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a  b  s  t  r  a  c  t

Titania  was  used  as  a  promoter  to  obtain  novel  materials  in  the  form  of TiO2/Al2O3 (Ti/Al)  and
BaO/TiO2/Al2O3 (Ba/Ti/Al,  containing  8  wt%  or  20 wt%  BaO)  that  are  relevant  to  NOx storage  reduction
(NSR)  catalysis.  Two  different  protocols  (P1,  P2)  were  utilized  in  the  synthesis.  Ti/Al(P1)  manifests  itself  as
crystallites  of  TiO2 on  �-Al2O3, while  Ti/Al(P2)  reveals  an  amorphous  AlxTiyOz mixed  oxide.  The  structures
of  the synthesized  materials  were  investigated  via  TEM,  EDX,  BET  analysis  and XPS  while  the  catalytic
functionality/performance  of these  support  materials  upon  SOx and  subsequent  NOx adsorption  were
investigated  with  TPD  and  in  situ  FTIR  spectroscopy.  Ti/Al(P1,  P2)  revealed  a high  affinity  towards  SOx.
Overall  thermal  stabilities  of the  adsorbed  SOx species  and  the  total  SOx uptake  of  the  Ba-free  samples
increase  in  the  following  order:  TiO2(anatase)  �  �-Al2O3 <  Ti/Al(P1)  <  Ti/Al(P2).  The  superior  SOx uptake
of Ti/Al(P1,  P2)  support  materials  can  be  tentatively  attributed  to  the  increasing  specific  surface  area
upon  TiO2 promotion  and/or  the  changes  in  the  surface  acidity.  Promotion  of  BaO/Al2O3 with  TiO2 leads
to  the  attenuation  of  the  SOx uptake  and  a significant  decrease  in  the  thermal  stability  of  the  adsorbed
SOx species.  The  relative  SOx adsorption  capacities  of  the  investigated  materials  can  be  ranked  as  follows:
Ox

Ox

ulfation
SR
NT
DS
laus Process

8Ba/Ti/Al(P1)  <  8Ba/Ti/Al(P2)  < 8Ba/Al  ∼  20Ba/Ti/Al(P1)  <  20Ba/Al  <  20Ba/Ti/Al(P2).
© 2011 Elsevier B.V. All rights reserved.
. Introduction

Controlling the surface chemistry of mixed-oxide surfaces is of
ital importance to design novel catalytic materials with unprece-
ented functionalities. Sulfur poisoning on metal oxide surfaces

s one of the frequently observed surface deactivation phenom-
na in heterogeneous catalysis. Accumulation of SOx species on
etal oxide surfaces have been very commonly studied in the liter-

ture in relevance to three-way catalysis (TWC), selective catalytic
eduction (SCR), NOx storage reduction (NSR), hydrodesulfuriza-
ion (HDS) and other catalytic processes, where Al2O3 is utilized as
he main support material [1–7]. Two major deactivation phenom-

na are often reported for the NSR catalysts. The first route involves
hermal degradation of the structural integrity of the catalyst mate-
ial due to solid state reactions between the catalyst components

∗ Corresponding author.
E-mail address: ozensoy@fen.bilkent.edu.tr (E. Ozensoy).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.12.006
and sintering while the second route is associated with the sulfur
poisoning [8,9]. The latter deactivation phenomenon is particu-
larly a challenging problem. In NSR applications, NOx(g) and SOx(g)
adsorbates, compete for the same basic adsorption sites on oxide
surfaces. Consequently, maximization of the NOx storage capac-
ity (NSC) while minimizing the irreversible SOx uptake of the NOx

storage sites implies careful optimization of the surface properties
of the catalytic support materials such as the surface composition,
acidity, morphology and specific surface area (SSA).

Sulfur poisoning of NSR catalysts typically leads to the forma-
tion of alkaline earth/precious metal sulfates, sulfites or sulfides
[8].  For a large number of oxide substrates, the stability of
some of the common adsorbates increases in the following
order: NO2

− ∼ CO3
2− < NO3

− < SO4
2− [10–15].  Thus, sulfur effec-

tively blocks the catalytic sites for NOx storage and gradually

reduces the overall NOx storage capacity of the NSR catalysts [16].

Efforts towards improving the catalytic tolerance against sulfur
poisoning and designing highly active and stable novel catalysts
are vital for the globalization of the NSR technology [14,15,17–20].

dx.doi.org/10.1016/j.cattod.2011.12.006
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:ozensoy@fen.bilkent.edu.tr
dx.doi.org/10.1016/j.cattod.2011.12.006
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Scheme 1. Synthesis of TiO2-prom

isono and Inui [21], Fritz and Pitchon [22] and several others
12,13,23–27] reported detailed studies on the improvement and
he durability enhancement of NSR catalysts. The commercial cat-
lysts are also successfully used in limited markets such as Japan
here the sulfur content of the diesel fuel is relatively low (below

0 ppm) [28]. According to Yamazaki et al., Fe was found to decrease
he sulfur uptake and promote the decomposition of BaSO4 [29].
anson et al. observed that Fe facilitated the formation of a bulk
itrate species which were suggested to be resilient against sulfur
oisoning [30]. Kayhan et al. reported that the initial NOx uptake
echanism and the ratio between the surface and bulk BaO sites
ere significantly influenced by Fe loading [20].

TiO2 containing support materials were also reported to sup-
ress the sulfur poisoning [31,32]. This effect was associated with
he surface acidity of TiO2, inhibiting the adsorption of acidic SOx

pecies [33]. Decomposition temperature of the sulfates on pure
iO2 is known to be lower than that of �-Al2O3 [34,35].  Further-
ore, active sites on the sulfated TiO2 surface can also be readily

egenerated under reaction conditions [36]. Recently, it was  also
eported that TiO2 sites on the support surface can function as effi-
ient anchoring sites for BaO, which may  be exploited to enhance
he surface dispersion of BaO domains and fine-tune the surface

orphology [37].
In order to circumvent some of the unfavorable properties of

ure TiO2 such as the limited thermal stability, low surface area,
nd poor mechanical properties, its combination with secondary
xides are utilized to design novel support materials with enhanced
roperties. Along these lines, �-Al2O3 [14,19,32,36,38–42] and/or
rO2 [43–45] are promising choices for the secondary oxides that
an be used in combination with TiO2. It was reported that if
ulfur-poisoned Ba/Pt/Al2O3 catalyst was blended with non sulfur-
oisoned Pt/TiO2 catalyst, sulfur desorption from the Ba/Pt/Al2O3
atalyst under rich conditions is improved [14]. Furthermore, it
as suggested that the interface between Al2O3 and TiO2 plays

n important role in the sulfate decomposition and the desorp-
ion processes [32]. Matsumoto and co-workers [14,46] reported
hat a combination of TiO2 and lithium-doped �-Al2O3 presents
n optimum surface acidity towards sulfur poisoning. The macro-

copic geometrical structure of the catalytic monolith was  also
ound to be effective in limiting the size of the sulfate particles
nd controlling the sulfate decomposition/desorption temperature
47,48]. It was shown that sulfate decomposition is facilitated on
NOx storage materials: P1 and P2.

the smaller sulfate domains. There also exist a number of surface
science studies on planar model NSR catalysts [49–53] focusing on
the structure and the operational principles of NSR systems at the
molecular level. Despite the established sulfur resisting effect of
TiO2 as an additive in the composition of the Pt/Ba/�-Al2O3 cata-
lysts, a number of crucial aspects regarding the influence of TiO2
on the interaction between the NOx storage component and the
support material have not yet been elucidated.

Thus, in the current work, we focus our attention on the inter-
action of SOx with the TiO2/Al2O3 and BaO/TiO2/Al2O3 surfaces
as well as the influence of TiO2 domains on the NOx uptake after
deactivation by SO2(g) + O2(g).

2. Experimental

TiO2/Al2O3 binary oxide support materials (which will be here-
after referred as Ti/Al in the text) were prepared via two  different
synthetic protocols P1 [23,37] and P2 [37] which were described
in detail in our former reports. These synthetic protocols were
schematically described in Scheme 1. Briefly, in the first syn-
thetic protocol (P1), �-Al2O3 (PURALOX, 200 m2/g, SASOL GmbH,
Germany) and TiCl4 (Fluka, titanium(IV) chloride solution ∼0.1 M
in 20% hydrochloric acid) were used as starting materials. TiCl4
was  diluted in cooled deionized water under continuous stirring
at a temperature below 333 K. Then, �-Al2O3 powder was slowly
added to the prepared solution. Next, 30 vol% NH3 was  slowly
added to the solution until pH ≥ 9.0 was  achieved and a gel was
formed. This white gel was  aged for 24 h under ambient condi-
tions, filtered, washed with distilled water, and calcined at 873 K
for 2 h in air. In the second synthetic protocol (P2), the binary
Ti/Al oxide support material was synthesized by a sol gel method.
In this synthetic protocol (P2), titanium and aluminum alkox-
ides were used as precursors. First, aluminum-tri-sec-butoxide
(97%, Sigma–Aldrich) was  dissolved in the mixture of propan-2-
ol (99.5+%, Sigma–Aldrich) and acetylacetone (99.3%, Fluka). Then,
titanium(IV) isopropoxide (97%, Sigma–Aldrich) was added to the
solution at room temperature. Next, 0.5 M HNO3 was gradually
added to the solution in order to initiate the gel formation. The

resulting gel was aged for 10 days under ambient conditions,
ground, and baked at 873 K for 2 h in air. The mole fraction of
TiO2 (i.e. �TiO2

= nTiO2
/(nTiO2

+ nAl2O3
)) in the TiO2/Al2O3 binary

mixture was  equal to 0.3 (based on the amounts of Ti and Al
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recursors used in the synthesis) in both of the synthetic protocols.
aO/TiO2/�-Al2O3 (which will be hereafter referred as Ba/Ti/Al)
amples with different Ba loadings (8 and 20 wt% BaO) were syn-
hesized by conventional incipient wetness impregnation of the
i/Al binary oxide support materials with Ba(NO3)2. In the cur-
ent text, samples with 8 and 20 wt% BaO loading will be denoted
s 8Ba/Ti/Al(P1, P2) and 20Ba/Ti/Al(P1, P2), respectively. For a
omprehensive discussion of the structural characterization of the
ynthesized materials via SEM, EDX, BET, Raman spectroscopy
nd XRD, the analysis of the surface acidity of the Ti/Al(P1) and
/20Ba/Ti/Al(P1) samples via pyridine adsorption, as well as NOx

dsorption/release properties via FTIR and TPD, reader is referred
o our previously published work [23,37] which will also be used
requently in the discussion of the current results. �-Al2O3 (Puralox,
00 m2/g, SASOL GmbH, Germany) used in (P1) synthetic protocol
as also utilized as a reference material in some experiments.

TEM images were obtained with a resolution of 0.14 nm on
 JEM-2010 (200 keV) microscope equipped with an EDX spec-
rometer with a Si (Li) detector having an energy resolution of
30 eV. The analyzed area in a typical EDX measurement was
bout 10 × 10 nm2. The samples for the TEM analysis were pre-
ared by dispersing the powders in an ultrasonic ethanol bath
nd subsequent deposition of the suspension upon a “holey” car-
on film supported on a copper TEM grid. XPS data were recorded
sing a SPECS spectrometer with a PHOIBOS-100 hemispheri-
al energy analyzer and a monochromatic AlK� X-ray irradiation
h = 1486.74 eV, 200 W).  FTIR spectroscopic measurements were
arried out in transmission mode in a batch-type catalytic reac-
or [20] coupled to an FTIR spectrometer (Bruker Tensor 27) and

 quadrupole mass spectrometer (QMS, Stanford Research Sys-
ems, RGA 200) used for TPD experiments. All FTIR spectra were
cquired at 323 K. In the TPD experiments, a linear temperature
amp with a heating rate of 12 K/min was utilized to heat the sam-
le within 323–1023 K. The QMS  signals with m/z equal to 18(H2O),
8(N2/CO), 30(NO), 34(H2S), 32(O2), 44(N2O/CO2), 46(NO2) and
4(SO2) were monitored during the TPD measurements. BET SSA
nd pore size distribution measurements were performed using a
icromeritics Tristar 3000 surface area and pore size analyzer by

ow-temperature isothermal adsorption–desorption of N2.
The sulfur exposure experiments were performed through four

ifferent consecutive steps. In the first spectral acquisition step,
he sample was exposed to 0.6 Torr of SO2(g) + O2(g) mixture
SO2:O2 = 1:10) for 1 h at 323 K and the first FTIR spectrum was
btained in the presence of the SO2(g) + O2(g) mixture over the
ample. In the second step, the sample was annealed to 473 K in
he presence of the SO2(g) + O2(g), and after cooling to 323 K, the
econd FTIR spectrum was acquired. In the third step, before the
pectrum acquisition, the sample was annealed to 673 K (in the
resence of SO2(g) + O2(g)), then cooled to 323 K and successively
vacuated at 323 K for 20 min  (Preactor < 1×10−4 Torr). In the fourth
tep, the sample was flashed to 673 K in vacuum and after cool-
ng the sample to 323 K, a FTIR spectrum was obtained. For NO2
dsorption experiments, the fresh samples were pre-poisoned by
n exposure of 0.6 Torr of SO2(g) + O2(g) (SO2:O2 = 1:10) mixture
t 323 K and were further heated in the gas mixture at 473 K for
0 min. After having pumped out the reactor, poisoned sample was
xposed to 8 Torr of NO2(g) at 323 K for 20 min  in order to saturate
he surface with NOx. This is followed by the evacuation and FTIR
pectra acquisition at 323 K.

. Results and discussion
.1. TEM characterization of Ti/Al materials

Fig. 1 represents the TEM micrographs of the Ti/Al(P1, P2) sam-
les showing the morphology of the synthesized support materials.
oday 184 (2012) 54– 71

EDX analysis of area 1 given in Fig. 1a, which is abundant in darker
domains, reveals the presence of TiO2 and Al2O3 containing species
with a Ti:Al atomic ratio equal to 70:30. EDX analysis of the bright
domains such as area 2 in Fig. 1a, demonstrated that these areas
exclusively contain Al2O3. However, the Fourier analysis of area 2
in Fig. 1a did not reveal well-defined spots, most likely due to the
small particle sizes and the defective nature of these alumina crys-
tallites. The image in Fig. 1b shows a high-resolution TEM (HRTEM)
micrograph of such a bright domain.

It is visible in Fig. 1a that the darker domains contain aggregates
with sizes of about 10 nm. Fig. 1c shows a HRTEM image of one
of these darker domains. Interplanar spacing measured on HRTEM
micrographs of these darker domains are in very good agreement
with the anatase phase of TiO2. Fast Fourier Transform (FFT) picture
obtained from this image is also shown as an inset in Fig. 1c and
is in good agreement with the reflexes of anatase phase (file no.
21-1272 in PDF-2 Database, JCPDS-ICDD).

Fig. 1d–f shows TEM images of the Ti/Al(P2) sample. It is clearly
visible in these images that this sample displays a rather homoge-
nous morphology exhibiting a uniform sponge-like fine structure
which is due to the mesoporous character of the mixed TixAlyOz

oxide phase that is abundant in TiOx/AlOx interfaces. Area 1 given
in Fig. 1e highlights a characteristic region where this rather
homogenous and porous structure is apparent. Ti:Al elemental ratio
obtained from the EDX spectrum of area 1 in Fig. 1d is close to
15:85 which is in very good agreement with the nominal com-
position expected from the relative concentrations of Ti and Al
precursors used in the material synthesis (20:80). On the other
hand, EDX elemental analysis of a less characteristic (minority)
region in Fig. 1d (labeled as area 2) reveals the presence of almost
exclusively Al2O3 particles. The TEM image given in Fig. 1e and
HRTEM image given in Fig. 1f show the characteristic sponge-like
structure of Ti/Al(P2). FFT image of the TEM image given in Fig. 1f
is also presented as an inset. Fuzzy character of the FFT image is
in agreement with the amorphous character of the TixAlyOz oxide
phase with small and disordered AlOx and TiOx domains. How-
ever, the steep intensity changes near 0.45 nm from the center
shows that disordered structure is probably due to the alumina
spinel structure (this distance can be associated with d-spacing
between (1 1 1) close packed oxygen planes in the lattice of �-Al2O3
(file no. 29-0063 in PDF-2 Database, JCPDS-ICDD). FFT filtered pic-
ture (Fig. 1g) supports the lack of an ordered crystalline structure.
These observations indicate that the Ti/Al(P2) structure is mostly
composed of a TixAlyOz mixed oxide exhibiting a large concen-
tration of TiOx/AlOx interfacial sites, while the Ti/Al(P1) reveals
an inhomogeneous distribution of larger Al2O3 and TiO2 agglom-
erates with a relatively smaller concentration of such interface
sites.

3.2. Pore size distribution

BET SSA analysis demonstrates that Ti/Al(P1) and (P2) sam-
ples have surface area values of 167.0 and 393.2 m2/g, respectively
[37]. SSA values of Ti/Al(P1, P2) support materials as well as
8(20)Ba/Ti/Al(P1, P2) materials after thermal treatments within
623–1023 K can be found in one of our former reports [37]. The pore
size distributions of these support materials monitored during N2
desorption are presented in Fig. 2. The Ti/Al(P1) sample shows a
relatively broad peak with an average pore size about 80 Å which is
probably due to the convolution of the pore size distributions of the
discrete TiO2 and Al2O3 domains, while Ti/Al(P2) sample demon-

strates a relatively narrow distribution with an average pore size of
30 Å, corresponding to the TixAlyOz mixed oxide network. As can be
seen in Fig. 2, the pore size analysis is consistent with the dissimilar
surface structures of the Ti/Al(P1) and Ti/Al(P2) support materials.
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.3. SOx interaction with Ti/Al and Ba/Ti/Al materials: FTIR

It should be noted that there is not a clear consensus on the
ibrational spectroscopic assignments of the SOx species on metal
xides (particularly on Al2O3) due to the heavily convoluted nature
f the FTIR signals of the adsorbed SOx species. Assignments of the
TIR signals for various SOx species discussed in the literature are
ummarized in Table 1.

We performed FTIR investigations of SO2(g) adsorption on �-
l2O3. The results (data not shown) are in agreement with the
ormer investigations, revealing the formation of surface sulfites
SO3

2−) (note that bulk Al2(SO3)3 does not exist [60]), without any
dditional oxidation to sulfates.
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 are also given as insets.

The adsorption of SO2(g) + O2(g) on the �-Al2O3 surface at 323 K
(Fig. 3a, spectrum i) reveals a major broad band at 1073 cm−1

as well as weaker and poorly defined additional features around
1350, 1250, 1180 and 1005 cm−1. The presence of SO3

2− species
are apparent due to the intense characteristic sulfite feature at
c.a. 1073 cm−1 (�3) and the shoulders at 1049 cm−1 (�3) as well as
1005 cm−1 (�1) [58–60].  Minor features at 1350 (�3) and 1180 cm−1

(�1) can be attributed to chemisorbed SO2 on a basic (O2−) sur-
face sites [59,60] while the feature located at 1250 cm−1 can be
associated with the SO2 adsorbed on Al3+ Lewis acid sites and/or
bidentate sulfates [59]. A very minor contribution from the SO2(g)
species may  also be present at 1130 (�3), 1150 (�1) and 2499 cm−1

(�1 + �3, not shown) [60].
As the adsorption temperature increases to 473 K (Fig. 3a,

spectrum ii) the 1368, 1102 signals become more visible which
correspond to the �3 and �1 modes of surface sulfates on Al2O3,
[60], respectively. Furthermore, the shoulder located at 1170 cm−1

which can be associated with bulk Al2(SO4)3 [56] starts to be more
discernible. In addition, a relatively minor contribution from sul-
fate species that are interacting with the surface –OH groups which
reveal typical signals at 1290 and 1080 cm−1 cannot be excluded
[58]. Increasing the temperature to 673 K (Fig. 3a, spectra iii and iv)
results in the growth of the surface and bulk alumina sulfates in
expense of the surface sulfite and chemisorbed SO2 species.

These results indicate that sulfites are initially formed on the
alumina surface during the SO2 + O2 adsorption at 323 K while at
elevated temperatures (473–673 K), these species are converted
into relatively stable surface sulfates (SO4

2−/Al2O3) as well as bulk
Al2(SO4)3. The formation of sulfates on alumina surface was con-
sidered in numerous former studies [56,57,60,68].  Typically, SO2

binds to the acidic sites (i.e. coordinately unsaturated aluminum
cations, Al3+) forming physisorbed SO2. The adsorption of SO2 on
the basic adsorption sites is followed by a cleavage of an Al O bond
on the surface (primarily at OH sites or at exposed oxygen atoms,
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Table  1
Typical FTIR signals associated with common SOx species [7,54–67].

Species Symmetry v1 (cm−1) v3 (cm−1) References

SO2 (gas) C2v 1151 1362 [54]
SO3

2− (free ion) C3v 961 1010 [54,55]
SO4

2− (free ion) Td 1104 [54]

S

O O

Al3+
(physisorbed) C2v 1135–1150 1300–1370 [7,55–58]

S

O O

Al

(chemisorbed) C2v 1255 (type I), 1189 (type II) [59]

S

O O

OH

Al

Cs 1148–1150 1330–1334 [55,59]

O

S

O O

Al Al

C2v 1140 1320–1326 [55,59,60]

S

O O

Al

O

C3v 1050–1065 1135 [56,59]

SO O
O

O

Al
Al
Al

C3v 1045–1130 1380 [58,61]

SO O
O

O

Ti
Ti
Ti

C3v 1005,1045 1370 [61]

S

O O

O O

C C

(organic sulfates) C2v 1230–1150 1440–1350 [62,63]

S

O O

S

O O

C2v ∼910 960–1000

S

O

O

Fe
O

O
C2v 1180, 968 1375, 1025 [64]

(NH4)2SO4 C2v 1090 1390 [65]
BaSO4 (surface) 1060 1120 [66]
Ce(SO4)2 (surface) 980 1340–1400 [67]
Al2(SO4)3 (bulk) 1190 [56]

155, 1
145–1

O
o
(
a
t

(
p

BaSO4 (bulk) 1
Ce(SO4)2 (bulk) 1

2−) leading to the formation of chemisorbed SO3
2−. The oxidation

f adsorbed SO3
2−/SO2 in oxygen at relatively high temperatures

673–773 K) leads to the formation of surface sulfate species which
re coordinated to the metal cations of the oxide surface through

hree oxygen atoms [60].

In order to examine the sulfur accumulation on the TiO2
anatase) surface, SO2 + O2 adsorption experiments were also
erformed on TiO2 (Fig. 3b). At 323 K (Fig. 3b, spectrum i)
248 [66]
240 [67]

a complex and a convoluted group of signals were observed within
1150–950 cm−1 which are likely to be associated with SO3

2− and/or
HSO3

− species [60]. At 473 K, the feature at 1137 cm−1 starts to
grow together with an intense feature at 1350 cm−1. In analogy

with the similar behavior observed for the Al2O3 surface, these
two  bands are assigned to weakly adsorbed molecular SO2 species.
This assignment is also consistent with the attenuation of the
1137 cm−1 signal after evacuation at 673 K (Fig. 3b, spectrum iv).
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t  323 K (spectrum was obtained in the presence of the gas mixture), (ii) after subseq
rum  was  obtained in the presence of the gas mixture), (iii) after subsequent flashing
iv)  after subsequent flashing the sample to 673 K in vacuum and cooling to 323 K.

ote that it is difficult to follow the fate of the 1350 cm−1 at ele-
ated temperatures since new bands starts to grow in the same
pectral region at 673 K. The feature located at 1287 cm−1 together
ith the 1083 cm−1 feature can be attributed to bidentate sulfates

nteracting with the adsorbed water at 473–673 K [58] and ortho-
helating bidentate sulfates which reveal vibrational features in a
imilar range [64,69].  After the evacuation at 673 K, relatively well-
esolved features are observed in the FTIR data (Fig. 3b, spectrum
v). Thus the bands at 1366–1356, 1160, 1046 and 1002 cm−1 are
ssigned to surface sulfates on the TiO2 surface which are formed

fter the oxidation of the adsorbed SOx species at 673 K [61,70].

Fig. 3c and d shows the IR spectra of the Ti/Al(P1) and Ti/Al(P2)
upport materials after treatment in SO2 + O2 at different temper-
tures (323–673 K), followed by evacuation. The IR spectra due to
flashing of the sample to 473 K in SO2(g) + O2(g) mixture and cooling to 323 K (spec-
 K in SO2(g) + O2(g) mixture and further evacuation at 323 K (Preactor < 1 × 10−4 Torr),

the SO2 + O2 adsorption on Ti/Al(P1, P2) at 323 and 473 K (spectra
i and ii in Fig. 3c and d) exhibit a strong resemblance where the
most prominent feature is the broad IR signal at ∼1050 cm−1 cor-
responding to sulfite species. The main difference between these
two  spectra is the presence of the shoulder at 1130 cm−1 for the
Ti/Al(P1) sample which may be likely due to weakly adsorbed
SO2 species, similar to the ones that were observed for both pure
anatase and �-alumina surfaces. Increasing the temperature to
673 K in the presence of SO2 + O2 leads to the formation of addi-
tional features associated with surface sulfates at 1350–1360 and

1160–1175 cm−1 on both Ti/Al(P1, P2) samples. High temperature
SO2 + O2 exposure also seem to trigger the growth of the con-
voluted band at 1230–1260 cm−1 on both samples, which may
indicate the formation of bidentate sulfates. The presence of the
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160–1170 cm−1 signal in Fig. 3c and d also suggests the possible
ormation of bulk Al2(SO4)3 species. A general comparison of the
ine shapes of the FTIR spectra given in Fig. 3c and d reveals that
ulfate containing surface domains on the Ti/Al(P1) sample are rela-
ively more ordered and well-crystallized with respect to that of the
i/Al(P2) sample, which is consistent with the sharper and better
esolved sulfate bands visible in Fig. 3c.

Analogous experiments were also performed with Ba con-
aining samples. In these studies, conventional 8(20)Ba/Al
enchmark samples that do not contain TiO2, were compared
ith 8(20)Ba/Ti/Al(P1,P2) samples containing TiO2. After the

ntroduction of a SO2 + O2 mixture onto the 8Ba/Al and 20Ba/Al
amples at 323 K (Fig. 4a and c, spectra i) a major broad band at
080 cm−1, which can be attributed to sulfite species, is observed.
fter subsequent heating at 473 K (in the SO2 + O2 gas mixture)
o substantial changes are observed in the case of the 8Ba/Al
ample (Fig. 3a, spectrum ii), while in the case of 20Ba/Al, two
ifferent features at 1250 and 1160 cm−1 become apparent. These
eatures can be assigned to bulk BaSO4 [66]. Subsequent heating
t 673 K in SO2 + O2 mixture (Fig. 4a, spectrum iii) and in vacuum
Fig. 4a, spectrum iv) leads to the appearance of the bulk BaSO4
ands for the 8Ba/Al sample. The additional signal at 1350 cm−1

s associated with surface sulfates on alumina domains. This
and is more pronounced for the 8Ba/Al sample, in comparison
o the 20Ba/Al surface due to the larger number of exposed
lumina sites in the former case as a result of the lower BaO
oading.

The sulfation experiments of 8Ba/Ti/Al(P1) and 20Ba/Ti/Al(P1)
amples are presented in Fig. 4b and d. After SO2 + O2 exposure
t 323 K, a set of broad and overlapping bands appear within
100–980 cm−1 indicating the formation of various sulfite species.

nterestingly, only insignificantly minor changes are observed for
he 8Ba/Ti/Al(P1) sample even after high temperature treatment
Fig. 4b, spectra ii–iv) indicating that the formation of surface
luminum sulfate and bulk BaSO4 species is rather suppressed.
he changes observed for the 20Ba/Ti/Al(P1) sample are more
ronounced (Fig. 4d): bulk BaSO4 related features at 1260 and
160 cm−1 appear after heating at 473 K and these bands become
lightly more intense after subsequent heating at 673 K. It is clear
hat suppression of bulk BaSO4 formation by TiO2 promotion is
ffective for the 8Ba/Ti/Al(P1) sample while it is less efficient for
0Ba/Ti/Al(P1) sample. We  have reported in our previous studies
hat TiO2 domains function as anchoring sites for BaO sites and limit
he surface diffusion of BaO clusters [23,37]. Thus, it is likely that
or low BaO loadings, most of the BaO domains on the 8Ba/Ti/Al(P1)
ample can effectively bind to TiO2 domains, and prevent the sin-
ering of BaO domains. Thus, for low BaO loadings, TiO2 domains
an efficiently suppress the formation of large BaO clusters where
hermally stable bulk BaSO4 can form. On the other hand, for higher
aO loadings, as in the case of 20Ba/Ti/Al(P1), a larger fraction of
he BaO domains are located on the alumina surface where they can
iffuse faster and form larger 3D BaO clusters which can enable the
ormation of bulk BaSO4 as in the case of 20Ba/Al (Fig. 4c). It is
orth mentioning that similar experiments were also performed

n 8(20)Ba/Ti/Al(P2) samples (data not shown) and a qualitatively
imilar behavior was observed indicating the significance of the
a/Ti ratio in the promotional effect of Ti in SOx uptake.

In order to quantitatively compare the amount of SOx stored
n the investigated surfaces, XPS analysis of the poisoned sam-
les was performed. Because of the relatively low sensitivity of the
PS technique towards sulfur, poisoning procedure was  modified

o obtain a better signal to noise ratio and more accurate atomic

atio values. Thus, before the atomic ratio determination by XPS, the
amples were poisoned in 10 Torr of SOx (SO2:O2 = 1:10) at 673 K
or 30 min. The shape of the FTIR spectra recorded after this poi-
oning procedure (data not shown) were in very good agreement
oday 184 (2012) 54– 71

with the corresponding spectra presented in Figs. 3 and 4. Binding
energy (BE) of S 2p (168–170 eV) XPS signal indicated the presence
of mainly sulfates (i.e. S6+ states) on all samples. It is worth men-
tioning that although in situ FTIR data given in Fig. 4b suggest the
presence of mostly sulfite species on the 8Ba/Ti/Al(P1) sample, XPS
data indicates the presence of predominantly sulfate species. This
may  be associated with the exposure of the 8Ba/Ti/Al(P1) sample
to atmosphere before the XPS analysis resulting in the oxidation
of sulfites into sulfates. Fig. 5 demonstrates that under identical
poisoning conditions, Ti/Al(P1, P2) samples accumulate up to 3–5
times more sulfur than �-Al2O3. This behavior might be originat-
ing from the larger SSA of the Ti/Al materials in comparison to
�-Al2O3 as well as the decreasing number of total Lewis acid sites
in mixed Ti/Al oxides. The less acidic Ti/Al mixed oxide surfaces
can demonstrate a higher affinity towards acidic SOx. The acidity of
TiO2 Al2O3 mixed oxides as well as �-Al2O3 has been investigated
in previous studies [23,71] by pyridine adsorption. It was suggested
that addition of TiO2 to Al2O3 introduces some medium strength
Lewis acid sites, [23] however it was demonstrated in another study
that the total amount of Lewis acid sites is decreased by 30% for
TiO2 Al2O3 in comparison to pure alumina [71].

Analysis of Fig. 5 also reveals that for an identical mass of
each material (i.e. 20 mg), 8Ba/Ti/Al(P1, P2) samples accumulate
a lesser quantity of sulfur than the 8Ba/Al sample, demonstrating
the favorable promotional effect of Ti on limiting sulfur accumula-
tion. Furthermore, 8Ba/Ti/Al(P2) sample seems to store more SOx

(per unit sample weight) than the 8Ba/Ti/Al(P1) sample which can
be explained by the larger SSA of the former material (185 cm2/g
vs. 150 cm2/g, respectively) [37]. However, it is important to men-
tion that the promotion of 8Ba/Al sample with TiO2 favorably
decreases the total SOx uptake (per unit sample weight) regard-
less of the preparation method (i.e. P1 or P2) (note that the SSA
of the fresh 8Ba/Al sample is 185 cm2/g [20]). This trend is par-
tially reversed when the BaO loading is increased to 20 wt%. Fig. 5
reveals that although 20Ba/Ti/Al(P1) sample (SSA = 79 cm2/g [37])
stores a lesser quantity of SOx (per unit sample weight) than that
of 20Ba/Al sample (SSA = 126 cm2/g [20]); 20Ba/Ti/Al(P2) sample
(SSA = 173 cm2/g [37]) stores a greater total amount of SOx. These
results suggest that for higher BaO loadings, the promotional effect
of TiO2 is weaker. Besides these SSA trends, this observation may
also arise from the fact that not all of the BaO domains are located
on the TiO2 sites for high BaO loadings and a large fraction of the
BaO domains directly interact with the underlying alumina sites as
in the case of 20Ba/Al system.

3.4. Influence of SOx poisoning on the NOx adsorption

NOx adsorption on fresh Ti/Al(P1, P2) and fresh 8(20)Ba/Ti/Al(P1,
P2) samples via FTIR technique and the corresponding assignments
of the observed vibrational bands were thoroughly discussed in one
of our recent reports [37] and thus will not be reiterated here. In
the light of these previous studies, similar NOx adsorption experi-
ments were also performed on the sulfur-poisoned materials and
the results were analyzed.

Fig. 6a compares the NOx uptake characteristics of the fresh
and poisoned �-Al2O3 surface at 323 K. After the saturation of
the fresh �-Al2O3 surface with NO2(g), vibrational features asso-
ciated with different types of nitrate species were observed. These
nitrate species adsorbed on �-Al2O3 were in the form of bridged
(1258, 1628 cm−1), bidentate (1300, 1604 cm−1) and monodentate
nitrates (1300, 1564 cm−1) [37,72]. Additionally, the weak band
located at ∼1958 cm−1 that was  formed after NOx adsorption on

the poisoned surface is associated with the adsorbed NO+ and/or
weakly adsorbed N2O3 [73]. The poisoning of the �-Al2O3 surface
by SO2 + O2 decreases the intensities of the nitrate signals, indicat-
ing a decline in the NOx uptake of the �-Al2O3 surface. It is seen
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Fig. 4. FTIR spectra for 0.6 Torr SO (g) + O (g) (SO :O = 1:10) co-adsorption on (a) 8Ba/Al, (b) 8Ba/Ti/Al(P1), (c) 20Ba/Al, (d) 20Ba/Ti/Al(P1). (i) After 1 h exposure to
S re), (ii
c er sub
(  and

i
o
(
�
t
c

f
A
o
6
s
3
a

2 2 2 2

O2(g) + O2(g) at 323 K (spectrum was obtained in the presence of the gas mixtu
ooling  to 323 K (spectrum was obtained in the presence of the gas mixture), (iii) aft
Preactor < 1 × 10−4 Torr), (iv) after subsequent flashing the sample to 673 K in vacuum

n Fig. 6a that SOx poisoning decreases the relative ratio of mon-
dentate and bidentate nitrates (1300 cm−1) to the bridged nitrates
1258 cm−1). This observation suggests that sulfate species on the
-Al2O3 surface suppress the formation of all types of nitrates, par-
icularly the monodentate and bidentate nitrates by occupying the
orresponding adsorption sites.

The appearance of the bands at 1375 and 1100 cm−1 in Fig. 6a
or the poisoned sample indicates the formation of surface sulfates.
lthough sulfate formation on the �-Al2O3 surface in the absence
f NOx species (Fig. 3a) requires a relatively high temperature (i.e.

73 K), sulfate formation can readily occur by exposing the alumina
urface to SO2(g) + O2(g) at 473 K followed by NO2(g) exposure at
23 K. It is apparent that, NOx species function as efficient oxidizing
gents in the oxidation of the SO2 and SO3

2− to sulfates on the
) after subsequent flashing of the sample to 473 K in SO2(g) + O2(g) mixture and
sequent flashing to 673 K in SO2(g) + O2(g) mixture and further evacuation at 323 K

 cooling to 323 K.

�-Al2O3 surface. The following reaction pathways can be suggested
for the interaction between surface SOx species and the adsorbed
NOx species on �-Al2O3:

I:

SO3
2−(ads) + NO2(ads, g) → SO4

2−(ads) + NO(g) (1)

SO3
2−(ads) + 2NO2(ads, g) → SO4

2−(ads) + N2O3(ads) (2)

N2O3(ads) → NO2
−(ads) + NO+(ads) (3)
II:

3NO2(g) + O2−(s) → 2NO3
−(ads) + NO(g) (4)

SO3
2−(ads) + NO3

−(ads) → SO4
2−(ads) + NO2

−(ads) (5)
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ig. 5. Relative sulfur content (i.e. percentile of sulfur atoms on the surface with
espect to all other atoms) of the investigated samples after sulfur poisoning (as
escribed in the text) determined by ex situ XPS analysis.

O2
−(ads) + NO2(ads, g) → NO3

−(ads) + NO(g) (6)

O2
−(ads) + 2NO2(ads, g) → NO3

−(ads) + N2O3(ads) (7)

Pathway I suggests that the sulfite species on the �-Al2O3 surface
hat are formed in the process of poisoning can be directly oxidized
o sulfates with the help of NO2(g) or weakly adsorbed molecular
O2. On the other hand, pathway II proposes an alternative route

or the sulfate formation, where surface nitrate species facilitate
he oxidation of surface sulfites (or weakly adsorbed molecular SO2
pecies). In this latter route, during the sulfate formation, nitrates
re consumed at the expense of nitrite and NO (NO+) or N2O3
eneration. The observation of 1958 cm−1 feature in the FTIR spec-
rum corresponding to the poisoned sample in Fig. 6a, which is
ot present in the corresponding spectrum for the fresh sample,
upports the formation of N2O3/NO+ (reactions (2) and (7)). It is
ifficult to assess which of these two pathways is favored on the
urface under the current experimental conditions. However, by
aking into account the facile formation of nitrate species on the
-Al2O3 surface, it can be argued that pathway II may  presumably
e occurring more readily than pathway I.

Fig. 6b, presents analogous poisoning and subsequent NOx

ptake experiments conducted on pure TiO2 (anatase). The Lewis
cid sites on the anatase surface reveal four and five-coordinated
i4+ ions (refereed as � and � sites, respectively) where �-Lewis
cid sites (with two oxygen vacancies) favor bidentate (1578
nd shoulder at ∼1220 cm−1) and bridge (1627 and 1236 cm−1)
itrate formation while the �-sites (Ti4+ with one oxygen vacancy)

avor the formation of monodentate nitrates (group of features at
550–1500 cm−1 and peak at 1282 cm−1) [37,74–77].  Similar FTIR
ignals, though with reduced intensities of all NOx vibrational sig-
als are also observed for the poisoned anatase sample marked in
ed in Fig. 6b. The poisoned anatase sample also shows some addi-
ional bands at 1359 and 1030–1070 cm−1 that are associated with
he sulfite and sulfate species.

Similar experiments were also performed on Ti/Al(P1, P2) sur-
aces as shown in Fig. 6c and d. It is readily seen that the NOx uptake
s suppressed by SOx poisoning on both surfaces. It is visible in Fig. 6
hat the extent of the nitrate signal suppression is more pronounced
or Ti/Al(P1, P2) samples in comparison with pure �-Al2O3 and TiO2.
his result is in agreement with the XPS data given in Fig. 5, indi-
ating a significantly higher affinity of Ti/Al(P1, P2) towards SOx

han that of pure �-Al2O3. Such a behavior can be explained by
n increase in the SSA values and a decrease in the total num-
er of Lewis acid sites upon TiO2 promotion. A similar interesting

ehavior was also reported in the literature for TiO2–ZrO2 mixed
xide systems. For instance, it is known that pure TiO2 (anatase) or
ure ZrO2 (monoclinic/tetragonal) have very limited NOx storage
apacities [78]. On the other hand, when these two  different types
oday 184 (2012) 54– 71

of oxides are combined to obtain an amorphous TiO2–ZrO2 mixed
oxide, NOx storage capacity can be improved by more than an order
of magnitude, which was  attributed to the formation of new Lewis
basic sites at the TiO2–ZrO2 hetero-junctions [78]. In analogy with
these observations, Ti/Al(P1, P2) surfaces may  also contain new and
strong SOx adsorption sites, which are not present on either pure
TiO2 or �-Al2O3 surfaces.

When the relative poisoning of Ti/Al(P1) is compared to that
of Ti/Al(P2) (Fig. 6c and d), it is visible that nitrate features are
suppressed to a lesser extent on Ti/Al(P2), although the intensities
of sulfate features (1360 and 1100 cm−1) are stronger on Ti/Al(P2)
(Fig. 5d). This observation suggests that the porous and disordered
surface morphology of the Ti/Al(P2) sample results in a larger over-
all SOx uptake, however due to its large surface area (SSA of fresh
Ti/Al(P1) and Ti/Al(P2) are 167 and 393 m2/g, respectively [37]),
Ti/Al(P2) surface still possesses a larger number of NOx binding sites
with respect to Ti/Al(P1). On the other hand, such a comparison
based solely on IR intensities should be considered with caution,
as the IR absorption cross-sections of adsorbed nitrate species with
dissimilar adsorption configurations can be significantly different,
which may  render a direct IR intensity comparison relatively inac-
curate.

Fig. 7 compares the NOx adsorption properties of
8(20)Ba/Ti/Al(P1, P2), samples before and after SOx adsorp-
tion at 323 K. The FTIR results corresponding to the adsorption
of NO2 on the fresh samples were already discussed elsewhere
[37]. Briefly, upon NO2 adsorption, the fresh sample surfaces are
characterized by adsorption bands due to the presence of the
bulk (ionic) Ba-nitrates located at ∼1320, ∼1440 and ∼1480 cm−1,
surface (bidentate) Ba-nitrate features located at 1585, 1565,
1300 cm−1 and additional nitrate bands at 1583 and ∼1630 cm−1

that are associated with nitrates adsorbed on the TiO2 domains
having bidentate and bridged configurations. After SOx poisoning
of the samples with SO2 + O2 at 473 K, it is clearly visible that the
NOx storage capacities decrease significantly. Additionally, the
presence of minor bands at ∼1150 and ∼1245 cm−1 implies the
existence of sulfate species on all of the samples. Formation of sul-
fate species on all of the samples after subsequent NO2 adsorption
at 323 K demonstrates the efficient oxidizing capability of NO2
which can readily oxidize sulfite species that are formed during
the SO2 + O2 exposure. It is worth mentioning that the similar
experiments performed on 8(20)Ba/Al samples (data not shown)
revealed qualitatively similar results indicating the suppression of
NOx uptake upon sulfur poisoning.

3.5. Thermal stability of the adsorbed NOx species on the
sulfur-poisoned materials

In order to have a better understanding of the influence of
SO2 + O2 treatment on the thermal stability and the desorption
properties of the NOx species, TPD experiments were preformed.
Fig. 8 shows the NOx desorption profiles from the fresh and SOx

poisoned �-Al2O3 and TiO2 (anatase) benchmark samples. For clar-
ity, only the m/z = 30, m/z = 32 and m/z = 46 desorption channels are
shown. For the fresh alumina surface, two  major NO and NO2 des-
orption features are observed, that is in good agreement with the
literature data [20,79]. The first NOx desorption feature at 387 K
is associated with the desorption of monodentate nitrates and
weakly bound N2O3 and/or NO+ species which desorb in the form
of NO2 and NO (almost without O2). The second major desorption
band has its maximum at 625 K and is associated with the desorp-
tion/decomposition of bridged and bidentate nitrates which yield

a greater NO2 desorption signal along with NO and O2 [20,79].

The SO2-poisoning of the alumina surface has a strong influ-
ence on the NOx desorption features. As it is seen in Fig. 8b, sulfur
poisoning alters both the type and the quantity of adsorbed NOx
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pecies. For the poisoned sample, the major feature around 380 K
associated with the monodentate nitrates or weakly bound N2O3
esorption) appears to a larger extent than desorption of biden-
ate/bridged nitrate at 675 K. This finding is also consistent with the
TIR results obtained for NO2 adsorption on the sulfated �-Al2O3
urface, yielding the band corresponding to adsorbed NO+/N2O3
pecies at 1958 cm−1 (Fig. 6a). Relatively lower intensity of the

958 cm−1 band (Fig. 5a) in comparison to the other NOx bands
ould be associated with its low IR absorption cross-section. Thus,
Ox species seem to compete with the nitrate species for sur-
ace adsorption sites. Furthermore, in the presence of SOx species,
strongly adsorbed nitrates are partially consumed and converted
into weakly bound N2O3 (reactions (2) and (7)) or NO+ (reaction
(3)) while some of the sulfites and chemisorbed SO2 species are con-
verted into sulfates through reactions similar to the ones proposed
above (pathway II).

Fig. 8c and d shows the TPD profiles for NOx desorption from
fresh and SOx poisoned TiO2 (anatase) samples. Fresh TiO2 sample

presents a weak shoulder at 455 K and two broad features located
at 610 and 900 K in NO desorption curve. In the light of the former
studies [74–77] the shoulder at 455 K can be related to molecu-
larly bound NO2 species and monodentate nitrates. The band at
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10 K is attributed to the desorption/decomposition of the bridged
nd bidentate nitrates. The high temperature desorption feature at
00 K can be attributed to the desorption of strongly bound nitrates.

t is known [23] that phase transition from bulk anatase to bulk
utile starts at T > 800 K. Therefore the strong NOx desorption sig-
al at 900 K in Fig. 8c could be associated with the drastic decrease

n the surface area of TiO2 as a result of the phase transition from
natase to the rutile phase. Note that during the activation of the

resh and poisoned anatase surfaces before the TPD experiments,
iO2 samples were not exposed to temperatures higher than 623 K
n order to preserve the anatase phase purity thus, the activation

as performed via O2(g) rather than NO2(g).
ences to color in this figure legend, the reader is referred to the web version of this

The poisoned TiO2 sample shows an additional minor des-
orption feature at 345 K (Fig. 8d). We  attribute this feature to
the desorption of weakly adsorbed N2O3/NO+ (desorption occurs
mainly in the form of NO + NO2). The desorption feature at 450 K is
associated with weakly adsorbed molecular species and/or with
monodentate nitrates. TPD profile of the poisoned TiO2 sample
(Fig. 8d) reveals a decrease in the 450 K desorption signal with
respect to that of the fresh sample (Fig. 8c) in agreement with the

FTIR data (Fig. 6b) indicating a suppression of the monodentate
nitrate signals at 1550 and 1282 cm−1 upon poisoning. The main
desorption band for the poisoned TiO2 sample occurs at 615 K indi-
cating that on the poisoned anatase, NO2 adsorbs predominantly in
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he form of bridged/bidentate nitrates. An important aspect of the
oisoned anatase TPD profile is the lack of a strong desorption sig-
al at T > 800 K suggesting the blocking of the strong NOx adsorption
ites by sulfates.

Fig. 9a and b presents the NOx desorption profiles of fresh and
oisoned Ti/Al(P1) samples. Taking into consideration the surface
orphology of the fresh Ti/Al(P1) sample, which is composed of rel-

tively ordered and well-crystallized Al2O3 and TiO2 domains, the
ow temperature peaks of NO and NO2 desorption at 355 and 395 K
an be attributed to desorption of weakly adsorbed N2O3 (NO+)

nd/or monodentate nitrates on the alumina domains. Desorption
f bridged and bidentate nitrates occurs in the form of NO2 + O2
t 625 K while the 780 K desorption signal is observed in the form
f NO + O2. The desorption signal at 625 K in Fig. 9a may  originate
ctively. Poisoning was  performed by exposing the samples to 0.6 Torr SO2(g) + O2(g)
and a final evacuation at 323 K. (For interpretation of the references to color in this

from both alumina and titania domains of Ti/Al(P1) since similar
features exist in the TPD profiles of pure TiO2 and Al2O3 samples
(Fig. 8a and c). On the other hand, the major desorption signal in
Fig. 9a appearing at 780 K with a shoulder at 870 K has a significantly
higher desorption temperature than any of the pure Al2O3 desorp-
tion features. Thus, the 870 K feature in Fig. 9a can be attributed to
the decomposition of strongly bound nitrates on the TiO2 domains
or on the peripheral adsorption sites which are located at the inter-
face between TiO2 and Al2O3 domains. It is important to mention
that the origin of this desorption feature is probably quite different

than the 900 K desorption signal in Fig. 8c which is observed for
pure anatase. Our previous [23,37] XRD, Raman spectroscopy and
BET analysis results indicate that on Ti/Al(P1, P2) surfaces, anatase
to rutile and �-Al2O3 → �-Al2O3 phase transformation phenomena
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ccur only at temperatures higher than 1073 K. Accordingly, only a
oderate decrease in the specific surface area values are observed

t T ≤ 900 K. Thus, it is unlikely that the 870 K feature in Fig. 9a is due
o anatase to rutile or �-Al2O3 → �-Al2O3 phase transitions or any
ther associated drastic attenuation in the surface area of the sam-
les. Another interesting aspect of the TPD data given in Fig. 9 is the
elatively low intensity of the O2 desorption signals in comparison
ith that of the NO desorption signals. One possible explanation

or this observation is that, during the vacuum annealing and acti-
ation of the Ti/Al(P1, P2) samples inside the IR-TPD cell, some of

he surface TiO2 domains may  be partially reduced. These reduced
iO2 surface domains containing oxygen defects are healed by the
xygen species that are generated during the decomposition of the
itrate species in the course of the TPD experiments.
ively. Poisoning was  performed by exposing the samples to 0.6 Torr SO2(g) + O2(g)
and a final evacuation at 323 K. (For interpretation of the references to color in this

After poisoning of the Ti/Al(P1) sample, desorption of the weakly
adsorbed NOx species at < 400 K proceeds mainly in the form
of NO2 (Fig. 9b). One can also see that NO2 desorption peak
at 625–630 K is significantly diminished. Furthermore, the most
prominent NOx desorption feature shifts to a lower temperature
by 60 K and is located at 720 K for the poisoned Ti/Al(P1) sam-
ple. This is accompanied by the almost complete disappearance
of the high temperature NO desorption signal at 870 K. It is clear
that the presence of sulfite and sulfate species on the Ti/Al(P1)
surface leads to the blocking of the strong NOx binding sites and

inhibits the formation of strongly bound nitrates. In addition, SOx

accumulation on the surface also destabilizes the nitrate species
which are bound to intermediate-strength NOx adsorption sites on
Ti/Al(P1).
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The TPD profile of fresh Ti/Al(P2) (Fig. 9c) demonstrates minor
O and NO2 desorption peaks at 370 K and some broad NO, NO2 and
2 desorption features that appear between 645–745 K. These fea-

ures can be attributed to the NOx desorption from Al2O3 domains
37] of the Ti/Al(P2) surface. This sample also reveals a NO des-
rption signal at 900–920 K which can be associated with strongly
ound bidentate or bridging nitrates adsorbed on the disordered
nd defective binding sites of the porous TixAlyOz mixed oxide
urface.
After poisoning (Fig. 9d) the Ti/Al(P2) sample, the presence
f sulfates inhibits the adsorption of NOx species particularly
n the weak (T < 550 K) and strong (T > 870 K) NOx binding
ites, while influencing the intermediate-strength NOx binding
and a final evacuation at 323 K. (For interpretation of the references to color in this

sites (550 K < T < 870 K) to a lesser extent. Thus, formation of
weakly bound (N2O3/NO+/NO2) as well as strongly bound biden-
tate/bridging nitrates are significantly suppressed after poisoning.
Along these lines, the main NO and NO2 desorption features are
also shifted to lower temperatures after SOx poisoning indicating
the destabilization of the adsorbed nitrates.

Similar TPD experiments were also performed on Ba contain-
ing Ba/Ti/Al systems and the representative data corresponding
to some of these experiments are presented below. The NOx des-

orption features from the fresh 8Ba/Ti/Al(P1) sample upon NO2
adsorption at 323 K are presented in Fig. 10a. The dominant fea-
ture at 930 K is associated with the decomposition of the bulk
Ba-nitrates on the large BaO clusters which are located on the
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gglomerated TiO2 particles [23]. The low-temperature features
re attributed to the convolution of signals originating from the
ecomposition of nitrates on large TiO2 crystallites (780 K) and the
ecomposition of the surface (bidentate) nitrates on Ba-domains
650–700 K) [23].

The poisoning of 8Ba/Ti/Al(P1) sample with SOx at 323 K, prior
o the NO2 adsorption increases the desorption signal of the
eakly adsorbed species (Fig. 10b) as observed in the case of the

orresponding support material Ti/Al(P1). The prominent NOx des-
rption band observed for the poisoned sample is located at 760 K,
ith a shoulder at 640 K. The high temperature desorption fea-

ure at 930 K is not detected for the poisoned 8Ba/Ti/Al(P1) sample,
uggesting the interaction of the SOx species with the larger BaO
lusters and suppression of the formation of thermally stable bulk
itrate species by blocking the surface sites and limiting the diffu-
ion of nitrates into the subsurface of the BaO clusters. Unlike the
resh sample, poisoned sample yields more pronounced NOx des-
rption features at ∼640 K associated with surface BaO and TiO2
ites rather than bulk BaO. Furthermore, it is worth mentioning
hat the desorption/decomposition of the stored NOx is completed
t ca. 900 K for the poisoned 8 Ba/Ti/Al(P1) sample which clearly
mphasizes the destabilization effect of the sulfates on the stored
itrate species.

TPD data given in Fig. 10c and d for the 20Ba/Ti/Al(P1) also
emonstrate the suppression of the high-temperature desorption
ignal located at 900–950 K after sulfur poisoning. Concomi-
antly, medium-temperature NO desorption signal at 600–800 K
hich is associated with nitrates on well-dispersed titania
omains as well as nitrates on alumina sites is also suppressed
o a certain extent. Suppression of the bulk Ba(NO3)2 forma-
ion upon sulfur poisoning was also observed in similar TPD
xperiments (data not shown) performed with 8(20)Ba/Ti/Al(P2)
amples.

.6. Thermal stability of the adsorbed SOx species

During TPD experiments given in section 3.5, which were per-
ormed after the saturation of SOx-poisoned surfaces with NO2,
esorption of SO2 (m/z = 64) was also monitored in a parallel fash-

on to the NOx desorption channels. It is worth mentioning that SO2
as the only significant SOx species desorbing from the investi-

ated surfaces in addition to a very minor amount of H2S (m/z = 34)
pecies whose intensity was at least 20-fold smaller than that of
O2. The SO2 and H2S desorption channels of these TPD experi-
ents are presented in Fig. 11.
The general characteristics of the SOx desorption from the TiO2

anatase) surface (Fig. 11)  reveal relatively unstable SOx species
hat desorb at 452 K as a broad peak (due to SO3

2− and/or weakly
ound molecular SO2). At 760 K, an intense SO2 desorption signal

s visible. This drastic SO2 evolution at a rather low temperature
i.e. 760 K) could be associated with the decomposition of sulfates
s a result of the anatase to rutile phase transition and the col-
apse of the porous anatase structure to form the low-surface area
utile polymorph. For �-Al2O3, two major desorption signals are
bserved in the SO2 desorption trace. The first desorption maxi-
um appears at 510 K and is probably associated with SO3

2− and/or
eakly bound molecular SO2. The second and the most prominent
esorption signal starts to appear at T > 900 K and reveals a large
esorption signal whose desorption maximum is beyond the ulti-
ate temperature limit (i.e. ca. 1020 K) that can be reached in the

urrent TPD experimental setup. This high temperature SO2 des-
rption signal is attributed to the strongly bound surface and/or

ulk sulfates on alumina [80].

The SO2 desorption profile of the poisoned Ti/Al(P1) (Fig. 11)
urface appears as two convoluted but distinguishable low temper-
ture features at 480 and 542 K as well as a high temperature feature
oday 184 (2012) 54– 71

which barely starts to appear at 900 K (whose desorption maximum
is likely located at T � 1020 K). Comparison of the low-temperature
bands arising from the Ti/Al(P1) surface with the �-Al2O3 and
TiO2 reference materials, indicates that the 480 K feature is most
likely associated with the desorption from TiO2 domains, while
the 542 K feature is associated with the desorption from Al2O3
domains. In the low temperature region, SO2 desorption probably
takes place from both �-Al2O3 and TiO2 domains while the high
temperature desorption feature appearing at T > 1000 K could be
related to the sulfate desorption from the �-Al2O3 domains or from
the TiO2 Al2O3 hetero-junction (interface) sites. The most impor-
tant aspect of the SO2 desorption signal from the Ti/Al(P1) sample
is that the strongly bound sulfate species desorb at a tempera-
ture higher than that of the �-Al2O3 surface. The SO2 desorption
profile of the Ti/Al(P2) sample (Fig. 11d) demonstrates a broad des-
orption signal within 400–800 K with a maximum at 590 K. This
broad peak can be envisioned as a convolution of all of the low-
temperature SO2 desorption features that are observed for TiO2,
Al2O3 and Ti/Al(P1) which is in line with the poorly defined and the
amorphous surface structure of the Ti/Al(P2) samples. It is impor-
tant to mention that the SO2 desorption features for Ti/Al(P2) in
the intermediate temperature region (400–800 K) appear higher
than that of Ti/Al(P1). This observation indicates that the ther-
mal  stability of SOx species on the Ti/Al(P2) surface is higher than
that of Ti/Al(P1). Apparently Ti/Al(P2) sample also presents a high-
temperature SO2 signal which starts to evolve at T > 970 K with
a desorption maximum located at T � 1020 K. Initial take-off for
this high-temperature desorption feature also starts at a higher
temperature than the corresponding feature for Ti/Al(P1) consis-
tent with the higher stability of SOx species on Ti/Al(P2). The
SOx desorption profiles of all of the Ba-containing samples were
rather similar to each other (Fig. 11), presenting a low-temperature
SO2 desorption signal with a broad line shape within 400–700 K.
This is followed by a high-temperature SO2 desorption signal at
T > 1000 K, which was above the temperature window accessible
with the currently used TPD experimental setup. Thus, although
the current TPD experiments cannot discriminate the relative ther-
mal  stabilities of the strongly bound SOx species, FTIR technique
can provide valuable insights regarding this point, as described
below.

Fig. 12 shows an interesting set of FTIR data demonstrating the
thermal regeneration capabilities of the TiO2-promoted samples
after sulfur poisoning. These series of FTIR spectra were obtained
on samples which are initially poisoned with SO2 + O2 at 323 K and
then successively saturated with NO2 at 323 K and finally evacu-
ated in vacuum at 1023 K. After the high-temperature evacuation,
all of the adsorbed NOx species were found to desorb from all
of the investigated surfaces. However some of the thermally sta-
ble adsorbed SOx species still exist on the sample surfaces, even
after the thermal regeneration treatment at 1023 K. Considering
the data corresponding to the 8Ba/Al and 20Ba/Al conventional
benchmark samples in Fig. 12,  it is apparent that these conven-
tional NOx storage materials still possess a significant amount
of stable surface aluminum sulfates (1360 and 1125 cm−1) and
bulk BaSO4 (1258 and 1160 cm−1) even after thermal regeneration
treatment at 1023 K. In other words, the effect of sulfur poison-
ing is relatively severe and irreversible on conventional TiO2-free
materials, leading to extremely stable SOx species that cannot
be readily removed even after evacuation at elevated tempera-
tures.

On the other hand, TiO2-promoted samples given in Fig. 12
show a much better thermal regeneration behavior, revealing

significantly smaller intensities corresponding to the SOx vibra-
tional features after evacuation at 1023 K. This is particularly
valid for 8Ba/Ti/Al(P1, P2) and 20Ba/Ti/Al(P1) samples. Combining
these results with the relative total SOx uptake data presented in
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73  K for 30 min  and then evacuated and successively treated with 8 Torr NO2(g) at

ig. 5, it is clear that 8Ba/Ti/Al(P1, P2) and 20Ba/Ti/Al(P1) sam-
les not only accumulate a smaller amount of SOx species than
he conventional 8(20)Ba/Al materials upon sulfur poisoning, but
hey also significantly destabilize the adsorbed SOx species and
acilitate their effective thermal regeneration/removal via simple
nnealing at 1023 K without an additional reducing agent such
s CO, H2 or hydrocarbons. It is also important to mention that
he thermal regeneration temperature that is used in the current
ork (i.e. 1023 K) is close to temperatures used in such ther-
al  SOx removal treatments in realistic exhaust emission systems
e.g. 750 ◦C). It is worth mentioning that the current findings
re in very good agreement with the recent transient response
easurement (TRM) studies [81] performed on nano-structured

t/BaO/TiO2/Al2O3 NSR catalysts reporting that TiO2 promotion
 for 20 min  (see text for details).

facilitates both the SOx removal and the catalyst regeneration
under operational conditions while enhancing the total NOx stor-
age capacity. As can be seen in Fig. 5, 20Ba/Ti/Al(P2) sample is
the only sample which was  found to store a larger amount of
SOx in comparison to its TiO2-free counterpart (i.e. 20Ba/Al). How-
ever the thermal regeneration of this sample (Fig. 12b) reveals
a slightly better SOx removal behavior than the 20Ba/Al case,
indicating the positive influence of TiO2-promotion on the destabi-
lization of the SOx species. It is worth mentioning that we have
also attempted to quantitatively analyze the remaining amount

of sulfur species after the thermal regeneration step via XPS and
EDX. However the sulfur signals in XPS and EDX after the regen-
eration step were below the analytical detection limits for all
samples.
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Turkish Academy of Sciences (TUBA) for the “Outstanding Young
Investigator” grant. E.V., V. Z. and V. B. acknowledge RFBR (Rus-
fter  sulfur poisoning. Spectra were obtained at 323 K in vacuum after initial sulfur p
aseous  mixture at 473 K for 30 min  and a subsequent evacuation at 323 K; followe
t  1023 K.

. Conclusions

In the current work, we have investigated the structural prop-
rties and chemical behavior of TiO2-promoted binary and ternary
ixed oxide systems that are particularly relevant to NSR catalytic

pplications. A systematic approach was followed in which the
tructural and chemical behavior of the Ti/Al(P1, P2) binary oxide
upport materials were initially analyzed in a comparative fash-
on with simple conventional support materials such as �-Al2O3
nd TiO2 (anatase). In the light of these initial studies, more com-
lex 8(20)Ba/Ti/Al(P1, P2) ternary oxide NOx storage materials were

nvestigated. Some of the important findings of the current studies
an be summarized as follows:

a) Surface structure and the morphology of the TiO2 Al2O3 mixed
oxide systems strongly depend on the synthesis protocols.
Ti/Al(P1) system is comprised of relatively ordered and inho-
mogeneously distributed TiO2 (anatase) crystallites on �-Al2O3
domains while Ti/Al(P2) system contains an amorphous and a
highly porous TixAlyOz structure.

b) SOx adsorption on all of the investigated samples leads to a
decrease in the NOx storage capacity due to the blocking of the
NOx adsorption sites by sulfite and sulfate species.

(c) Ti/Al(P1, P2) systems present a higher SOx storage capac-
ity (per unit sample weight) and a higher thermal stability
for the adsorbed SOx species than that of both �-Al2O3 and
TiO2 (anatase) surfaces, while Ti/Al(P2) system demonstrates
higher affinity towards SOx than Ti/Al(P1) system. This can
be explained by the relatively higher SSA of the Ti/Al(P1, P2)
systems (better dispersion of TiO2 domains on �-Al2O3 with
respect to bulk anatase) as well as the decrease in the total num-

ber of Lewis acid sites and the presence of new adsorption sites
due to TiO2 promotion.

d) Typically, TiO2-promoted NOx storage materials (e.g.
8(20)Ba/Ti/Al(P1) and 8Ba/Ti/Al(P2)) accumulate less SOx (per
ing with 0.6 Torr SO2(g) + O2(g) (SO2:O2 = 1:10) at 323 K, followed by heating in this
 Torr NO2(g) adsorption at 323 K for 20 min  and a final evacuation step in vacuum

unit sample weight) than TiO2-free conventional 8(20)Ba/Al
samples under identical poisoning conditions. Furthermore
the (P1) samples accumulate less SOx than (P2) samples which
can be associated with both lower SSA of the (P1) samples and
their different surface morphology.

(e) TiO2-promoted 8(20)Ba/Ti/Al(P1, P2) NOx storage materials
were found to exhibit superior thermal regeneration behav-
ior after sulfur poisoning in comparison to conventional
8(20)Ba/Al materials. Adsorbed SOx species were observed to
be significantly destabilized upon TiO2 promotion and thus cor-
responding sulfate and sulfite species can readily be removed
from the surface by simple annealing in vacuum at 1023 K,
in the absence of an additional reducing agent such as H2,
CO or hydrocarbons. This behavior can be attributed to well-
dispersed BaO units on TiO2 domains and the suppression of
the formation of bulk BaSO4 clusters. These results suggest that
TiO2-promotion might be a promising strategy for enhancing
the sulfur tolerance of NSR systems which results in not only the
suppression of the SOx accumulation on the catalyst surface, but
also improvement of the thermal regeneration capability of the
sulfur-poisoned catalyst and prevention of irreversible sulfur
uptake under operational conditions.
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