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a  b  s  t  r  a  c  t

In  this  study,  sulfated  ceria–zirconia  (SCZ)  catalysts  with  increasing  Ce  molar  fractions  (xCe  =  0;  0.21;
0.5;  0.75  and  1) were  prepared  by  direct  sulfation  of the  crystallized  CZ nanopowders  in  0.5  M H2SO4. As
revealed  by  XRD  and  TGA,  the  sulfation  treatment  created  surface  sulfates  with  a  density  of 2–3  SO4

2−/nm2

whatever  the Ce  content  while  maintaining  the  original  crystalline  structure  of  the  CZ material.  The
investigation  of  ethanol-SCR  performances  under  (1920  ppm  NO  + 3020  ppm  C2H5OH  +  5% O2) TPSR and
steady-state  conditions  allowed  to obtain  N2 yields  superior  to  45%  on  the  most  active  SCZ  catalysts
eywords:
Ox
CR
PSR
eria
ulfates

around  350–400 ◦C. Catalytic  results  relative  to the sulfated  and  non-sulfated  catalysts  are  then  discussed
according  to the Ce  molar  fraction  and  the  CZ  structure.  The  possible  reaction  pathways  involved  in  the
formation/decomposition  of  some  important  SCR  intermediates  such as ethylnitrite,  acetaldehyde,  HCN
and NH3 are  examined  on the basis  of  the  collected  TPSR  data.

© 2010 Elsevier B.V. All rights reserved.

cetaldehyde

. Introduction

The selective catalytic reduction (SCR) by ammonia is con-
idered as a mature technology for the abatement of nitrogen
xides (NOx) generated from stationary sources [1].  However, NH3-
CR presents some drawbacks in the automotive field which are
amely associated with the storage, handling or even the dis-
osal of the reductant [2].  These problems are partially overcome
y using urea as the ammonia source and urea-SCR is currently
eing considered as the primary NOx control technology for meet-

ng the future emission standards by many automakers worldwide
3,4]. Nevertheless, the alternative use of hydrocarbons (HCs) as
eductants still remains attractive because these species are found
irectly in the exhaust gases [5–10]. In that respect, both the cat-
lysts durability in wet streams and the DeNOx yields have to be
mproved to make the HC-SCR process a cost-effective technology.
he reductant efficiency in the NOx reduction to N2 usually fol-
ows the order: alkanes < alkenes < oxygenated [5].  In that respect,
thanol is interesting for mobile applications because on the one
and, it can be produced from renewable energy sources and
ixed with diesel fuel and on the other hand, it is less toxic than
mmonia. Moreover, ethanol was found to be one of the most
ctive and selective reductants over the widely-studied Ag/Al2O3
atalyst but also on Ag-, Na- or Ba-Y zeolites [5,11–13]. These

∗ Corresponding author. Tel.: +33 387939106; fax: +33 87939101.
E-mail address: bazambre@univ-metz.fr (B. Azambre).

920-5861/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.10.071
catalysts generally display an excellent activity at medium–high
temperatures but challenges relevant to unwanted products (HCN,
ammonia, acetaldehyde) produced under some conditions and
insufficient activity at low temperatures still need to be solved
[5,11–13].

By contrast, little attention has been paid to ceria-based cat-
alysts in HC-SCR processes [14,15],  in spite of their well-known
redox properties [16]. This is probably because of the high oxidiz-
ing ability of the Ce4+/Ce3+ couple, which is thought to promote
more the hydrocarbon combustion than the NOx reduction under
lean conditions. However, ceria can also be sulfated [17], which
allows in principle to tune both the acid-base and apparent oxy-
gen storage capacities (OSCs) properties of sulfated ceria–zirconia
catalysts. Recently, we have reported an extensive characterization
of some selected sulfated ceria–zirconia (SCZ) materials obtained
by direct sulfation of the crystallized parent nanopowders in sulfu-
ric acid [18]. By comparison with the corresponding non-sulfated
CZ materials, the sulfated ones were found to display an increased
Lewis and Brönsted acidity and a restricted O mobility, making
them interesting as supports or catalysts for CH4-SCR [19].

In this study, the performances in ethanol-SCR of these novel
sulfated ceria–zirconia catalysts are examined according to their
composition/structure and compared with those of a conventional
ceria–zirconia catalyst. The conditions of formation of important

SCR intermediates produced during temperature-programmed
surface reactions (TPSRs) and steady-state experiments are investi-
gated to establish structure-properties relationships and to unravel
the SCR mechanism.

dx.doi.org/10.1016/j.cattod.2010.10.071
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:bazambre@univ-metz.fr
dx.doi.org/10.1016/j.cattod.2010.10.071
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Table 1
Textural, chemical and structural characteristics of sulfated ceria-zirconia catalysts.

Catalysts Specific surface
area (m2/g)

Surface density of sulfate
groups (SO4

2−/nm2)
DTGmax during sulfate
desorption (◦C)

Crystal phase
(XRD/Raman)a

Crystal size (nm)b

CeO2 sulfated (SC) 284 2.5 781 c 12
Ce0.8Zr0.2O2 sulfated (SCZ82) 185 2.7 751 c 6
Ce0.5Zr0.5O2 sulfated (SCZ55) 87 2.0 889 t′ + t′′ (c and m)  7
Ce0.2Zr0.8O2 sulfated (SCZ28) 184 2.0 910 t (and m) 3
ZrO sulfated (SZ) 22 3.2 912 m 25
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a c = cubic, t, t′ , t′′ = tetragonal phases, m = monoclinic.
b As computed from the Debye-Scherrer equation.

. Experimental

.1. Catalyst syntheses

CexZr1−xO2 (CZ) nanopowders with x = 0, 0.2, 0.5, 0.8 and 1
ere kindly supplied by Rhodia (La Rochelle, France). Sulfated

eria–zirconia catalysts (SCZs) were obtained by: (i) reacting the
rystallized CZ material (5 g) with a 0.5 M H2SO4 solution (100 mL)
or 45 min; (ii) washing the slurry with diluted 0.05 M H2SO4; (iii)
rying at 70 ◦C under vacuum for 24 h and calcination in air at 500 ◦C
or 2 h. In the following, they are labeled according to their relative
ontent in Ce and Zr. For instance, a catalyst labeled SCZ28 indicates
e and Zr molar fractions of 0.2 and 0.8, respectively.

.2. TPSR and isothermal ethanol-SCR tests

Temperature-programmed surface reactions (TPSRs) and
teady-state isothermal experiments were carried out in a tubular
uartz reactor itself placed in a Carbolite MTF  furnace regulated
ith a Eurotherm temperature controller. Standard conditions for

thanol-SCR tests were 1920 ppm NO + 3020 ppm C2H5OH + 5% O2
He balance); mcatalyst = 0.2 g; GHSV = 50,000 h−1. Certified gases
NO/He, NO2/He, O2 and He) were fed from compressed cylinders
rovided by Air Liquide and their concentrations were adjusted
ith Brooks 5850S mass-flow controllers. Constant ethanol con-

entration (calculated from Antoine coefficients) was  supplied to
he reacting stream by means of a bubble tower purged by He flow
nd immerged in a thermostated bath at 2 ◦C (accuracy ±0.1 ◦C).
efore reaching the catalyst bed (consisting of the pelletized
atalyst powder crushed and sieved to 0.5–1 mm and two quartz
ool plugs), all the feed gases were allowed to pass through a
ome-made glass mixture chamber for further dilution and better
omogeneity of the reacting stream. The composition of the reac-
or outflow was continuously monitored using a heated FTIR gas
ell (Cyclone Series – Specac, optical path length = 2 m,  V = 0.19 L)
oupled to a Varian Excalibur 4100 FTIR spectrometer with a DTGS
etector. The temperature of the gas cell was maintained at 110 ◦C
o avoid any condensation of the reactants/products during the
ests. FTIR spectra, referenced to a He background, were recorded
sing a 2 cm−1 resolution and co-addition of 50 scans. These
arameters allowed to obtain satisfying signal/noise ratio as well
s a sufficient time resolution (the sampling rate was 1 spectrum
er 5 ◦C intervals during the TPSR) but also to detect the fine gas
tructure in most cases for identification purposes.

Prior to catalytic tests, the catalysts were pre-treated from
5 to 500 ◦C under 5%O2 in He (v = 20 ◦C min−1) to remove most
f adsorbed impurities. After cooling down to 30 ◦C (under He),
he standard gas mixture was sent through the catalyst and the
emperature was ramped from 25 to 500 ◦C (TPSR experiments,

 = 5 ◦C min−1). Then, the temperature was decreased progressively

rom 500 to 150 ◦C by dwells of 50 ◦C to measure the SCR activity of
he catalysts under steady-state conditions (in our conditions after

 h at each temperature). On the whole set of catalytic experiments,
p to 22 different N- and C-compounds were detected and identi-
fied using different FTIR spectral libraries. 10 compounds (ethanol,
acetaldehyde, ethene, CO, CO2, ethylnitrite, NO, NO2, N2O and NH3),
among the most important ones in terms of amounts sent/produced
(with the exception of HCN that could not be accurately calibrated),
were quantitated from their areas or absorbances in FTIR spectra
using certified standards or other methodologies. Complex signal
treatment procedures using different steps of spectral subtractions
were often required to get rid of spectral interferences between
some compounds. The quantification accuracy was checked sys-
tematically using C- and N-balances. In most cases, the sum of the
computed concentrations closely corresponded to the concentra-
tions of the C- and N-feeds.

2.3. Characterization studies

X-ray diffraction (XRD) analyses were carried out thanks to
a Bruker-AXS diffractometer with the CuK� radiation (1.5405 Å).
Powdered diffraction patterns were recorded between 20 and 65◦

(2�) using increments of 0.01◦ and a counting time of 0.1 s.
Specific surface areas were obtained using N2 adsorption

isotherms recorded at 77 K and the BET method.
The surface densities of sulfate species grafted on the

SCZ materials during the treatment with sulfuric acid and
their thermostabilities were determined using a Mettler-Toledo
TGA/SDTA851e thermogravimetric (TG) analyzer. The heating pro-
gram consisted of heating the catalysts (50 mg) under Ar flow
(60 mL  min−1) from 25 up to 1200 ◦C (v = 10 ◦C min−1). Surface den-
sities were obtained from: (i) the computation of mass losses due
to the decomposition of sulfates to SO2 [18] above 600 ◦C; (ii) sub-
sequent normalization by the specific surface area of each catalyst
(N2 adsorption at 77K, BET method).

3. Results and discussion

3.1. Characterization of SCZ catalysts

3.1.1. Structural and textural characterization
A detailed phase analysis by XRD and Raman spectroscopy of

the parent (non-sulfated) CZ materials had been performed previ-
ously [20]. From Fig. 1A and [20], it can be deduced that the XRD
patterns of the sulfated SCZ catalysts investigated in the present
study are similar to those of their parent CZ materials. The crys-
talline phases present in the different SCZ materials are reported
in Table 1. They will not be commented in details for each com-
position for the sake of brevity. Nevertheless, the absence of new
peaks in XRD patterns indicates that bulk sulfate phases (such as
those obtained when cerium and zirconium hydroxide precursors
are sulfated [21]) are not formed when the sulfation treatment is
performed onto CZ materials which are already crystallized. Being
a surface treatment only, the sulfation does not significantly affect

the crystallite size nor than the specific surface area (Table 1 and
[20]). However, it strongly modifies the acid-base and redox prop-
erties and consequently the catalytic behaviour [18]. Rather similar
conclusions were drawn when the structural and catalytic proper-
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Fig. 1. Characterization of the catalysts by XRD and TGA. (A) XRD patterns of SCZ
and CZ catalysts; (B) TGA curves corresponding to the heating of the SCZ catalysts
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nder Ar from 25 to 1200 ◦C (v = 10 ◦C/min); (C) Derivatives (DTG) of the TG curves
isplayed in (B).

ies of sulfated zirconia catalysts prepared by different methods
ere compared [22].

.1.2. Thermal behaviour of sulfate species grafted on SCZ
aterials

Results obtained following the TG analysis of sulfated (SCZ) sup-
orts are presented on Fig. 1B and C. As deduced from TG curves
Fig. 1B) and their derivatives (DTG, Fig. 1C), the sulfate species
xisting on the different SCZ materials after the treatment of the

◦
arent CZ with H2SO4 are stable at least up to 600 C under inert
tmosphere before they start decomposing to SO2 [18]. As deduced
rom Table 1, sulfated materials have rather comparable SO4

2−

urface densities, of the order of 2–3 SO4
2−/nm2, whatever the
is Today 176 (2011) 441– 448 443

Ce content and despite very different specific surface areas. This
shows that sulfate species probably did not anchor preferentially
on Ce or Zr sites during the treatment with sulphuric acid in line
with the fact that both ceria and zirconia can be sulfated. Never-
theless, the thermostability of these sulfate species was found to
be strongly dependent on the composition/structure of the par-
ent CexZr1−xO2 materials. Indeed, the regular increase of the peak
temperature on DTG curves (Fig. 1C) with the Zr content indicates
that sulfate species anchored to Zr sites are generally more ther-
mally stable than those on Ce sites. A rather similar conclusion
was drawn when the relative thermostability of adsorbed nitrate
species was considered in our previous studies [23]. The present
results can be explained both by the known superior Lewis acidity
of Zrx+ cations, which enhances the strength of the surface sul-
fate complexes, and/or to the redox properties of cerium, which
may  promote its decomposition to SO2 at lower temperatures.
Moreover, the delayed onset of sulfates desorption for the SCZ55
catalyst compared with the SC material point out additional effects
brought by the exposed surface structures. In the rich literature
existing on sulfated zirconia materials [22,24], it has been pro-
posed than sulfates located on terrace sites are more stable than
those on defective sites, such as steps, kinks and corners. Hence,
the variations observed in the width of DTG peaks (Fig. 1C, and/or
the relative steepness of the mass losses observed on TG curves
(Fig. 1B)) are indicative of the relative heterogeneity of the anchor-
ing surface sites, i.e. the types of surface structures present on the
different materials. According to Fig. 1C, Zr-rich surfaces and tetrag-
onal structures are much more heterogeneous than Ce-rich ones,
the sulfated ceria (SC) material with cubic fluorite structure dis-
playing clearly the most uniform surface sites. In that respect, it is
known that the insertion of Zr in ceria creates point or clustered
defects (often associated with O vacancies), which may promote
the preferential growth of new surface planes or local distorted
surface structures [16]. Hence, the grafted sulfate species have to
accommodate the local geometrical constraints brought by the dif-
ferent surface structures and this is clearly reflected on TG and DTG
curves.

3.2. Gas-phase chemistry – blank TPSR experiments

The nature of the reactions occurring in the gas phase when
(NO2 + C2H5OH) or (NO + O2 + C2H5OH) mixtures were heated from
35 to 500 ◦C is revisited in this section. We  judge it necessary
because: (i) depending on the temperature, part of the ethanol may
already have been partially transformed to primary or secondary
products (as we  will see) by reactions involving radicals in the hot
zone of the reactor before penetrating the catalyst bed. Hence, the
amounts of ethanol really seen by the catalyst would probably be
inferior to that expected from the feed composition and this can
affect the DeNOx temperatures windows and yields; (ii) our results
showed some discrepancies with some of the data already exist-
ing in the literature [25], which may  possibly be related to some
differences existing in the setup used or the reaction conditions.

3.2.1. TPSR under (NO2 + C2H5OH)
The evolution of C- and N-compounds, deduced from the

quantitative exploitation of FTIR spectra recorded during the non-
catalyzed (NO2 + C2H5OH) TPSR reaction, is displayed in function of
the temperature on Fig. 2A and B, respectively. Starting from 35 ◦C,
it is observed that about 40% of the initial NO2 reacts with ethanol
to yield ethylnitrite and nitric acid (the latter was  not quantitated

due to multiple adsorptions in the analytical system) according to
following reaction:

2NO2 + EtOH → EtONO + HNO3 (1)
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ig. 2. TPSR profiles measured between 35 and 500 ◦C (v  = 5 ◦C/min) under selecte
atalyzed (1590 ppm NO2 + 3020 ppm ethanol) experiment; evolution of C-products
2) experiment over the SCZ28 catalyst.

Above 135 ◦C, the ethylnitrite produced by Eq. (1) starts to
ecompose slowly to NO, ethanol and acetaldehyde, with the fol-

owing stoichiometry, as deduced from TPSR profiles and [11]:

C2H5ONO → 3C2H4O + 2NO + C2H5OH + N2O + H2O (2)

The severe drop in the NO2 concentration observed from
00 ◦C, accompanied by the production of NO and acetaldehyde, is

ndicative of another reaction, which becomes progressively pre-
onderant over Eq. (2) above 250 ◦C:

2H5OH + NO2 → CH3CHO + NO + H2O (3)

Above 285 ◦C, a fraction of the ethanol and the acetaldehyde
roduced in Eqs. (2) and (3) becomes partly oxidized to CO, CO2
nd other minor products (methanol, formaldehyde, ethene). The
etection of small amounts of HCN, HNCO, N2O and N2 (as deduced
rom the negative N-balance) in the 400–500 ◦C range indicates that
Ox reduction takes also place in the gas phase.

.2.2. TPSR under (NO + O2 + C2H5OH)
Substituting the (NO2 + C2H5OH) mixture by the “standard”

NO + O2 + C2H5OH) one led sensibly to the same observations at
he low-medium temperatures (up to 300 ◦C). This seems reason-
ble considering that: (i) some NO2 is produced by NO oxidation
ven in the absence of catalyst; and (ii) the oxidizing power of
O2 is by far superior to that of O2. Hence, NO2 is the main oxi-
izing agent in the system up to 300 ◦C. At higher temperatures,
he oxidation of ethanol and some its transformation products
acetaldehyde, ethene, CO) by O2 become the preponderant phe-
omenon, as revealed by the important CO2 emissions detected
75% of the sum of all C-products at 500 ◦C). Also worth noting, the
ecomposition rate of ethylnitrite to acetaldehyde (Eq. (2)) was
ncreased in the presence of O2.
To sum up, the study of the gas-phase chemistry allowed to

stablish that a part of the ethanol in the (NO + O2 + C2H5OH) feed is
ransformed to: ethylnitrite at low temperatures (about 20% in the
ditions. Evolution of C-products (A) and N-products (B) in the course of the non-
d N-products (D) in the course of a catalyzed (1920 ppm NO + 3020 ppm ethanol + 5%

35–180 ◦C range); acetaldehyde (from 15 to 40% in the 200–500 ◦C
range, peaking around 400 ◦C) and ethene (20% around 430 ◦C) at
medium–high temperatures; CO2 at the high temperatures (from
10 to 75% in the 370–500 ◦C range). In the presence of a catalyst,
the gas-phase reactions leading to these products are believed to
be less significant because the residence times would be somewhat
decreased. Nevertheless, acetaldehyde being known as an efficient
reductant, its production by gas-phase reactions is expected to pro-
mote (or at least not lower) the SCR activity of the catalysts at
medium–high temperatures whereas the presence of CO2 at the
highest temperatures would have an opposite effect.

3.3. Ethanol-SCR activities of the SCZ and CZ catalysts

3.3.1. General description of catalyzed TPSR experiments
In this section, the evolution of C- and N-compounds accord-

ing to the temperature is first commented for the SCZ28 catalyst.
It has to be outlined that the TPSR data measured for the other
SCZ catalysts were rather comparable, differing only slightly by the
amounts of each species detected and the temperature at which
the transformations took place. Because the same trends prevail,
we will consider in the following the SCZ28 material as a represen-
tative example of a SCR-active sulfated catalyst. Its TPSR profiles
under “standard SCR conditions” (NO + O2 + C2H5OH) are given on
Fig. 2C and D, respectively. By comparison with the non-catalyzed
conditions, the addition of the SCZ catalyst markedly increased the
reactivity of the system, as expected. At 35 ◦C (Fig. 2C and D), the
amount of ethylnitrite produced is twice that detected under non-
catalyzed conditions, even when a (NO2 + C2H5OH) mixture was
used (Fig. 2A and B) instead of the standard (NO + O2 + C2H5OH) con-
ditions (not shown). Therefore, these results can not be regarded

as solely due to an enhanced NO2 production (from NO oxidation)
by the sulfated catalyst (Eq. (1)). Preliminary DRIFTS experiments
have shown that both NOx and ethanol are readily adsorbed on
the catalysts at room temperature. Hence, it seems likely, that a
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urface pathway is operative for the formation of ethylnitrite dur-
ng the catalyzed NO2–ethanol reaction (Eq. (1)). The mechanism
s not beyond the scope of this study but should at least involve
ne surface reaction between a gaseous or adsorbed form of NO2
presumably nitrites [20,23]) and ethanol or an adsorbed ethoxy
pecies [11]. On the other hand and because of its adsorption on
he catalyst, nitric acid was not detected in catalyzed experiments
hough it is expected to be produced simultaneously to ethylni-
rite (Eq. (1)). According to Le Châtelier’s law, the trapping of HNO3
n the surface may  push the equilibrium towards the formation
f ethylnitrite, which also explains the results. Second, the ethyl-
itrite decomposition to NO, N2O acetaldehyde and ethanol (Eq.
2)) is observed at much lower temperatures than on non-catalyzed
onditions (55 ◦C against 130 ◦C, Fig. 2). These results show that the
CZ28 material is able to catalyze both the production and decom-
osition of ethylnitrite (Eqs. (1) and (2),  respectively). The onset of
thanol consumption is detected at 105 ◦C for the SCZ28 catalyst
against 280 ◦C under non-catalyzed conditions) and this process
s accompanied by the production of acetaldehyde, which is the

ajor C-product up to 200 ◦C (Fig. 2C). Ethene is also detected from
65 ◦C (peak at 230 ◦C) following the depletion of the diethylether
not reported on Fig. 2C, but revealed by the presence of a strong
and at 1120 cm−1 in FTIR spectra) already formed at lower temper-
tures. As we will see, the latter products were never observed in
resence of the non-sulfated CZ28 catalyst (Fig. 3). According to our
revious study [18], the sulfation by H2SO4 has brought some Brön-
ted acidity on the ceria–zirconia surface, which has rather basic
haracter [26]. Hence, this points out the participation of Brönsted
cid sites to the dehydration reactions leading to ethene, which can
e globally depicted by Eq. (4):

 C2H5OH → C4H10O + H2O → 2C2H4 + H2O (4)

Above 230 ◦C (Fig. 2C and D), the major process is the strong
ncrease of the NOx conversion simultaneously to the production
f CO and CO2 and the progressive depletion of acetaldehyde and
thene. At 350 ◦C, both the NOx and ethanol conversions reach their
aximal values (48 and 100%, respectively) and acetaldehyde is

lmost completely depleted. Above this temperature, the NOx con-
ersion decreases, exhibiting the typical volcano-shaped curve of
CR catalysts, whereas the production of CO2 still increases, how-
ver with a lower rate. Classically, these results show that, below
50 ◦C, the rate of the SCR reaction is higher than the rate of the
on-selective combustion of the hydrocarbon species by O2. On the
igh-temperatures side of the DeNOx window, combustion reac-
ions become more and more preponderant and the SCR reaction
s progressively inhibited. These two reactions can be depicted by
Eq. (5),  SCR) and (Eq. (6),  combustion), respectively, where CxHy(O)
epresents indifferently ethanol or another reductant present in the
ystem:

xHy(O) + 2NO + zO2 → N2 + x(CO2, CO) + y/2H2O (5)

xHy(O) + zO2 → x(CO2, CO) + y/2H2O (6)

Because reduced N-products different from N2 (typically N2O
nd HCN for the sulfated catalysts) were detected only at tempera-
ures below 335 ◦C (Figs. 2D and 3), the NOx conversion measured
bove this temperature is expected due solely to the formation of
2 (48% at 350 ◦C). Since most of the above comments also prevailed

or the other SCZ compositions used in this study, this demon-
trates that sulfated ceria–zirconia catalysts are rather effective and
elective catalysts for ethanol-SCR.

An important issue arises now about the nature of the true

eductants in our system. In the ethanol-SCR literature [5,11],  it
s reported that both ethanol and even more likely its partially
xidized product, i.e. acetaldehyde, are effective reductants. On
ig. 2C, the depletion of these compounds simultaneously to the
is Today 176 (2011) 441– 448

rapid increase of the NOx conversion seems to confirm this. This
can also be paralleled with the fact that maximal DeNOx yields
are often obtained at temperatures corresponding to 90–100%
of the reductant consumption [5].  In that respect, the acetalde-
hyde formed at medium/high temperatures by gas-phase reactions
(see Section 3.1.1 and Fig. 3, blank) may  also provide an alterna-
tive pathway to increase the DeNOx yield at higher temperatures.
Nevertheless and due to the complexity of the system, it is also pos-
sible that hydrocarbons different from acetaldehyde and ethanol
may  participate as reductants in the SCR process. According to
TPSR data, these other potential reductants could be ethene and
CO but also minor products such as methanol and formaldehyde
(not shown on Figs. 2 and 3), which were also detected in FTIR
spectra around DeNOx temperatures. Though it is admitted that
alkenes are less reactive and SCR-selective than oxygenated hydro-
carbons [5],  the contribution of ethene as reductant in the system
could be envisaged mainly at higher temperatures (typically around
400 ◦C), i.e. at temperatures where ethanol/acetaldehyde are more
rapidly oxidized by O2 than ethene. More investigations are needed
to fully elucidate the role played by each reductant under our
conditions.

3.3.2. Effect of the sulfation on the reactivity
The changes induced by the sulfation treatment on the reactivity

are discussed now. Some of the effects induced by sulfation can be
deduced from the comparison of the TPSR profiles (Fig. 3) obtained
for the CZ28 (grey curves) and SCZ28 catalysts (pink curves) of
similar composition.

Starting from room temperature, it is remarkable that the
decomposition of ethylnitrite (Eq. (2)) proceeds at higher tempera-
ture on the conventional CZ28 catalyst (onset at 95 ◦C) than on the
sulfated ones (55–65 ◦C whatever the Ce content). By comparing
the decomposition rates of ethylnitrite on various catalysts, it was
proposed that the decomposition is not site-specific but depends
mostly on the specific surface area [11]. Indeed, this assumption is
not confirmed by the present data. Rather, this demonstrates the
primary role played by the sulfation treatment and the induced
acidity in the decomposition process. In the SZ literature [27], it was
proposed that the protons linked either to a bisulfate species or a OH
group having acidic properties (in the vicinity of a sulfate species)
could promote the activation of hydrocarbons through the forma-
tion of carbocations intermediates. Hence, a change in the reaction
mechanism is expected to be the main reason why  the activation
energy relevant to the decomposition of ethylnitrite is lowered for
the sulfated catalysts. As a consequence from the delayed ethyl-
nitrite decomposition, less N2O (Eq. (2))  is produced for the CZ28
catalyst at the low temperatures, which mostly explains the lower
NOx conversion measured below 180 ◦C (Fig. 3).

Though the sulfated and non-sulfated catalysts displayed
approximately similar ethanol conversions with the temperature
(Fig. 3), they did not make the same use of the hydrocarbon reduc-
tant, as expected. On the one hand, the Brönsted acidity brought
by sulfation promoted the production of dehydration products,
as already discussed in the previous section. On the other hand
and in line with the well-known OSC properties of ceria–zirconia
materials [16], the conventional CZ28 catalyst promoted the total
oxidation of ethanol to CO2 at temperatures lower than the SCZ28
catalyst does. As a consequence, the NOx reduction window is also
limited to a narrower range of temperatures until the complete
depletion of the SCR-active reductants takes place. By contrast
for the sulfated SCZ28 catalyst, total oxidation was  partly inhib-
ited up to 350 ◦C (as deduced from the inflection points observed

on the CO2 and NOx conversion profiles) and products of mild
oxidation (aldehyde, CO, methanol, formaldehyde) or dehydration
(ethene, diethylether, acetylene) were formed instead. Hence, the
NOx reduction window is broadened towards the high tempera-



atalysis Today 176 (2011) 441– 448 447

t
t

t
t
b
h
e
(
o
t
f
i
o
s
a
d
T
a
p
t
a
d
A
i
e
N
o
a
s
i
r
L
s
T
s
p
s
t
w
a
a
O
b
n
d
t
c
i
a
i
c
t
t

3
o

i
t
a
r
b
t

s

0

5

10

15

20

25

30

35

40

45

50

150 200 250 300 350 400 45 0 500

Tempera ture  (°C)

N
O

x
 c

o
n

v
e

rs
io

n
 (

%
)

SCZ28

SC

SZ

SCZ55

SCZ82

CZ28

0

5

10

15

20

25

30

35

40

45

50

150 200 250 300 350 400 45 0 500

Tempera ture  (°C)

N
O

x
 c

o
n

v
e

rs
io

n
 (

%
)

SCZ28

SC

SZ

SCZ55

SCZ82

CZ28

200

250

300

350

400

450

500

550

0 20 40 60 80 100

Ce content (%)

T
m

a
x

 N
O

x
 c

o
n

v
e

rs
io

n
  
(°

C
)

0

5

10

15

20

25

30

35

40

45

50

N
O

x
 c

o
n

v
e

rs
io

n
 (

%
)

0

5

10

15

20

25

30

35

40

45

50

150 200 250 300 350 400 45 0 500

Tempera ture  (°C)

N
O

x
 c

o
n

v
e

rs
io

n
 (

%
)

SCZ28

SC

SZ

SCZ55

SCZ82

CZ28

0

5

10

15

20

25

30

35

40

45

50

150 200 250 300 350 400 45 0 500

Tempera ture  (°C)

N
O

x
 c

o
n

v
e

rs
io

n
 (

%
)

SCZ28

SC

SZ

SCZ55

SCZ82

CZ28

200

250

300

350

400

450

500

550

0 20 40 60 80 100

Ce content (%)

T
m

a
x

 N
O

x
 c

o
n

v
e

rs
io

n
  
(°

C
)

0

5

10

15

20

25

30

35

40

45

50

N
O

x
 c

o
n

v
e

rs
io

n
 (

%
)

A

B

Fig. 4. Summary of isothermal SCR experiments performed under (1920 ppm
NO  + 3020 ppm ethanol + 5% O2) conditions on the SCZ and CZ catalysts. (A) Steady-
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ures for the sulfated catalysts and some DeNOx is still observed up
o 500 ◦C (Fig. 3).

The sulfation also strongly influenced the production of poten-
ial SCR intermediates involved directly in the formation of N2. In
he literature [5,11,28], the nature of the possible intermediates has
een discussed by different authors and the role of HCN and NH3
as been outlined. On the SCZ catalysts, HCN (Fig. 3 and to a small
xtent HNCO, not shown), was detected in rather large amounts
estimated as hundreds of ppm but displayed in absorbance scale
n Fig. 3). By contrast, ammonia, was not detected over the whole
emperatures range whereas significant amounts were observed
or the non-sulfated CZ28 catalyst (Fig. 3). According to the stud-
es by Sachtler [11–13],  the production of these intermediates
n the active Ag/Al2O3, Ag-, Ba- and Na-Y catalysts may  involve
ome reactions between NO2 and adsorbed acetate (produced by
cetaldehyde activation) or methyl species (produced from acetyl
ecomposition) to yield nitromethane or its aci-anion CH2 NO2

−.
hese very reactive species then dissociate to yield adsorbed CN−

nd CNO− species [11], which in our case readily react with the
rotons on SCZ surfaces to yield HCN (and HNCO). Depending on
he catalysts properties, the species present in the reaction medium
nd the temperature, the latter compounds can be either oxidized
irectly to N2 or hydrolyzed in presence of water to yield NH3 [28].
s in the fast ammonia-SCR process, the latter will further react

n presence of NO to form ammonium nitrite, which decomposes
asily to N2 [28]. In our opinion, the detection of HCN (an acid) and
H3 (a base) in the gas phase during TPSR experiments depends not
nly of the intrinsic reactivity of the system but also of the peculiar
cid-base properties of the catalysts. Because TPSR profiles repre-
ent the net balance between the amounts formed and reacted, it
s possible that NH3 was also produced on the SCZ catalysts but
emained in the adsorbed state due to its strong interaction with
ewis and Brönsted acid sites present on the sulfated ceria–zirconia
urface. Hence, ammonia is not observed in the gas-phase during
PSR experiments. Instead, the ammonium NH4

+ species on Brön-
ted sites rapidly react with NO2 or a nitrite species providing a
athway for the formation of NH4NO2, and finally N2. On the non-
ulfated CZ catalyst, ammonium species are not formed because of
heir basic and oxidizing character [26] and the fast NH3-SCR path-
ay do not apply. Because HCN was detected for all the catalysts

nd some DeNOx was also obtained with the CZ28 catalyst, it is
lso possible that part of the N2 may  arise from other channels.
ne obvious channel is the direct oxidation of HCN and ammonia
y NOx and/or O2 [28]. According to the fact that HCN and ammo-
ia are mainly detected at low/medium temperatures and quickly
ecline above 250–300 ◦C, this may  be the dominant pathway for
he CZ28 catalyst. Hence, the well-known oxidizing properties of
eria–zirconia materials will promote the mild oxidation to N2
n a narrow temperature range, but at higher temperatures, HCN
nd NH3 may  be more likely over-oxidized, yielding again NOx
n the gas phase [28]. More information will be given in a forth-
oming study devoted to the influence of the feed composition and
he DRIFTS analyses of adsorbed intermediates under SCR condi-
ions.

.3.3. Effect of the Ce content on the SCR activity and the nature
f active sites

The temperature-dependence of the main evolved species dur-
ng the (NO + O2 + C2H5OH) TPSR experiments is compared for
he different SCZ catalysts on Fig. 3. NOx conversions were
lso measured under steady-state conditions (Fig. 4A) to get
id of adsorption/desorption processes. The correlations existing

etween the maximal NOx conversion, the DeNOx temperature and
he Ce content of the catalysts are given on Fig. 4B.

As a rule for the catalysts investigated in this study, the mea-
ured conversions in steady-state mode (Fig. 4A) were generally
state isothermal NOx conversions in function of the reaction temperature; (B)
temperatures of maximal NOx conversions (left) and maximum NOx conversions
(right) expressed in function of the Ce molar fraction of SCZ catalysts.

very close to those under TPSR conditions (Fig. 3). This shows that
the SCZ catalysts were not deactivated under SCR conditions, at
least for the time period investigated. As deduced from Fig. 4, three
important observations can be put forward: (i) the first is that the
NOx conversion is maximal for a Ce molar fraction of about 0.5 (48%
conversion on SCZ55) and this composition also corresponds to
the broader DeNOx window. Higher amounts of Ce tend to slightly
decrease the yield (35% for the sulfated ceria (SC) catalyst), whereas
sulfated zirconia (SZ) is almost completely inactive (<10%, of the
same order than blank experiments); (ii) the second point is the
regular decrease of the DeNOx temperature with the Ce content of
the SCZ catalyst (Fig. 4B). This decrease seems almost linear for Ce
molar fractions between 0.2 and 1 but the SZ catalyst is out of the
trend; and (iii) under steady-state conditions, the amounts of HCN
produced increased with the Ce content (Fig. 3).

From these observations, it appears that both the sulfation treat-
ment and the presence of Ce are required to obtain a reasonable
SCR activity. However, this seems not to be sufficient conditions
because: (i) otherwise the maximal activity would be obtained for
the SC catalyst and not for the SCZ55 one; (ii) the sulfate coverage,
as deduced from TGA, is roughly similar for all the catalysts (of the
order of 2–3 SO4

2−/nm2). Hence, the intrinsic SCR activity of Ce
sites is probably linked to the peculiar site structure. In Secion 3.1,
it was shown that the thermostability of sulfate species exhibited
a complex dependence with the Ce molar fraction and the surface
structure of the CZ material, the latter being itself affected by the
bulk properties and thermal history. In that respect, it is interest-

ing to note that the maximal SCR activities were obtained for Ce
molar fractions around 0.5 (typically between 0.2 and 0.8). This also
corresponds to the domain where ceria–zirconia materials gener-
ally display the highest OSC, i.e. the best redox properties [16]. In
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he present study, both tetragonal (SCZ28 and SCZ55) and cubic
SCZ82 and SC) phases were found to be active in ethanol-SCR, but
etragonal ones behaved slightly better. On the other hand, our SZ
atalyst (prepared by sulfation of monoclinic ZrO2) was found to be
airly inactive, which is in line with the fact that a stable tetragonal
irconia phase is a necessary structural condition to obtain active
ulfated zirconia catalysts for the isomerization of n-alkanes [22].
hough more investigations are needed to confirm this point, it
eems also possible that the same rule also applied to SCZ catalysts.

The characterization of some selected (SCZ28 and SCZ73) sul-
ated ceria–zirconia catalysts by TPD and DRIFTS of adsorbed
yridine [18] had shown that the sulfation treatment increased the
cidity of Lewis acid sites and creates some Brönsted acidity in the
aterial. Unfortunately, it was not possible to assess in detail the

ffects induced by the Ce molar fraction and/or the CZ structural
roperties because spectroscopic data revealed almost identical
eatures for the two catalysts investigated [18]. Taking into account
ll the above-mentioned observations, it is proposed that the active
ite for the reduction of NO (Eq. (5)) may  be [Ce(O,Zr)n· · ·H]x+

dducts in the vicinity of a sulfate or bisulfate species. These SCR
ctive species may  be located either at the edges/border of the
urface planes or at the interfacial area which delimits different
anocompositional domains within the ceria–zirconia crystallites,
s suggested by Mamontov when investigating the origin of the
SC in a Ce0.5Zr0.5O2 material [29]. By contrast, active sites for the
ombustion reaction (Eq. (6)) are likely to exist on portions of the
urfaces which are not covered by sulfate species.

. Conclusions

Novel acidic sulfated ceria–zirconia (SCZ) catalysts with increas-
ng Ce molar fractions (xCe = 0; 0.21; 0.5; 0.75 and 1) were prepared
y direct sulfation of the crystallized CZ nanopowders in 0.5 M
2SO4. XRD analyses revealed that the crystalline structures of the
arent CZ materials were left unchanged by the sulfation treatment.
y TGA, it was established that the relative thermostabilities of the
rafted sulfate species (with a nominal density of 2–3 SO4

2−/nm2

n all SCZ materials) showed a complex dependence with the Ce
olar fraction of the CZ structural properties.
TPSR experiments under non-catalyzed conditions have shown

hat gas-phase reactions between NO2 and ethanol increase the
vailability of acetaldehyde in the vicinity of the catalyst bed at
CR temperatures through the formation/decomposition of ethyl-
itrite, the latter reaction being also catalyzed by the acid sites
f SCZ materials. As deduced from TPSR data, the sulfation treat-
ent improved the SCR activity, namely through the promotion of

lternative pathways for the formation of N2 and the inhibition
f combustion reactions at medium temperatures. NOx conver-

ions measured under TPSR and steady-state conditions (1920 ppm
O + 3020 ppm C2H5OH + 5% O2) were shown to be superior to
0% on most of the SCZ catalysts between 250 and 400 ◦C. Above
50–400 ◦C, the selectivity was close to 100% for N2 (HCN and N2O

[
[
[
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were also formed at lower temperatures) and a maximal DeNOx
yield of 48% was obtained for a sulfated catalyst with a Ce molar
fraction of 0.5. The SCR-active sites on SCZ materials could possi-
bly consist of [Ce(O,Zr)n· · ·H]x+ adducts in the vicinity of a sulfate
or bisulfate species. The intrinsic activity of Ce sites was found to
be slightly higher when associated with tetragonal structures (or
intermediate compositions) than with cubic ones (Ce-rich compo-
sitions). By contrast, the sulfated zirconia catalyst with a monoclinic
structure was found to be almost completely inactive under the
same conditions.
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