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Abstract—The catalytic activity of sulfated titania (ST) calcined at a variety of temperatures has been investigated
for selective catalytic reduction (SCR) of NO by Nhe NO removal activity of ST catalyst mainly depends on its
sulfur content, indicating critical role of sulfur species on the surface of Ti@ role of sulfur is mainly the for-
mation of acid sites on the catalyst surface. The presence of both Brgnsted and Lewis acid sites on the surface of sul-
fated titania has been identified by IR study with the adsorption gfalN#i pyridine on ST. The reduction of the in-
tensity of IR bands representing Brgnsted acid sites is more pronounced than that revealing Lewis acid sites as the cal-
cination temperature increases. It has been further clarified by IR study of ST500 catalyst evacuated at a variety of tem-
peratures. The NO removal activity also decreases with the increase of the catalyst calcination temperature. It simply
reveals that Brgnsted acid sites induced by sulfate on the catalyst surface are primarily responsible for the enhancement
of catalytic activity of ST catalyst containing sulfur for NO reduction by.NH
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INTRODUCTION TiO, catalyst prepared by sulfating a sulfur-free ,{IE25) with
SO under air atmosphere was highly active for NO reduction re-

Metal oxide catalyst containing sulfate ion {3@as attracted a  action by NH over 350C [Chen and Yang, 1993]. They sug-
great deal of attention due to higher catalytic activity for a varietygested that the Brgnsted acid sites played an important role for NO
of industrial catalytic processes such as isomerization, alkylationyemoval activity. Jung and Grange recently examined a reaction in-
and cracking [Yamaguchi, 1990; Hino and Arata, 1980; Song andermediate during NO reduction by Neéler a sulfated TiCby in
Sayari, 1996]. Sulfated metal oxides have been prepared by treatirgjtu DRIFT and NH-TPD studies [Jung and Grange, 2000b]. They
metal oxides with sulfur compounds such ag 53 and (NH),SQ, reported that the Lewis acid site on the surface of sulfated TiO
under an oxidizing atmosphere [Ebitani et al., 1993; Sayari and Diceatalyst was responsible for the adsorption of kdcting with
ko, 1994]. In addition, the solid acid catalyst containing sulfur onadsorbed N@Qby Langmuir-Hinshelwood route, and the reaction
its surface may also resolve the environmental problems caused logte of NO removal on sulfated Ti€atalyst depended on the amount
using a liquid phase sulfuric acid as an acid catalyst. of Lewis acid sites on the catalyst surface.

Titania has been widely employed as a support for a commer- The purpose of present study is to identify the role of acid sites
cial SCR catalyst on which the active specie§;VWQO, and/or on the surface of ST catalyst for NO removal activity to clarify their
MoQ, are well dispersed [Amiridis et al., 1996; Orsenigo et al., 1998;participation to SCR reaction. In particular, which one of two kinds
Jung and Grange, 2000a, b]. Titania itself also showed significanof acid sites, Bransted and Lewis acid, is responsible for SCR re-
NO removal activity and high selectivity tq Bt a reaction tem-  action by NH, has been discussed to elucidate the role of acid sites.
perature over 40T [Alemany et al., 1996]. It has been recognized The acidic property including the nature, amount, and strength of
that the sulfate species on the surface of iE@avorable for NO  acid sites on the surface of sulfated titania has been characterized
removal reaction [Amiridis et al., 1996; Jung and Grange, 2000a]by FT-IR spectroscopy study with the adsorption of, Biltl pyr-

The sulfate species on the surface of titania affects not only the suidine on sulfated titania. The alteration of the surface acidity on the
face structure of active species but also the catalyst acidity whicleatalyst surface has been accomplished by controlling the calcina-
plays a critical role for deNCBCR reaction [Choo et al., 2000a].  tion temperature of the catalyst in order to identify the participation

However, there is still controversy on which of two types of acid of acid sites to NO removal reaction.
sites on the surface of acidic catalyst, Brgnsted and Lewis, is respon-
sible for NO removal activity. Chen and Yang reported thgt/SO EXPERIMENTAL

To whom correspondence should be addressed. A series of sulfated titania (ST) was prepared by calcining a
E-mail: isnam@postech.ac.kr metatitainc acid (TIO(OH) at a variety of temperatures from 500
*This paper is dedicated to Professor Baik-Hyon Ha on the occasion of0 900°C [Choo et al., 2000a]. Since the metatitanic acid is a reac-
his retirement from Hanyang University. tion intermediate obtained from the manufacturer of T@®pig-
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Table 1. BET surface areas and sulfur contents of the ST catalysts
with respect to calcination temperature

Temperature°C) Sulfur content (wt%) S (mP/g)

120 2.29 223
500 1.81 98

600 1.46 77

700 0.24 32

800 0.03 9 (@)
900 0 5

ment by sulfate route and exists in a slurry form, it should be driec
and calcined at an appropriate temperature in order to prepare sol
state TiQ and contains sulfur on its surface during the manufacturing
process. No extra sulfur was added to the surface of ST catalyst pr
pared in the present study. The sulfated titania was dried again i
120°C in air atmosphere overnight and then calcined at a tempere
ture from 500 to 90BC for 5 h. The sulfur content of the prepared (©
catalyst was measured by LECO SC-132 Sulfur System (LECC
Co.). The BET surface area of the catalyst was examined by Micro
meritics Accusorb 2100E using it 77 K. Prior to the measure-

ment of BET surface area, the catalyst was pretreated under va
uum at 150C for 12 h. The sulfur content and BET surface area T T T T T T

(b)

SO, evolution (a.u.)

of the prepared catalyst are summarized in Table 1. The number i 0 100 200 300 400 500 600
the catalyst name denotes the temperature at which the calcinatic Temperature (°C)
has been done. : . '
. . . Fig. 1. SO desorption profiles of ST catalyst (a) fresh ST, (b) ST
The NO removal activity of ST catalyst contallnlng a variety of calcined at 500C for 5 h, and (c) ST calcined at 80T for
sulfur contents and surface areas by, Mids examined in a tubu- 5h.

lar downstream flow reactor system operated under isothermal and
atmosphere pressure condition. Details of the reaction conditions are
described in previous studies [Choo et al., 2000a; Ham et al., 2000]. The alteration of physicochemical properties of sulfated titania
Typical gas composition of feed stream for activity test was 500 ppn{ST) including BET surface area and sulfur contents by calcination
NO, 500 ppm NHE 5% Q and balance NThe reactor space ve- temperature from 500 to 980 is listed in Table 1. The BET sur-
locity based on the ratio of the total gas flow rate to the volume of thdace area of ST proportionally decreases as the calcination temper-
catalyst bed was 100,000.iThe concentration of NO was meas- ature increases. This is mainly due to the sintering ofifSilf dur-
ured by on-line chemiluminescence NO-N@alyzer (Thermo Elec-  ing the course of the calcination. The sulfur content on the surface
tron, Model 42C). of ST also decreases with the increase of the temperature, and neg-
An infrared study was performed for a self-supporting disk of ligible sulfur can be observed on the surface of the catalyst calcined
catalyst with a Perkin-Elmer 1800 FT-IR spectrometer. The disk ofeven from 700C. Since the reduction of sulfur content is mainly
catalyst containing a loading of 20-30 mg*owas prepared by com-  due to the decomposition of sulfur species on the catalyst surface
pressing a catalyst powder under 5>ktpcn1? pressure. The IR at high calcination temperature, the thermal stability of sulfur spe-
cell system consists of two parts: Caindow to take IR spectra  cies on the surface of ST was examined by temperature program-
in the transmission mode and the sample treatment unit. It is comned desorption (TPD) of S@s shown in Fig. 1.
nected to a flow system for sample treatment and transferred to the Since the sulfur species on the catalyst surface are mostly desorbed
spectrometer in an in-situ mode without exposing the sample to tha a form of S@molecule confirmed by on-line mass spectroscopy
atmosphere. Prior to the adsorption of probe gases, the sample wiism the surface of TiQthe evolution pattern of S@as been par-
pretreated under oxidizing condition at 40Cfor 1 h. The adsorp- ticularly observed in Fig. 1. The distribution of sulfur species on
tion of NH;, or pyridine was performed by flowing the adsorbates the surface of ST varies with respect to the calcination temperature
into the system for 5 min. To examine the strength of acid sites, IRof the catalyst. For ST dried at 12X) SQ begins to evolve from
measurements were performed for the catalyst adsorbipg\die- 250°C and reveals four peaks at 330, 390, 525, an8B0gow-
uated under the flow of He gas at elevated temperatures ug® 400 ever, S@from ST calcined at elevated temperatures, 500 ariC800

for 0.5h. evolves just from its calcination temperature. Ng 8@n ST800
has been detected in the downstream of TPD apparatus. The sulfur
RESULTS AND DISCUSSION content on the catalyst surface of ST catalyst can be adjusted by
controlling the calcination temperature of the catalyst.
1. Effect of Calcination Temperature on NO Removal Activ- Fig. 2 shows NO removal activity of ST calcined at a variety of
ity of ST Catalyst temperatures from 500 to 9@ NO removal activity has been
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Fig. 3. IR spectra of ST catalyst.
. In general, the structure of sulfur on the surface of metal ox-
0 ‘ ‘ r : : . 1996]. | al, the structure of sulf the surf f metal
T . . . . . .
200 250 300 350 400 450 500 ide alters from isolated species to polynuclear species with the in-
Temperature (°C) crease of the sulfur content on the catalyst surface. As the calcination

temperature increases, the intensity of the IR band at 1,400 cm

has been reduced and the band shifts to the lower wavenumber of

1,350 cm*. Above 800C, especially, the IR band corresponding

to sulfur species disappeared, indicating their complete decomposi-

examined up to the reaction temperature o600 avoid the fur-  tion on the surface of TiOThe appearance of IR spectra at 1,270-

ther decomposition of sulfur on the catalyst surface. The catalyst,260 cm* indicates the phase transformation of titania from ana-

reveals a negligible catalytic activity at a reaction temperature belovtase to rutile due to the high calcination temperature.

300°C, and the activity was strongly influenced by calcination tem- It is well known that the IR bands for acidic and neutral hy-

perature. The catalytic activity increases as the calcination temperalroxyl groups appear in the region of the wavenumber from 3,700 to

ture decreases. ST calcined at lower temperature contains a largg600 cit, whereas the hydroxyl group at 3,720%asicommonly

amount of sulfur than that calcined at higher temperature. It simplassigned to the basic hydroxyl group [Pasel et al., 2000; Kustov et

indicates that the NO removal activity of ST primarily depends onal., 1994]. The ST catalysts calcined at 500 and@®@® not re-

the sulfur content. In addition, the decrease of NO removal activityveal the band for basic hydroxyl group at 3,720 cithis may be

of ST with the increase of calcination temperature may also be atdue to the preoccupation of basic sites by sulfur species on the cat-

tributed to the reduction of surface area. However, it has been welhlyst surface. However, a weak basic hydroxyl group at 3,720 cm

known that the number of Brgnsted acid sites increases when sutan be observed on ST700 calcined at'@0fue to the decompo-

fur exists on the catalyst surface, which results in an enhancemesttion of sulfur species on the catalyst surface. The intensity of the

of NO removal activity by NE[Choo et al., 2000a; Ham and Nam, hydroxyl groups appearing at 3,670¢tmwas gradually reduced

2002]. This reflects that the acid site generated from the sulfate oand it completely disappeared for the catalyst calcined &C800

the surface of TiPplays an important role for SCR reaction to re- This simply indicates the decrease of the amount of the hydroxyl

move NO by NH[Choi et al., 1996]. groups on the surface of ST due to the simultaneous reduction of

2. Acid Sites on ST Catalyst the catalyst sulfur content and surface area caused by the calcina-
In order to investigate the effect of calcination temperature ontion of ST catalyst.

the surface property of ST catalyst, an infrared spectroscopy study The acidic property of SCR catalyst plays a critical role for the

has been accomplished in the present study. Infrared spectra of Shtalytic performance for NO removal by Nf€hen and Yang,

catalyst calcined at a variety of temperatures can be observed in Fi993; Amiridis et al., 1996; Choi et al., 1996; Jung and Grange,

3. Not only the spectra for surface sulfate species (1,400-1,200 cm 2000a]. To examine the nature of acidic sites on sulfateg! fl&©

but also the hydroxyl stretching bands (3,800-3,50¢) @re main- infrared spectra of ST catalyst adsorbing pyridine as a probe mol-

ly examined to investigate the alteration of surface property by thecule have been recorded with respect to the calcination tempera-

calcination at elevated temperatures. ture as shown in Fig. 4. The IR spectra for a self-supporting TiO
A very intense band can be observed in the region of 1,400 cm adsorbing pyridine have been examined at room temperature after

of IR wavenumber, which is due to s=0) species of surface pretreatment at 50C for 0.5 h in air atmosphere.

(TiO),S=0 compound [Nortier et al., 1990] and/or to the asym- Many reports discuss the assignment of the peaks in the infrared

meric O=S=0 stretching species of (Ti&Xp, [Navarrete et al.,  spectra for TiQ adsorbing pyridine [Primet et al., 1971; Busca et

Fig. 2. NO removal activity of ST catalyst; Reactor space velocity=
100,000/h, [NHJ/[NO]=1.0, [0,]=5% in N,.
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Fig. 4. IR spectra of ST catalyst adsorbing pyridine as a probe mol-  Fig. 5. IR spectra of ST catalyst adsorbing NEas a probe mol-
ecule. ecule.

al., 1985; Ferwerda et al., 1996]. The ST calcined &&G0BT500) apparently reduced, whereas that for Lewis acid sites is gradually
exhibits three characteristic IR bands for pyridine species adsorbedecreased probably due to the decrease of the surface area upon
on Lewis acid sites at wavenumbers of 1,444 and 1,607dm the catalyst calcination. The degree of the alteration for the inten-
signated as L1 in Fig. 4), of 1,459 and 1,630 ¢designated as L2)  sity of IR band for both sites is distinctive, which is quite similar to
and Bransted acid sites at 1,542 and 1,638 (esignated as B).  the trend observed for ST adsorbing pyridine as shown in Fig. 4.
The intensities of the latter two sites, L2 and B, are significantly However, the participation of Lewis acid sites to SCR reaction can-
reduced, while that of L1 has been hardly altered as the calcinationot be eliminated, since the intensity of the IR band at 1,620 cm
temperature of the catalyst increases. Therefore, B and L2 sites afer ST catalyst also gradually decreased with respect to the calcina-
obviously related to the sulfur content on the catalyst surface, sincton temperature of the catalyst. It has been observed that the NO
their IR intensities and sulfur contents simultaneously decrease withemoval activity of ST catalyst with respect to calcination tempera-
respect to the calcination temperature. It should be noted that thieire, as shown in Fig. 2, correlates well with the decrease of the in-
sudden decrease of the intensity of L1 site for ST calcined at théensity for Bransted acid sites on the catalyst surface. Note that the
temperature higher than 7@is mainly due to the decrease of the intensity of IR in transmission mode may indicate the amount of
catalyst surface area down to 3gnit has been observed that the the corresponding acid sites on the catalyst surface.
alteration of IR intensity for B sites is more pronounced than that The contribution of Bragnsted (B) acid sites to SCR reaction on
for L2 sites with respect to the calcination temperature. Indeed, th&T catalyst prepared in the present study becomes evident by the
formation of Brgnsted sites on the catalyst surface is strongly instudy controlling the evacuation temperature of fihn acid sites
fluenced by the dehydration of the catalyst including the calcina-on the surface of a given catalyst, ST500 adsorbingaslishown
tion of the catalyst [Ward, 1976]. in Fig. 6. It can eliminate the contribution of the decrease of the cat-
Additionally, the surface acidity of ST catalyst adsorbing; NH alyst surface area to the reduction of IR intensity of both acidic sites
as a probe molecule has been also examined by infrared spectravhich could not be clarified in Figs. 4 and 5. Note that this tech-
scopy. The adsorption of Nidn the surface of TiQs important nique has been commonly employed for measuring the strength of
for understanding the reaction of the SCR system, singésNife the acid sites on the catalyst surface. Prior to IR measurement at
of the major reactants for SCR reaction as well as a probe moleoom temperature, ST500 catalyst was exposed toaNHi fol-
cule for the measurement of the surface acidity. Fig. 5 shows IRowed by the evacuation at a variety of temperatures in the range
spectra of ST adsorbing Nidbserved at room temperature. Two from 150 to 400C. It may also suggest the possibility of the par-
major bands can be observed at the wavenumber of 1,610 and 1,48€ipation of Lewis acid sites to SCR reaction which was suspected
cm* corresponding to Lewis (L) and Bransted (B) acid sites, respecfor the IR study in Fig. 5.
tively [Tanabe, 1970]. The intensity for Bransted acid site has been The IR spectra of ST500 adsorbing Nk Fig. 6 contains two
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removal for ST catalyst also decreases as the calcination temperature
increases. The ST catalyst calcined at lower temperature contains
larger amount of sulfur responsible for the generation of Brgnsted
acid sites on the surface of Ti®he simultaneous reduction of NO
removal activity and Brgnsted acid sites upon the increase of the
calcination temperature indicates that Brgnsted acid sites induced
by sulfate are primarily important for enhancing the catalytic activ-
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