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SO; */TiO, superacid is studied for selective catalytic reduction (SCR) of NO with NH,. Since
SO; ¥/TiO, is formed on TiO, under SCR reaction conditions when SO, is present, the results also
elucidate the role of TiO, support {and SO,) in the SCR reaction. SO, */TiO, exhibits a considerable
activity, exceeding that of V,0:/TiO, at temperatures above 400°C, and reaches a peak activity at
500-525°C. TGA, XPS, and IR analyses of the catalyst indicate that SO,  ions are formed on TiOs,
and the structure of the TiO, surface sulfate under the SCR reaction conditions is bridged bidentate,
Ti,SO(OH). XPS and chemisorption measurements along with SCR kinetic results indicate that
the reaction takes place by an Eley-Rideal mechanism, on Brgnsted-acid sites on SO;¥/TiO,
surface. At 400°C, about 70% of the SO, jons are occupied by ammonia. and about a half of the

chemisorbed ammonia is active for reaction with NO.

INTRODUCTION

The commercial catalysts for selective ca-
talytic reduction (SCR) of NO with NH; are
TiO, supported V,0Os-based catalysts (1).
These catalysts are highly active in the reac-
tion temperature range 250-350°C. Further
increase in reaction temperature results in
oxidation of NH;, which not only decreases
the catalytic activity but also produces NO,
(2). 1t is thus of interest to have an active
catalyst for temperatures higher than 350°C.

Our earlier results (2—4) showed that the
addition of SO, in the reactants increases
the SCR activity for the V,04/TiO, catalyst.
A possible reason for the promotion by SO,
is the formation of surface SO;? which
would change the catalyst surface acidity.
The acid strengths for the suifated metal
oxides are high. It has been reported that
for SO, */Ti0, (5) and SO; ?/Zr0, (6, 7), the
Hammett acidity, H, = —14.52 and H, =
—14.52, respectively, as compared with
that of H,SO,, H, = —12 (8, 9). Hence,
these solids are referred to as solid super-
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acids (/0-12). The sulfate-promoted oxides,
such as SO; */TiO,, SO; %/Zr0,, and SO, %/
Fe,0,, are highly active for reactions such
as isomerization of hydrocarbons and dehy-
dration of alcohols.

Research on superacids for homogeneous
catalysis has been active during the last 3
decades, mostly for the purpose of organic
synthesis (1/3). More recently, increasing
applications for solid superacids are being
found in heterogeneous catalysis, for a wide
variety of applications such as hydrocarbon
isomerization, cracking, hydrocracking, de-
hydration, and alkylation. However, the
solid superacids have not been used for se-
lective catalytic reduction of NO with NH,.
Thus, the first intent of this work was to
study the activity and mechanism of solid
superacid for the SCR reaction. We report
first results on sulfated titania alone (without
vanadia), SO, %/TiO,, as a catalyst for NO
reduction with NH;. The results demon-
strate that SO, %/TiO, catalyst is very active
for SCR at temperatures higher than 400°C.

Since it is known that both TiO, and V,O;
are present on the surfaces of V,0,/TiO,
catalysts even with V,0; amounts well
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above monolayer (/4-16), the second intent
of this work was to elucidate the role of TiO,
in SCR under practical conditions where
surface sulfate is formed by reacting TiO,
with SO, and O,.

EXPERIMENTAL
Catalyst Preparation

Pelleted titanium dioxide was prepared by
densification of TiO, powder (P25, Degussa)
(2, 3, 17). One gram of titania powder was
thoroughly mixed with 1.75 g of distilled
water. The resulting paste was air dried in
an oven at 60°C for 24 h and at 120°C for 72
h before crushing and sieving to collect the
20-32 mesh fraction. The collected fraction
was subsequently calcined at 600°C first in
air for 1 h, then in helium for 6 h.

Sulfation of the TiO, surface was
achieved by reacting TiO, with SO, and O,
under typical SCR reaction conditions. Two
types of sulfation conditions were used: (1)
400°C, 500 ppm SO, and 2% O, in N,; (2)
same as above with the addition of 1000 ppm
each of NH;and NO, and 892 H,O (i.e., SCR
reaction conditions). The resulting catalysts
exhibited the same behaviors and were de-
noted as SO, */TiO,.

The 5% V,0./TiO, sample was prepared
by incipient wetness impregnation with
NH,VO, followed by calcination. Details of
the procedure and catalyst characterization
are given elsewhere (3).

Catalytic Activity Measurement

The reactor was made of quartz that was
heated by coiled Nichrome wire. The reac-
tor temperature was controlled by a pro-
grammable temperature controller (Omega
CN-2010). The catalyst was supported on a
fritted quartz support.

The simulated flue gas was made by
blending the gaseous reactants. The flow
rates of the reactants were controlled by two
sets of flow meters. Rotameters were used
to control flows with high flow rates (i.e.,
N., NHy/N,, NO/N,); mass flow meters
were used for gases with low flow rates (SO,
and O,). The premixed gases (0.8% NO in
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N, and 0.8% NH; in N,) were supplied by
Linde Division. The 8% water vapor was
generated by passing nitrogen through a
heated gas-washing bottle containing dis-
tilled water. The tubings were wrapped with
heating tapes to prevent the deposition of
ammonium sulfate. NO concentration was
continually monitored by a chemilumines-
cent NO/NO, analyzer (Thermo Electron
Corporation, Model 10). A quadruple mass
spectrometer (UTI-100C) was connected to
the reactor for analyzing reaction products.
To avoid any error caused by oxidation of
ammonia in the converter of the NO/NO,
analyzer, an ammonia trap (containing
phosphoric acid solution) was installed be-
fore the sample inlet.

The rate constants were calculated based
on assuming plug flow. The catalyst activity
was expressed by the first order rate con-
stant with respect to NO,

[NOj,W ~

where W is the weight of the catalyst, Fj is
the inlet molar flowrate of NO, [NO], is the
inlet molar concentration, and X is NO con-
version. In our previous work (2—4, 51, 52),
the rate constants were calculated without
considering the temperature effects on the
reactant concentration, [NOJ,, which re-
sulted in an error in the &£ value by a factor
of 1.5-2.4, depending on the reaction tem-
perature. (However, all conclusions remain
correct.) In this work, both F; and [NO],
were calculated at the reaction temperature.

Strictly, the flow pattern in the reactor
was not ideal plug flow and the reaction or-
der was not exactly first order with respect
to NO. However, most of the kinetics study
results showed that SCR reaction is first or-
der with respect to NO on a wide variety of
metal oxides (1, 3, 27, 31, 54, 55). Nam et
al (53) developed a two-parameter model to
include both SCR and NH; oxidation reac-
tions, which fitted a wide range of reaction
temperatures (from 250 to 500°C). At tem-
peratures below the peak temperature of the
NO SCR reaction, the model reduced to

k::
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pseudo-first-order behavior. This was com-
monly observed for the SCR reaction (/, 3,
27, 31, 54, 55). Since most of the activity
measurements undertaken in this study
were below or near the peak temperatures,
all of the rate constant calculations were
based on the assumption of plug flow and
first order with respect to NO. Moreover,
the rate constants were used for compari-
son, on the same basis, for the relative activ-
ities of different catalysts.

TGA and BET Measurements

Thermo-gravimetric analysis (TGA) ex-
periments were performed in a Cahn 1000
electrobalance system (Cahn/Ventron Co.).
The heating rate was 2°C/min. The BET sur-
face area was measured with a Quantasorb
using N, at 77k.

XPS Analysis

X-ray photoelectron spectra were mea-
sured with a Perkin—Elmer PHI 5100 XPS
Spectrometer, using Mgkea as the radiation
source. After SCR reaction or sulfation, the
catalysts were cooled to room temperature
in the reaction atmosphere and were purged
in N, for 1 h. The catalyst pellets were then
crushed and pressed into the sample holder
on a double-side glue tape. The samples
were degassed at ca. 107° Torr in the prepa-
ration chamber. The residual vacuum was
maintained at 4 x 10~ ? Torr during analysis.
Charging effects were calibrated by C(ls)
line at 284.5 eV.

FT-IR Spectra

FT-1IR spectra were measured with an
Alpha Centauri FT-IR spectrometer (Matt-
son Instruments, Inc.) at the ambient tem-
perature. The catalysts were subjected to
reaction for 7 days followed by cooling in
the reactant atmosphere and purge in N, for
1 h. The samples were then ground, mixed,
and pelletized with potassium bromide. The
ratio of sample to potassium bromide was
5:100. The spectrum was obtained as the
ratio of sample to TiO,.
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Ammonia Oxidation and Chemisorption

Ammonia oxidation experiments were
carried out by passing 1000 ppm ammonia
in nitrogen and other gases (i.e., 2% O,, 8%
H,O. and balance N,) through the catalyst
bed. The chemiluminescent NO, analyzer
was used to measure the concentration of
NO, produced by oxidation.

The amount of ammonia chemisorption
at 400°C was measured by using the same
reactor system. The influent to the packed
bed (with 0.5 ml catalyst) was 1000 ppm NH,
in nitrogen, and the effluent was directly fed
to the chemiluminescent analyzer. A high-
temperature converter in the analyzer con-
verted ammonia by the reaction NH; +
0, — NO, + H,0. Thus the concentration
of ammonia could be measured. The chemi-
sorbed amount was the difference between
the total amounts of NO, integrated over
time, contained in the influent and effluent.

RESULTS AND DISCUSSION

SCR Activity and Rate Constant
Measurements

The SCR activities were measured by
temperature-programmed reaction (TPR)
and/or under steady-state conditions. To
avoid effects of SO,, no SO, was introduced
in these reactions. The reaction products on
SO, */TiO, were analyzed by mass spec-
trometry, with particular attention to N,O.
Fragmentation of NO was accounted for in
the analyses. The mass spectrometry results
showed no detectable (of the order of ppm
detection limit) N,O in the products under
the reaction conditions covered in this
study. Similar results with respect to prod-
uct selectivity were reported for the V,0s-
based catalysts (49).

The TPR resuits are shown in Fig. 1 for
TiO, and SO, */TiO,. TiO, is inactive for
SCR at temperatures below 350°C. It does,
however, exhibit some activity at tempera-
tures above 400°C. After sulfation of the
surface of TiO,, the SCR activity increased
substantially. (The characterization of the
SO, */TiO, surface will be given shortly.)
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F1G. 1. Temperature-programmed reaction of NO
with NH; on TiO, (A) and SO, */TiO, (B). Reaction
conditions: NO = NH; = 1000 ppm, O, = 2%, H,0 =

%. Ny = balance. GHSV = 15.000 h™!, heating
rate = 10°C, catalyst weight = 1.60 g, catalyst volume
= 2ml

The steady-state SCR activity results are
shown in Table 1. Here three catalysts are
compared: TiO,, SO, */Ti0,, and 5% V,0Os/
TiO,. 1t is obvious that while the V,04/TiO,
catalyst is superior at temperatures below
400°C, the SO; */Ti0O, becomes increasingly
more active as the temperature is increased
beyond 400°C. The SO, */TiO, activity con-
tinues to increase with temperature (Fig. 1),
whereas the activity of V,0s/TiO, catalyst
declines precipitously (2).

As discussed by Nam et al. (53) and in
our work (2), the high-temperature declina-
tion of NO SCR activity is caused by the
oxidation of NH;. The NH;, oxidation activi-
ties of the three catalysts are compared in
Table 2. The results show that V,0./TiO,
has the highest NH, oxidation activity
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TABLE 1
NO Conversion on TiO,, SO; ¥TiO,, and V,04/TiO,

Temperature NO conversion (%)
°C)
TiO, SO;{YTiO, 5% V,04/TiO,
350 4.0 15.0 99.9
400 15.0 96.0 99.9
410 32.0 98.3 86.2
425 46.5 99.7 75.0

Note. Reaction conditions: NO = NH; = 1000 ppm,
O, = 29, N, = balance, GHSV = 15,000 h™!, catalyst
weight = 1.60 g, reactant gas flow rate = 500 ml STP/
min.

whereas the SO, */TiO, catalyst has the low-
est activity.

At temperatures above 400°C, the reac-
tion conditions listed in Table 1 lead to NO
conversions too high for accurate determi-
nation for the rate constant. Thus the space
velocity was reduced for measuring the SCR
activities at higher temperatures, shown in
Table 3. The SCR activity for SO;*/TiO,
continues to increase with temperature until
peaking in the range 500-525°C, followed by
a slow decline. A catalyst stability run was
made at 550°C; no decline in activity was
shown after 24 h. The high activities in this
temperature range are promising for high-
temperature applications.

On the TiO, surfaces, both Lewis acid
sites (/8) and Bregnsted-acid sites (19, 20)

TABLE 2

Ammonia Oxidation on Different Catalysts

Temperature NO produced (ppm)

C)
TiO, SO; YTIO, $% V10, TiO,
350 2 i 2
400 6 3 12
410 8 4 18
425 14 6 35

Note. Reaction conditions: NH; = 1000 ppm. O, = 2%,
N, balance, total gas flow rate = 500 mi STP/min, catalyst
weight = 1.0 g.
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TABLE 3
High-Temperature SCR Activities on SO, */TiO,

Temperature NO conv. k(cm¥/g/s)

°C) (%)

400 63.0 16.6
425 90.0 38%.4
475 93.0 44.3
500 93.7 46.1
S28 93.5 45.6
550 91.0 40.1
575 83.0 29.5

Neate. Reaction conditions: NO = NHy = 1000 ppm,
0, = 2%. SO, = 500 ppm. N, = balance, catalyst
weight = 0.5 g, total gas flow rate = 500 ml STP/min.

exist depending on its preparation and pre-
treatment. Generally, the acid sites are
Bronsted type when calcined at low temper-
atures and Lewis type at high temperatures
(19, 20). The introduction of sulfate ions on
the TiO, surface can generate superacidity
(21) as well as Brénsted acidity (50). The
direct relationship between the Brgnsted
acidity and the SCR activity (and evidence
for the relationship reported in the litera-
ture) has been discussed (2-4, 54). The in-
creased SCR activity for the SO, */TiO, cat-
alyst shown in Fig. | and Tables | and 3 is
clear evidence of the generation of super-
acidity. The characterization of the surface
SO; ionsis given in the subsegent sections.

The effects of water vapor on the SO, %/
TiO, catalyst is shown in Table 4, for 400

TABLE 4
SCR Activities of SO */TiO,

Temperature Water vapor NO conversion Rate constant

Oy (%) femtigrs)

400 With 80.0 16.76
Without 925 26.9%

410 With 94.5 30.21
Without 97.9 40.24

Note. Reaction conditions: NO = NH, = 1000 ppm, O, =
2%, H,0 = 8% GHSV = 30.000 h ', catalyst weight = 0.80
g. catalyst volume = 1 ml, reactant gas flow rate = 500 ml
STP/min.
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and 410°C. When water vapor was switched
off from the reactant mixture, the NO con-
version increased rapidly, and the water ef-
fect was reversible. A possible interpreta-
tion of this result is that water competes
with NH; for chemisorption, which is a nec-
essary step in the reaction as to be discussed
later.

Sulfation of TiO, during SCR Reaction

A variety of techniques has been reported
in the literature for introducing SO, * ions to
the surfaces of metal oxides. Among them
are impregnation with H,SO, or (NH,),SO,
solution (23-25), reacting with SO;, SO, or
H,S followed by oxidation (22, 25).

Two types of treatment for TiO, were
used in this study: reacting with 500 ppm
SO, and 2% O, in N, at 400°C, or with the
further addition of 1000 ppm each of NH;
and NO and 8% H.O (i.e., under typical
SCR conditions). The SCR activities of cata-
lysts from these two treatments were iden-
tical.

Transient SCR results, shown in Fig.
2, are used to illustrate the relationship
between SCR activity and sulfation. The
NO conversion was 14% before SO, injec-
tion into the SCR reactants. Figure 2
shows the responses in NO conversion
upon injection of different SO, concentra-
tions. At low SO, concentration and with
short sulfation time, the rate constants
contributed from uncover. TiO, could not
be ignored. As the sulfation proceed, the
contribution from TiO, become negligible.
In order to understand the relationship
between SO, concentration (or extent of
sulfation) and the NO SCR activity, the
transient results are presented in Table 5,
in terms of SCR rate constants for the first
30 min. The rate constant was approxi-
mately proportional to SO, concentration.
This result indicates that the rate of sul-
fation was dependent on the concentration
of SO, and that the SCR activity was
directly related to the extent of sulfation.
The sulfation was completed in about 90
min. After the sulfation was completed,



282

100

CHEN AND YANG

NO CONVERSION, %

§0, INJECTION

0~ T y T

[e] 15 30

T T T

45 60 75 90

TIME, MIN.

F1G. 2. Dependence of NO conversion on TiO, surface sulfation with different SO, concentration,

(A) SO, = 250 ppm: (B) SO, =

500 ppm: (C) SO, = 1000 ppm. Other reaction conditions: NO =

NH; = 1000 ppm, O, = 2%, H,O = 8%, N, = balance, GHSV = 15,000 h ™', catalyst weight = 1.60

g. catalyst volume = 2 ml.

the SCR activity was independent of the
concentration of SO, in the reactant
stream.

As suggested from the results of sulfation
of alumina and titania (25, 26) sulfation not
only increased Lewis acidity, but also in-
creased Bronsted acidity when the sulfated
catalysts were not completely dehydroxy-
lated. The existence of Brgnsted acid sites

was shown by IR spectra of pyridine chemi-
sorption on SO, */Zr0O, and SO, */TiO, su-
peracids. By addition of water vapor into
these catalysts, a considerable amount of
Lewis actd were converted to Breonsted acid
sites (/2). Isotope exchange of '*0, and
H!*O and FT-IR (25) results also suggest
that hydroxylation of the surface sulfated
titania lead to the formation of surface

TABLE §

First-Order Rate Constants (4 in cm’/g/s) vs Reaction Time

Time after SO, SO, concentration (ppm) Ratio of &
injection
(min.) 250 500 1.000 ky/k, kilks  kitky
% Conv. k| % Conv. ks % Conv. ks
20 37.2 2.42 48.0 3.41 85.5 10.06 4.16 2.95 1.41
25 44.5 3.07 61.5 497 91.6 12.90 4.21 2.59 1.62
30 S52.5 3.88 73.5 6.92 94.0 14.65 3.78 2.1 1.78

Note. Reaction conditions: NO = NH; = 1000 ppm, O, = 2%, H,0 =
GHSV = 15,000 h~', catalyst weight = 1.60 g, catalyst volume =

8% N, = balance, 400°C,
2 ml, reactant gas flow rate = 500 mi/min.
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F1G. 3. NO conversion on TiO, under different reac-
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» = 2% (when used), SO, = 500 ppm (when used),
H-O = 8%, GHSV = 15,000 h~!. ** + " denotes reac-
tion with the reactant; ** — "' denotes reaction without
the reactant.

S-OH groups. (These surface groups were
apparently responsible for the SCR activity
shown in Fig. 2.)

Oxygen is a necessary reactant for the
sulfation when SO, or H,S is used as sulfur
source. Adsorption of SO, or H,S on Fe,0,
at 400°C does not generate superacidity, but
it exhibits strong acidity when oxidized with
0, at 500°C (22). Figure 3 shows the effects
of oxygen and sulfur dioxide on SCR titania.
With no SO, and O,, only 8% of NO was
converted; with 500 ppm SO,, NO conver-
sion was increased to 22%. When both O,
(2%) and SO, (500 ppm) were injected into
the reactant, NO conversion reached 96%.
The considerable effects of oxygen in SCR
activity have been discussed extensively in
the literature (27-3/). It is interesting to
note that after sulfation, even when O, or
both O, and SO, were switched off, NO
conversion still remained at 47% in contrast
to 8% before sulfation. These results indi-
cate that oxygen played an important role
not only in the SCR reaction, but also in the
sulfation of TiO,.

The SO;*/TiO, catalyst was also sub-
jected to two series of stability test under
the following reaction conditions: NO =
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NH; = 1000 ppm, O, = 2%, SO, = 250 ppm,
H,O = 8% (when used), 400°C and GHSV
= 15,000 h™'. The NO conversion main-
tained at 96% after 160 hrs on-stream time
showing no sign of decay in activity. In the
other series of test, H,O was intermittenly
admitted into the reactant during a 140-h
run. The NO conversion was reversibly cy-
cled between 96% (with water) and 98%
(without water).

Characterization of Catalyst

BET surface area and TGA characteriza-
tion. The BET surface area of the sulfated
TiO, was 30 m*/g. The TGA thermal decom-
position results are shown in Fig. 4, for both
TiO, and sulfated TiO,. The small, continual
weight loss for TiO, is attributed to the loss
of water and hydroxyl groups from its sur-
face. The sulfated TiO, underwent a two-
stage weight loss: the initial one commenc-
ing at 420°C and the major one between 630
to 750°C. The weight loss was completed at
near 750°C. Saur et al. (25) reported results
from a similar experiment where a sulfated
TiO, was subjected to TGA thermal decom-
position in vacuo. Their results showed that
the sulfated TiO, was stable up to 500°C,
and that the majority of the sulfate was de-
composed in the temperature range
650-720°C with no further loss above 750°C.

From the TGA results (7.28 mg SO,/g
TiO,) and the BET surface area (30 m%/g),
the amount of SO;? ions on the sulfated
TiO, catalyst corresponded to 55 A? per
SO, -,

XPS characterization. XPS spectra were
measured for both unsulfated and sulfated
TiO,, shown in Figs. 5-7. The binding ener-
gies for Ti(2p,,») and Ti(2p,,,) were the same
for the unsulfated and sulfated samples, and
were at 464.3 and 458.6 eV, respectively, as
shown in Fig. 5, with a difference of 5.7
eV. These values are consistent with values
reported in the literature (/2, 32, 33).

Figure 6 shows the S(2p) core-level spec-
tra of the unsulfated and sulfated samples.
The sulfated sample exhibited a peak at



284 CHEN AND YANG

00

£1.0

*

L

L

=

< 20+

2z

30 T [ ) | T T T I T T T T T ‘ LI
100 200 300 400 500 600 700 800

Temperature, C

F1G. 4. TGA analysis of TiO; (A) and SOy */TiO, (B). Sample weight =

min., in N, flow, N, flow rate = 15 ml/min.

168.5 eV. This value is typical of S™® such
as sulfur in Na,SO,, Fe,SO, and Fe,(SO,),
(33).

Figure 7 shows the O(1s) core-level spec-
tra. The common main peaks for the unsul-
fated and sulfated samples were the same,
at 529.6 eV, which belonged to oxide oxygen
(12, 33, 34). For the sulfated sample, there
was an additional shoulder peak at 532 eV.
This peak was attributed to sulfate oxygen
(12, 33).

The XPS results lead to the conclusion

458.6

>
<
> 464.3
=
n
x
w
-
z

B

A

5.7——»1
..... . — T

476 a7 466 461 456 451 446

BINDING ENERGY, eV

FiG. 5. XPS spectra of Ti (2p). (A) TiOs; (B) SO; %/
TiO,.

250 mg, heating rate = 2°C/

that the surface species on the sulfated TiO,
sample was SO, 2.

FT-IR characterization. The IR spectrum
for the sulfated TiO, sample is shown in Fig.
8. The spectrum shows four main bands at
1382.9, 1219.1, 1124.6, and 1022.9 cm™ .
These are similar to but with noticeable dif-
ferences from those reported by Saur er al.
(25). Differences were in relative intensities
and small shifts in peak positions. The weak

168.5
3
<
>
E
2 e
w
=
z
A
'\M,/\/\_\MW\F/'
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178 174 170 166 162 158

BINDING ENERGY, eV

FiG. 6. XPS spectra of S (2p). (A) TiO,; (B) SO; %/
Tio:,



SCR OF NO WITH NH; ON SO; %/TiO, SUPERACID CATALYST

529.6

INTENSITY, A.U.

Ly i Aad AU SRR S R AR BN NS AU Nt S IR I B A S

T
543 539 535 531 527 523
BINDING ENERGY, eV

F1G. 7. XPS spectra of O (I1p). (A) TiO,; (B) SO; %
TiO,.

shoulder at 1401 cm ~' was assigned to NH;
chemisorbed on Brgnsted-acid sites, which
was caused by the fact that the sample was
subjected to SCR reaction (followed by N,
purge at room temperature).

Infrared spectra of sulfated metal oxides
generally show a strong absorption band at
1390-1375 ¢m~™' and broad bands at

/

Transmittance, a.u.

13829

L T
1400 1200

Wavenumber, cm™!

1600 1000

Fi16. 8. IR spectrum of the sulfated titania.
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1250900 cm~!. The 1390-1375 cm ™! peak
is stretching frequency of S=O and the
1250-900 cm ~! peaks are the characteristic
frequencies of SO; 2. The broad bands at
1250-900 cm ! result from lowering of the
symmetry in the free SO, ?(7d point group).
The number and the position of the splitting
peaks yield information on the symmetry of
the sulfate ion and its possible configuraton.

The possible configurations of the sulfate
ion on titania surface along with their sym-
metry groups are shown in Fig. 9. There are
four peaks in the region 1200-400 cm ™' (v,
vy, 13, ¥4), and only v; and v, are infrared-
active when SO, ? is a free ion (Td symme-
try) (35). The value of v, is 1104 cm ' and
v, is 613 cm~'. When SO, ? is bound to the
titania surface, the symmetry can be low-
ered to either Cs, or C,,. For (5, symmetry,
v, split into two peaks and for C,, symmetry,
vy split into three peaks (353).

As shown in Fig. 8, there are three peaks
in the », region, with their peak positions
matching to the literature data (/). There-
fore, the symmetry of the sulfate ions on the
TiO, surface should be C,,. Its configuration
could be either chelating bidentate or
bridged bidentate, shown in Fig. 9.

The isotope exchange and IR results of
Saur er al. (25) suggested that under dry
conditions (no water vapor), the structure of
the sulfate oxide is (M-0); S==0, whereas
under wet conditions (with water vapor),
the surface structure is the bridged bidentate
form with H forming a Brgnsted site,
(M,SO H.

Therefore, from the symmetry analysis of
the IR spectra, the reaction conditions (with
water vapor), and the isotope exchange IR
spectra of Saur er al. (25), it is concluded
that the sulfated titania is bridged bidentate,
Ti,SO,(OH).

Chemisorption of NO and NH, and
Mechanistic Implications

The SCR reaction mechanism has been
open to debate since 1970s, mostly on the
V,0,/TiO, catalyst. Both Langmuir-Hin-
shelwood (36-38, 42, 43) and Eley-Rideal
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(3, 27, 44—48) mechanisms have been pro-
posed. In the Langmuir-Hinshelwood
mechanism, the oxidation-reduction
scheme has been proposed for the V,0O./
TiO, catalyst, where the catalyst is reduced
by NH; and re-oxidized by NO or O,. This
mechanism may be valid for oxide catalysts
that are reducible under the SCR conditions.
Since SO, */TiO, is hardly reducible by NH,
under the SCR conditions, the redox mecha-
nism is not plausible.

To understand the reaction mechanism,
the amounts of NH; and NO chemisorbed
at 400°C were measured, for both TiO, and
SO, */TiO, samples. The same flow reactor
system was used for this measurement. The
influent concentration (of NH, or NO, sepa-
rately) was constant at 1000 ppm while the
effluent concentration was continually mea-
sured. The difference yielded the chemi-
sorbed amount. More details of the tech-
nique were given elsewhere (3). The results
are listed in Table 6.

The results showed that, at 400°C, TiO,

TABLE 6

Chemisorption Amounts of NH; and NO

Catalyst Chemisorbed amount
NH; NO
cc STPig  molecule/nm®  cc STP/g  molecule/nm?
TiO, 0.929 (.83 ] o
SO, :J"l'i(): 1.372 1.23 0.024 0.022
Nore. Conditions: T = 400°C, NO = NH; = 1000 ppm (used sepa-
rately), O, = 247, N. = balance, flowrate = 500 cc/min, catalyst =

10g.

chemisorbed a large amount of NH;, but no
NO. The SO, */TiO, chemisorbed signifi-
cantly more NH, (about 47% more) than
TiO,. This suggests that sulfation of TiO,
created new acid sites. Moreover, a small
amount of NO was also chemisorbed on
SO, */TiO,. The population densities of NH,4
and NO are also givenin Table 6. The chemi-
sorbed NH; was densely populated on both
TiO, and SO, */TiO, surfaces, correspond-
ing to 0.7 NH; per surface SO;? ion on
SO, */TiO,.

Following the measurements of the che-
misorbed NH; and NO on the SO; ¥/TiO,
catalyst, a further experiment was under-
taken to elucidate the mechanism. The cata-
lyst was first saturated with NH, chemisorp-
tion (under the same conditions listed in
Table 6, but without NO). The influent was
then switched to a flow containing 1000 ppm
NO and 2% O, (in N,), and the NO conver-
sion was continually recorded. The NO con-
version was over 90% during the first mi-
nute, decreased to zero in about 4 min, when
the active chemisorbed NH, was consumed.
The data indicated that about 52% of the
chemisorbed NH; was active, and was con-
sumed by NO for conversion. The re-
maining 48% of the chemisorbed NH, was
inactive or desorbed during the reaction.

To provide further insights into the reac-
tion mechanism, XPS was used to analyze
the surface structures of the catalysts. Two
catalyst samples, TiO, and SO, */TiO,, were
subjected to SCR reaction at 400°C for 150
h. The catalysts were cooled to room tem-
perature in the reaction atmosphere, fol-
lowed by purge in N, for 1 h. The samples
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were then subjected to XPS analysis. The
XPS spectra for the two samples are shown
in Fig. 10.

Two peaks are seen in the XPS spectra,
399.9 and 401.7 eV. The major difference
between the spectra of the two samples was
that the peak at 401.7 eV was considerably
enhanced for the SO;%/TiO, sample over
that for the TiO, sample.

The possible interpretation for the XPS
result is that the N(ls) peaks in Fig. 10 belong
to the chemisorbed NH,. The peak at 399.9
eV can be assigned to ammonia chemi-
sorbed on the Lewis acid sites on TiO, or
SO; */TiO,. The binding energy of 399.9 eV
is 1 eV higher than that of free NH, (a Lewis
base) of 398.9 eV (39). Electron donation
from the lone pair electrons of NH; to the
Lewis-acid site leads to a higher binding en-
ergy than that of free NH,.

The peak at 401.7 eV in Fig. 10 can be
assigned to ammonia chemisorbed on
Brgnsted-acid sites, because its value is the
same as or close to the values reported in
the literature. The binding energies of N(ls)
in NH,Cl (40) and NH,NO, (4/) are 401.7
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and 401.9 eV, respectively. The chemisorp-
tion of ammonia on Brgnsted acid sites is in
the form of NH;, which could attach to the
surface sulfate ion.

Along with results on the SCR activity
and the NH; and NO chemisorption mea-
surements, this assignment would indicate
that SCR activity of the SO, */TiO, catalyst
is directly related to the XPS peak at 401.7
eV, i.e., NH, chemisorbed on its Brgnsted-
acid sites. It may be concluded that active
sites for SCR reaction on this catalyst are
Brgnsted-acid sites and that the reaction
mechanism follows an Eley-Rideal type.
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