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Conformational Analysis of Sulfate Species on Ag/AD3; by Means of Theoretical and
Experimental Vibration Spectra

1. Introduction

Sulfur-containing compounds that exist as trace impurities
in fuels are readily oxidized to S@uring combustion. Exhaust
SO is a significant poison for the catalyst used for exhaust gas
treatment, since it can react further to form sulfate species, and

; . v
the accumulation of the sulfate species on the catalyst can lead
to a significant degradation in catalyst performahceSo far,
Ag/Al,O3 has been considered to be a promising catalyst due
to its relatively high activity for the selective catalytic reduction
(SCR) of NOx by hydrocarboris® However, the NOx conver-
sion over this catalyst decreased in the presence gfv@@n
using hydrocarbons as reductafits. As a result, a better
understanding of the interaction of s@vith Ag/Al,Os is
especially important.

Up to now, although a majority of investigations have been
focused on elucidating the interaction mechanism between
y-Al,03 and SQ, there is still a limited understanding about
the formation and configuration of the sulfate species over Ag
Al,03.971* Saur et al® established the structure of the tridentate
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The formation and configuration of sulfate species on AglAlwere studied by means of in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) and density functional theory (DFT) calculations.
The comparison between theoretical and experimental vibration spectra enable us to draw the following
conclusions: Bidentate sulfate species rather than tridentate sulfate species are the predominant surface species
on Ag/Al,Osz. Moreover, both bidentate and tridentate sulfate species may coexist on the catalyst surface at

a lower coverage. The accumulation of surface sulfate species could well explain the blue shift of the sulfate
species in IR spectra. In addition, the in situ DRIFTS could distinguish between the sulfate species that
linked to Al site and Ag site, which was well supported by temperature-programmed desorption (TPD) results.

Dunn et alt® have adopt the tridentate sulfate species structure
in their IR and Ramam study of the interactions between surface
vanadate and sulfate species on various metal oxide catalysts.
Riemet” also has supported this kind of surface sulfate species
structure. However, the interaction between,®@d ALO;3 is
ery complicated, depending on the nature of the adsorption
sites. To determine more conclusively the structure of the sulfate
species requires more knowledge of the mechanism of the sulfate
species bonding to different coordinated surface aluminum
atoms, the classification of structures that satisfy valence
requirements, and the calculation of vibrational frequencies for
the proposed structures.

The aim of this study was to analyze in more detail the
formation and structure of the sulfate species on Agidalusing
in situ diffuse reflectance infrared Fourier transform spectros-
copy (DRIFTS), density functional theory (DFT) calculations,
and temperature programmed desorption (TPD) methods, in
; order to get a better understanding of the nature of sulfate species

adsorbed on Ag/AD:s.

sulfate species in anhydrous form on,®@4 through isotopic

study, as shown in the following structure 2. Experimental Section

o Ag/Al,03 (5 wt %) was prepared by an impregnation method

I described in our previous worRg8 Purey-Al O3 was also dried

/S\ at 393 K for 3 h and calcined at 873 Krf@ h in air for a
/o (|) 0\ parallel experiment. S&poisoned samples were prepared by

Al | Al exposing the corresponding fresh samples to a gas stream
Al composed of 80 ppm SO+ 10% G in N, balance at 673 K
for 10 h.

This kind of sulfate species can be hydrated to another structure |, sity DRIFTS spectra were recorded on a NEXUS 670-

FTIR equipped with a smart collector and a MCT/A detector

O\H%O cooled by liquid N. The catalyst was finely ground and placed
S in a ceramic crucible. Prior to each experiment, the catalyst was
o/ \o OH first heated in a flow of 10 vol % ©+ N, for 60 min at 873
[ | K, then cooled to the desired temperature, and a spectrum of
Al Al Al the catalyst in the flow of N+ O, serving as the background

was recorded. All gas mixtures were fed at a flow rate of 300
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Figure 1. In situ DRIFTS spectra of adsorbed sulfate species on Ag/
Al,Ozin a flow of SQ, + O, at various temperatures. Conditions: SO
80 ppm, Q 10%.
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Figure 2. In situ DRIFTS spectra of adsorbed sulfate species on Ag/
Al;,Oz in a flow of SQ, + O, at 673 K. Conditions: S©80 ppm, Q
10%.

TPD experiment of the S&poisoned Ag/AJO; was per-
formed by a HIDEN analytical instrument, equipped with a
QMS sampling system (HPR 20). In a typical measurement,
200 mg of SG@-poisoned Ag/AJO; was placed in the tubular
reactor in which the feed to the reactor can be switched by using |
solenoid valves controlled by a computer. The carrier gas wasA
kept at a flow rate of 30 mL of He/min while the temperature
was increased at a temperature ramp rate of 30 deg K/min, an
the effluent composition can be monitored continuously by using
a quadrupole mass spectrometer.

a noticeable fact was a distinct shift of the sulfate band from
1346 to 1364 cmt, which may be caused by the accumulation
of sulfate species by the reaction of $®© O, with Ag/Al,Os.
Figure 2 illustrates the in situ DRIFTS spectra of the Ag/
203 as a function of the exposing time to 5@ O, at 673
K. Similarly, the characteristic bands of sulfate species men-
Glioned in Figure 1 also appeared in Figure 2, and the sulfate
species band also underwent an obvious blue shift along with
the increasing coverage of surface sulfate species on AQ4AI
(1346-1362 cntl). As a result, it is the coverage of surface
sulfate species rather than sample temperature that plays a
crucial role in the blue shift for IR spectra.

DFT calculations were performed to estimate the structure  por g comparison, purg-Al,Os was also submitted to the
of surface sulfate species formed on AglBd. The Gaussian  same experiment, and the in situ DRIFTS spectra-#i,0;
98 progran¥® running on an OPTIPLEX (TM) GX260SD with  qptained in a flow of S@+ O, at various temperatures are
an Interl (R) Pentium (R) 4, 2.26G Hz Processor and 512 MB. shown in Figure 3. Similarly, a dominant band near 1346%m
RAM was performed to optimize the structures and calculate g a weak band at 1176 chwere also observed in the spectra
the vibrational wavenumbers for the calculated models (shown o ,,_A|,05 at temperatures above 573 K, indicating that the
in Figures 7 and 10), and the 3-21G* basis set was employedgifate species mostly occurred gl ,0s. However, the band
to carry out the DFT-B3PWO1 (Becke'’s three-parameter func- 4t 1313 cmit was not visible, suggesting that this band related
tional with the nonlocal correlation provided by the Perdew 91 ity sulfate species at the Ag site. No other major change in
expression) calculations. The vibrational frequencies and in- tne characteristic bands was found between AgDAland
tensities for the calculated models by the Gaussian 98 program,,_a|,0, (Figures 1 and 3). Furthermore, the band at 1346
were analyzed by the Gaussview 2.1 program package. shifting to 1369 cm* arising from the accumulation of surface
sulfate species was also in good agreement with what has been
found in Figures 1 and 2.

3. Theoretical Section

4. Results and Discussion

4.1. In Situ DRIFTS Analysis of Adsorbed Sulfate Species To identify these surface sulfate species formed on the Ag
on Ag/Al,O3. Figure 1 shows the in situ DRIFTS spectra of site, experiments were conducted through thermal treatment of
Ag/Al,O3 at various temperatures in a flow of $& O, for a SO,-treated Ag/A}Os. Figure 4 shows a series of in situ

total of 210 min. Two weak bands appeared at 1346 and 1313DRIFTS spectra obtained with the $®eated Ag/A}O3 (6 wt

cm™ ! after exposing the catalyst to 3@ O, for 30 min at 473 %) at 673 K for a total of 150 min, and with the same sample
K, and the band at 1346 crh became predominant with  subsequently undergoing thermal treatment at elevated temper-
increasing exposure time and temperature. The band at 1346atures. In Figure 4, two bands at ca. 1348 and 1313'@ould
cm1is assigned to a surface sulfate species linked to the Al be observed on S@reated Ag/A}O; at 673 K. After thermal

site according to literatur®, 22 while the band at 1313 cm treatment above 773 K, the band at 1313 ¢ngradually

was likely a similar surface sulfate species that linked either decreased and finally disappeared at 973 K, whereas the band
solely or partly to the Ag sité At higher temperatures, a weak at 1360 cm! (1348 cn1! shifted to 1360 cmb) was hardly
band at 1178 cmt was also visible. At present, its assignment affected. The results indicate that the less thermal stable sulfate
is not evident, but it obviously arises from the sulfuration of species at 1313 cm is linked to the Ag site, while the more
y-Al 03 since it is also present on the pyréAl ;O3 In addition, thermal stable sulfate species appearing at 1360 ésrlinked
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Figure 3. In situ DRIFTS spectra of adsorbed sulfate species on pure
y-Al;0z in a flow of S + O at various temperatures. Conditions:
SG; 80 ppm, Q 10%.
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Figure 4. In situ DRIFTS spectra of S&reated Ag/AlO; (6 wt %)
at 673 K for a total of 150 min and its thermal treatment at elevated
temperatures.

to the Al site. In addition, comparing Figures 2 and 4, it should
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Figure 6. Optimized configuration of calculational models for the

Figure 5. Calculated models for the bidentate sulfate species formed
bidentate sulfate species formed on@.
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Figure 7. Calculated vibrational IR spectra for the bidentate sulfate
species formed on ADs.

sulfate species were mostly formed prAl,O3; support, and

for this reason, we designed two kinds of calculated models on
Al O3 (bidentate and tridentate sulfate species) to obtain a better
analysis of the nature of the sulfate species and to explain the
phenomenon of the blue shift for the in situ DRIFTS spectra.

The chemical structures of the calculated models for bidentate
sulfate species on ADs; are shown in Figure 5. Model a was

be noted that the intensity of surface sulfate species (appearingadopted to simulate the lower coverage state, while model b

at 1313 cnt) on SQ-treated Ag/AYOs (6 wt %) was stronger
than that of S@treated Ag/A}O3 (5 wt %), thus it is reasonable
to deduce that the band at 1313 Thwas related to sulfate

was adopted for the simulation of the higher coverage state.
The optimized structures and the simulated spectra for bidentate
sulfate species are presented in Figures 6 and 7, respectively.

species formed on the Ag site. This is also well supported by As can be seen from Figure 7a, thg OSO) vibration frequency

the following TPD results.

of model a was calculated at 1349 chwith 260 km/mol

As discussed above, in situ DRIFTS analysis of the formation intensity, which was close to the experimental value of 1346

of surface sulfate species on Agi®k andy-Al,O3 presented

cm! with strong adsorption, and thes{(OSO) vibration

similar bands and blue shifts in IR spectra, suggesting that therefrequency of model a was calculated at 1214 &with 386

is a strong interaction between S@nd they-Al,05 surface,
thus sulfate species was mostly present onytidé, O3 support.
This can be explained by the basicity of the support, which
makes it easier to adsorb acidic S@olecules on the alkaline
surface, as demonstrated in other literafiire.

4.2. Conformational Analysis of Adsorbed Sulfate Species
over Al,O3 by DFT Calculations. It has been shown that

km/mol intensity, which was 36 cm higher than the experi-
mental value of 1178 cnd (Figure 1). As evidenced in Figure
7b, thev,{OSO) vibration frequency of model b was calculated
at 1369 cm! with 273 km/mol intensity, which was very close
to the experimental value of 1364 ci while the v{(OSO)
vibration frequency of model b was calculated at 1205 &m
with 327 km/mol intensity, which was 27 cthhigher than the
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Inrared Spectrum mental value of 1178 cnt (Figure 1). Apparently, at higher

%% coverage state, the calculated models of tridentate sulfate species
E% 3 IUJM could not be well adopted for analyzing the nature of sulfate
EY . ) ) species. However, at a lower coverage state, there may lie a
N e Sy s Sy By Sy e very small amount of tridentate sulfate species og0Al That
0 a0 10 Ll o 1000 120 is, both bidentate and tridentate sulfate species can coexist on
Frequency the catalyst surface.
s TRME FPRCINT From a compari f i i i i
0w parison of theoretical and experimental vibration
iy b spectra, it is found that the models of bidentate sulfate species
%% are suitable models for investigating the configuration of the
5% b sulfate species on ADs. Moreover, at a lower coverage state,
0 1l both bidentate and tridentate sulfate species might coexist on
0 ks o s o . e the catalyst surface. The accumulat_ion of surface sulfate _spe_cies
an i am m ) ) 100 120 1400 could well account for the blue shift of the sulfate species in

Frequency IR spectra. It should be noted that the simulated spectra (Figures
Figure 10. Calculated vibrational IR spectra for the tridentate sulfate 7 gnd 10) show stronger adsorptlpn than'th.e e?(perlmental spectra
species formed on ADs. (Figures 13) at lower frequencies. This is likely due to the
strong absorption of skeletal vibration of8l; for frequencies
experimental value of 1178 crh (Figure 1). Comparing the ~ below 1100 cm?. Since the spectrum of AD; has been
frequency of the calculated models a with b for bidentate sulfate deducted as a background, the ratio of signal-to-noise below
species, we can observe a significant phenomenon, namely, thd 100 cnt* was not good enough for conducting intensity
band shifted from 1349 to 1369 cth arising from the  analysis.
accumulation of surface sulfate species, which was in good In addition, DFT calculation was also used to testify to the
agreement with the experimental shift of 1348364 cnt™. assignment of the Ag site sulfate species at ca. 1313L.cm
As for the calculated models for tridentate sulfate species on Figure 11a shows the chemical structure of the calculated model
Ag/Al,O3 (Figure 8), model a was adopted for the simulation for sulfate species that linked to the Ag site. The corresponding
of the lower coverage state, and model b was adopted for theoptimized structure and simulated spectrum are presented in
simulation of the higher coverage state. Also, the optimized Figure 11, parts b and c, respectively. As shown in Figure 11c,
structures and the simulated spectra for the tridentate sulfatethe v,{OSO) vibration frequency of sulfate species was
species are shown in Figures 9 and 10, respectively. As showncalculated at 1326 cm with 78 km/mol intensity. In compari-
in Figure 10, the only stretching vibration frequency of model son with the experimental frequency of 1313 Tpthe error is
awas calculated at 1128 ciwith 87 km/mol intensity, which within 1%. In addition, thev{(OSO) vibration frequency of
was 50 cm?! lower than the experimental value of 1178 ¢m sulfate species was calculated at 1167 Emith 160 km/mol
with strong adsorption (Figure 1). The{S=0) vibration intensity within 1% error (the experimental result is 1178 ¢m

frequency of model b was calculated at 1227 érwith 821 in Figure 1). This means that the calculated model in Figure 11
km/mol intensity, which was 137 cm lower than the experi- evidently best matches the experimental counterparts (Figures
mental value of 1364 cmi, while the v(S=O) vibration 1 and 2) in the present study. This result strongly confirms that
frequency of model b was calculated at 1163 ¢émwith 137 the band at 1313 cm was related to the sulfate species formed

km/mol intensity, which was 15 cm lower than the experi- on the Ag site.
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formation of sulfate species on Ag and@% sites, and showed
that the IR band underwent an obvious blue shift along with
the increase of sulfate species surface concentration. The
calculated results show that the models of bidentate sulfate
species are the reasonable models for investing the configuration
of the sulfate species formed on 8. Also, both bidentate
and tridentate sulfate species might coexist on the catalyst
surface at a lower coverage. The accumulation of surface sulfate
species could well explain the phenomenon of the blue shift in
IR spectra.
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