ-

ity increase observed is due to an increase of the cesium nitrate
concentration.

On the other hand, to demonstrate that the same samples can
repetitively promote the soot oxidation, CsNO3Z and AuCsNO3Z
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ig. 12. (A) Soot oxidation results of supported Au catalyst-soot (10/1) mixture, “loo
upported CsNO3 catalyst-soot (10/1) mixture, “loose contact” in NO/O2/He presenc
atalyst-soot (10/1) mixture, “loose contact” in NO/O2/He presence: (×) CsNO3AuZt

atalysts were used in four successive catalytic cycles (Fig. 11A and
). Both materials show activity after being used several times in
eaction evidencing the regeneration and stability of nitrate species
nd the stability of gold.

.2.2. Catalytic results obtained in a fixed bed reactor fed with
O/O2

Experiments were also performed under experimental condi-
ions observed in the exhaust pipe of a diesel engine. For this reason
he activity with a gaseous current containing nitrogen oxides is

tudied and the soot catalyst mixture is made with spatula (“loose
ontact”).

Fig. 12A–C shows catalytic results obtained in a fixed bed reactor
ed with a NO/O2 mixture. Curves represent the combustion evo-
ution of particulate matter as function of the temperature. Table 6

able 6
O influence in catalytic results obtained in a fixed bed reactor fed with NO/O2/He
r O/He with loose contact.

Tmax NO/O2/He Tmax O2/He

Printex-U 580 590
AuS 567 590
AuZ 549 587
AuZt 526 590
CsNO3S 377 475
CsNO3Z 380 370
CsNO3Zt 360 361
CsNO3AuS 393 467
CsNO3AuZ 360 360
CsNO3AuZt 373 380
tact” in NO/O2/He presence: (x) AuZt, (©) AuZ, (�) AuS. (B) Soot oxidation results of
CsNO3Zt, (©) CsNO3Z, (�) CsNO3S. (C) Soot oxidation results of supported AuCsNO3

CsNO3AuZ, (�) CsNO3AuS.

shows the NO influence on the temperature corresponding to the
maximum combustion rate.

The curve corresponding to the combustion reaction of particu-
late matter in absence of catalyst shows that the temperature of the
maximum is 580 ◦C in NO/O2 presence and 590 ◦C in O2 presence.

In both reaction mixtures, NO/O2/He and O2/He, the series of
Au catalysts present low activity. The combustion temperature
is near the one of the system without catalyst (585 or 590 ◦C).
In NO absence, the catalysts show very low activity. In NO/O2
presence, the catalyst presents some activity and the most active
catalyst is the one that presents higher superficial gold concentra-
tion, AuZt. The activity can be associated to the gold capacity to
adsorb the NO and generate superficial NO2, which is more oxi-
dizing than oxygen and/or nitrate ions. Fig. 13 shows spectra of
catalysts Au/supports extracted from the reactor after being used
with a NO/O2/He flow. The signal corresponding to the presence of
free nitrates at 1385 cm−1 is observed in all of them. This signal is
more intense in the spectrum of the Au/ZrO2(tetra) catalyst, which is
the most active catalyst. These results indicate that the NO presence
in the reaction flow originates an activity increase by generation of
superficial adsorbed oxo compounds of nitrogen. In this catalyst,
NO is coadsorbed with excess oxygen, then the principal species to
be expected are NO2 and nitrates (NO3

−) [32].
All catalysts containing in their composition only cesium nitrate

◦
present a good activity, with Tmax between 360 and 380 C in a
NO/O2/He atmosphere or in an O2/He atmosphere, evidencing that
the NO addition does not affect substantially the activity of cata-
lysts that contain high cesium nitrate load. Instead, the NO addition
generates a reaction rate increase of the CsNO3S catalyst, that con-
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ig. 13. FTIR spectra of catalysts used in the soot combustion reaction with
O/O2/He: (a) AuZ, (b) AuZt, (c) AuS.

ains a low cesium nitrate loading and high cesium concentration.
t is suggested that in NO/O2 presence, superficial nitrate species
an be generated in situ that can accelerate the reaction.

The gold addition to catalysts that contain cesium nitrate
CsNO3AuSupport) produces a substantial decrease of the cesium
itrate content and still these catalysts exhibit an important activity
hen the support is zirconia. This decrease in cesium nitrate con-

entration, when the nitrate concentration is high, does not lead
ecessarily to an important activity decrease as it was observed in
otassium nitrate catalysts supported on zirconia [33]. When the
upport is silica the nitrate concentration substantially decreases
nd the activity also decreases.

An interaction between gold and cesium nitrate was observed
n TPR experiments where catalysts CsNO3AuZ and CsNO3AuZt
resent lower reduction temperature than that of catalysts CsNO3Z
nd CsNO3Zt and this effect is attributed to spill-over of hydro-
en. Moreover, the CsNO3AuZ catalyst, the most active of the series
sNO3Au catalysts, with the highest nitrate concentration of its
eries, presents a noticeable shift in the binding energy of the Au
f7/2 signal. Over this support the gold presence increase the activity

n NO/O2/He and O2/He presence.
The gold role it is associated to the catalytic selectivity. Catalysts

ontaining only cesium nitrate are active but they give as secondary
roduct CO (2% of COx). The addition of gold substantially increases
he CO2 generation leading a 100% of selectivity to CO2.

. Conclusions

In catalysts CsNO3Z and CsNO3Zt, the cesium nitrate concentra-
ion gives results similar to the nominal value.

Instead, the CsNO3S catalyst presents a lower salt concentration
uggesting that the anchoring of nitrate species in the silica is weak.
ll catalysts containing only cesium nitrate present diffraction sig-
als of cesium nitrate. In catalysts that contain cesium nitrate and
old, the cesium nitrate concentration is markedly lower than the
ominal value while the cesium concentration is similar to the
ominal value. Cesium nitrate has been transformed in cesium
hloride as it was observed by XRD.
Analyses by FTIR demonstrate that catalysts with cesium nitrate
how energy absorption bands associated to the presence of free
itrate ions.

The surface cesium concentration determined by XPS is higher
or catalysts supported on zirconia and the gold addition does not

[
[

[
[
[

: General 392 (2011) 45–56 55

modify the surface cesium concentration. Besides, the surface gold
concentration is lower in CsNO3Au/zirconia than in Au/zirconia
catalysts.

A synergic effect is noticed between gold and cesium nitrate in
TPR experiments. A modification of gold environment by cesium
nitrate presence was also observed by XPS. The B.E. value of the Au
4f7/2 signal for CsNO3AuZ catalyst is shifted in 1.5 eV.

All catalysts containing cesium nitrate exhibit a good activity
for soot oxidation using only air in the feed. The reaction mecha-
nism involves a soot oxidation stage by nitrate ion reduction and
a second nitrate regeneration stage with oxygen participation of
gaseous phase.

New evidences of the nitrite generation were found by thermo-
gravimetric and FTIR analysis.

The most active catalyst for soot combustion in air/He, without
NO, and under tight contact condition of the series CsNO3Support
is the CsNO3Z catalyst. This catalyst presents large cesium nitrate
crystals allowing soot wetting and high nitrate concentration. The
gold addition on this catalyst increases the combustion rate and
increases substantially the CO2 generation leading the selectivity
to 100% in CO2.

All catalysts containing cesium nitrate exhibit good activity in
conditions that are near to the real ones: loose contact and NO pres-
ence in the feed. The most active catalyst in NO/O2/He presence
is CsNO3Zt, which has the lowest temperature of maximum com-
bustion rate, and the addition of gold over this catalyst decreases
the combustion rate and the Tmax increases from 360 to 373 ◦C.
Instead, the addition of gold over the CsNO3Z increases the activity
in NO/O2/He presence obtaining a very low Tmax (360 ◦C).

The addition of gold results beneficial. All the CsNO3Au catalysts
show total selectivity to CO2.
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