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Abstract

The modifications of textural and surface properties of sulfated fé®e been investigated by means of XRD, surface area,
XPS, Raman, FT-IR, NEtTPD, and catalytic tests in the reduction of NO by NAccording to sulfate content, the isolated
sulfate transforms to a polynuclear sulfate type. Betweesf$63.0 and 6.6 wt.%, the amount of© species per unit area is
almost constant and equal. Total number of acid sites increases with &e &itent, while the strongest sites are maximum
at 1.5wt.% loading. The areal TOF (turnover frequency, mole NO convertéis miso higher at SgF~=1.5wt.% and is
directly related to the number of strong Lewis acid sites. Accordingly, it is suggested that the strong Lewis site generated by
doping TiG, with SO42~ is responsible for the higher reactivity of Ti@8Q;2~ at high temperature. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction V, W, Mo as well as their interaction with the support
have been deeply investigated.

The elimination of nitrogen oxides emitted from However, in the specific condition of SCR there is
the combustion process is particularly important in the still some problem since severe conditions of SCR re-
reduction of the environmental problems caused by the action induce side reactions and catalyst deactivation.
formation of acid rain and depletion of ozone through For example, when the temperature of SCR reaction
the secondary reactions in atmosphere. exceeds 40(C, a decrease of the activity and selectiv-

Various processes have been proposed for the elim-ity of the catalyst mainly due to production of NO and
ination of NO, through widespread application of NO caused by ammonia oxidation is observed [2-3].
available methods and/or via the development of new  Accordingly, some researchers have proposed vari-
technologies [1]. Amongst them, the SCR (selective ous attempts to overcome such problems on SCR cat-
catalytic reduction) is considered as the most efficient alysts [4-5]. Amongst them, the choice of an 430
technology. The usual catalyst of SCR process con- ion as TiG promoter is attractive since it has a high
sists of WWOs and TiG, as main components. Since activity in high temperature reactions between 400 and
this type of catalyst is used in industrial plants and 600°C [6]. It has been proposed that the sulfate pro-
satisfies the user as far as efficiency is concerned, theduces a strong acidic site at high temperature [7-11],
behavior of the different active components such as and this can lead to the high reactivity of the SCR

reaction without by-products.
* Corresponding author. Fax:32-10-47-36-49. However, until now, no in-depth interpretation of
E-mail addressjung@cata.ucl.ac.be (S.M. Jung) the interaction between Tgand SQ2~ has been
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proposed. Furthermore, in the SCR process, the role operating at 10kV and 12 mA. The residual pressure

of S04~ in pure TI-SQy?~ catalysts could not be

explained on the basis of conventional SCR mecha-

nisms [12].
Accordingly, this work is mainly focused on the

inside the analysis chamber was below1®° Torr.
The binding energies of O 1s, Ti 2p and S 2p were
referenced to the g band at 284.8eV.

The Raman spectra were measured with a Dilor In-

change of physicochemical properties caused by the strument S.A. spectrometer with the 632 nm line of

TiO,—SQy?~ catalyst with variable Sg¥~ content and
then correlated with deNQOproperties.

2. Experiment

2.1. Preparation of catalysts

Ti(OH)4 was prepared by precipitation of a solution
of titanium tetrachloride. The precipitate obtained by
adding 25wt.% ammonia solution was washed with
hot distilled water until no chloride ion was detected
and dried at 100C for 12 h, then calcined at 500
for 5h.

To obtain the sulfated catalyst,BO, was used as
an initial precursor of sulfate in the catalyst prepa-
ration. Titanium hydroxide obtained through precip-
itation of TiCly; was dried at 100C for 24h. The
calculated HSQO, solution (0.1 N) was added to the
titanium hydroxide. The solids were then dried for
12 h at 100C and calcined for 5h at 50C. To con-
sider the decomposition of sulfate due to the thermal
stability, the real loading amounts of sulfate after
calcination were verified by the elemental analysis.

2.2. Characterization

The elemental analyses (Ti, S) were performed by
inductively coupled plasma-optical emission spec-
troscopy (ICP-OES).

Ar ion laser as excitation source under ambient con-
ditions. The number of scans is 5 and the time of
accumulation is 5s per scan.

An NH3-TPD (temperature programmed desorp-
tion) spectrum was obtained by monitoring the des-
orbed ammonia, after adsorbing ammonia on the
catalyst at 100C using pure ammonia, while increas-
ing the temperature of the sample at a constant rate
(10°C/min) and maintaining the carrier gas flow rate
(60 cn® He/min). The outlet gas was passed through a
20 wt.% H;BOs3 solution in order to check the amount
of NHs.

FT-IR spectra were recorded using a Brucker FT
88 spectrometer. The samples were pressed into
self-supporting disks, placed in an IR cell, and treated
under vacuum (16 Torr) at 400C for 2 h. To obtain
the spectra of Ngladsorbed on surface, after cooling
to room temperature, the samples were exposed to
ammonia for 3 min. Then, spectra were recorded after
evacuation (510~° Torr) for 30 min at 400C.

2.3. Catalytic activity measurement

Activity measurements were performed in a contin-
uous flow fixed bed reactor operating at atmospheric
pressure. GHSV (ht) was 46 000. The total flow rate
was 100 ml/min and feed composition was: nitric ox-
ide 0.1vol.%; ammonia 0.105vol.%; 2.5vol.% oxy-
gen, in helium. The inlet and outlet gas compositions
were measured using a quadrupole mass spectrometer

The specific surface areas of the samples were mea-QMC 311 Balzers coupled to the reactor. All con-

sured by the BET method with a Micromeritics ASAP
2000 equipment using nitrogen at196°C. Prior to
measurements, all samples were outgassed atC150
until vacuum was reached ak10~° Torr.

The X-ray diffraction patterns were recorded using
a Siemens D-5000 powder diffractometer with nickel
filtered Cu Ku radiation ¢=1.5404 A). The step scans
were taken over the range of 2rom 5 to 80.

The X-ray photoelectron spectra were obtained with

versions were measured at the steady state achieved,
under our experimental conditions, after 30-40 min at
400°C.

3. Results and discussion

3.1. Structure and morphology

a Surface Science Instruments SSX-100 model 206 The use of titanium hydroxide as sulfated precur-

spectrometer with a monochromatised Ad Ksource,

sor shouldinduce texturalmodifications of samples
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Table 1

Structure and textural data

SO4?~ loading (wt.%) BET surface area {iy) Pore volume (crig) Pore diameter (A) Detected phase (XRD)
0 40 0.06 61 Anatase

1.5 58 0.09 65 Anatase

3.0 84 0.14 68 Anatase

6.6 104 0.16 63 Anatase

during the calcination, since the concentration of hy-  The S/Ti ratio up to 3.0wt.% S~ catalyst is not
droxides on the particles which are able to lead to the over the maximum value of 0.33, but at higher con-
agglomeration in the particle and/or between particles centration of S@*~ (6.6 wt.%), although the surface
is modified by the sulfation. area is increased according to the increase of sulfate
Table 1 shows structure and textural data along with amounts, the S/Ti ratio is 0.59. This evidences that the
the increase of the S@ ion contents. BET surface  S=0 structure is not (Ti-QS=0 at high SQ?~ con-
area is proportional to the amount of loaded sulfate centration. In other words, the sulfate type changes
and an increase of 7figwt.% SQ4?~ is observed. from tridentate species to bidentate species with
The average pore diameter of all TiGulfate samples ~ SO42~ content. As the sulfate loading is increased, it
is constant. It is known that the degree of agglomer- is proposed that £72~ and $0102~ species may
ation at constant pore diameter can be controlled by also be present [15-18].
the concentration of the free hydroxide in the particle ~ To identify the $O species in sulfate com-
without the decrease of the number of bonds betweenplex, FT-IR is a very useful method and has been
particles [13]. Accordingly, this type of agglomera- widely used. IR spectra of sulfated metal oxides nor-
tion occurring in TIQ—SQ2~ indicates that the free  mally present a strong absorption band near 1380—
OH bond sites of Ti(OH) in the particle, where the 1360 cnm ! and a broad band around 1000-1200¢m
agglomeration/crystallization takes place during cal-
cination, are contacted by the addition of 8O ion.

Fig. 1 shows the relation of calculated sulfate den- 0
sity per unit area with the S/Ti ratio measured by XPS.
The S/Ti ratio is linearly proportional to the sulfate d
concentration. This linearity evidences the homoge- 015

neous distribution of sulfate in all the samples.
3.2. Type of8042 species adsorbed on TiO

From the BET surface area and the sulfate con-
tents, the number of S (atomsf)rcan be calculated
and considering a surface concentration 7 atom$/nm
of Ti, the atomic S/Ti ratio of S/Ti can also be evalu-
ated. This is shown in Table 2. The atomic ratio S/Ti
increases with sulfate content and a maximum value
of 0.59 when SG@?=6.6 wt.% is obtained. Saur et al.
[14] using isotope exchange and IR analysis proposed 0006 . . . .
a (Ti—OBS=0 structure under dry conditions. There- 0 ! 2 3 4 5
fore, based on this structure, the 0.33 S/Ti atomic ratio
is considered as a maximum value under dry condi-
tions. Fig. 1. Dispersion of sulfate on the surface of FiO

S/Ti atomic ratio (XPS)
[}
=

0.05 1

18 2
No. of sulfur species per unit area(x10 /m )
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Table 2

Distribution of sulfate and calculated data

SO42~ loading Total number of Number of %S$& Total number of surface S/Ti atomic
(wt.%) SQ2~ (1x10'%/g) (1x10'8/m2) Ti atom (1x10'8/g) [7 Tilnn?] ratio

0 0 0 280 0

1.5 97.3 1.7 336 0.23

3.0 198.6 2.4 588 0.33

6.6 428.3 4.1 728 0.59

In all the samples, after pretreatment at 400a detect the double bond according to the change of
very intensive peak is observed at around 1370km  environment. It is well known that the range between
and can be attributed to=® stretching vibration 900 and 1100 cm! is sensitive to the change of dou-
mode. ble bond stretching and used to analyze some SCR

Fig. 2 presents the relation of the concentration of catalysts such asXDs, WOz and V,Os/WO3 [19].

S=0 per unit area with the concentration of sulfate. =~ The Raman spectra for TiOsulfate samples,
Up to SQ2~=3.0 wt.%, the amount of 80 increases  recorded under ambient conditions, are presented in
and then reaches a plateau. This shows that #® S  Fig. 3. In pure TiQ, no peak is detected in this region.
concentration decreases at high sulfate content. ThisWhen the amount of sulfate increases up to 1.5wt.%,
would confirm that the generation of bidentate sulfate a peak located at 1001 crhis observed. Assignment
at 6.6 wt.% is due to polynuclear sulfate at the expense based on the FT-IR results and evaluation of S/Ti
of isolated sulfate. ratio, indicates that the peak at 1001 ¢clris due to

The different proportion of SO between the iso- the SO bonds of the isolated sulfate. As the amount
lated and polynuclear sulfate may be distinguished of sulfate on the catalyst increases, the intensity of
and confirmed by Raman spectroscopy. As previously 1001 cnt? is not only increased, but a new peak at
reported, Raman spectroscopy is an excellent tool to 1040cnt? is also generated. It is evident that this
newly created peak at increasing sulfate density is
induced by the SO bonds of the polynuclear sulfate
type. Thus, the surface sulfate at 3.0 and 6.6 wt.%

O per unit area(Arbitrary Unit/m %)

Intensity(Arbitrary unit)

No. of S

T
0 1 2 3 4 5 900 950 1000 1050 1100 1150 1200

No. of sulfur molecule per unit area(x10 " /m”) Wavenumber(cm )

Fig. 2. Peak position and relative concentration s0Sobtained Fig. 3. Raman spectra: (a) TiO(b) TiO,—-SQy%~ (1.5wt.%); (c)
from FT-IR according to the sulfur density per unit area. TiO2—-SQy?~ (3.0wt.%); (d) TIG-SQy%~ (6.6 Wt.%).
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appears to be constituted of isolated sulfate speciesfrom that of pure TiQ. In the case of pure Tig) the

and polynuclear sulfated species.
3.3. Acidity generation by adsorbed sulfate

The SO structure is essential for the generation of
acidic sites on sulfate promoted oxide samples. The
strong ability of $O in sulfate complexes to accom-
modate electrons from a basic molecule is a driv-
ing force in the generation of highly acidic properties
[20,21].

The acidic properties generated by the inductive ef-
fect of SO bonds of the complex are strongly af-
fected by the environment of the sulfate ion. Thus, it
can be proposed that acid properties would be modi-
fied by both the type of 0 in the sulfate complex
and the coverage of sulfate on the surface. As men-
tioned above, the increased loading of sulfate onpTiO
can form the polynuclear type of sulfate complex and
increase the coverage of the Ti metal ion by the sulfate
ion.

Accordingly, in order to investigate the effect of the
type of SO bonds on the acidity, NiHTPD experi-
ments were carried out. The results are shown in Fig. 4.
The amount of NH desorbed up to 50C increases
according to the increase of sulfate ion. The feature
of NH3 desorption of TiQ-SQy%~ is quite different

Intensity(Arbitrary Unit)

20 30 40 0 6D
Tenperature (°C)

Fig. 4. NHs-TPD spectra: (a) Tig) (b) TiO,—SQy2~ (1.5 wt.%);
(c) TiO2-SQy?~ (3.0wt.%); (d) TIG-SQy?~ (6.6 Wt.%).

major desorption of Ngloccurred from 100 to 32@
and a small peak due to strongly adsorbed ammonia
on surface is detected at 4@ In the 1.5wt.% sul-
fated catalyst, the amount of NHlesorbed between
200 and 300C is reduced and the main desorption of
NH3 appears between 300 and 400 Therefore, it
seems that the medium acid sites in TiGansform to
strong acid sites by addition of sulfate. For the 3.0 and
6.6 wt.% sulfate, the feature of TPD spectra is similar
to that of the 1.5wt.% sulfated catalyst. But as com-
pared with the 1.5wt.% sulfated catalyst, the peak at-
tributed to the strong acid site gradually shifts to 345
and 321C, whereas the peak due to weak acid site
appears at the same temperature around@00

To quantitatively analyze the relation between
the generation of acid sites and the sulfate loading,
the amount of NH desorbed during NEITPD was
measured. Fig. 5 shows the relation between the
number of adsorbed ammonia per unit surface area
with sulfate contents per unit area. The initial increase
of NHs, after sulfate loading up to 1.5wt.%, corre-
spond to the increased rate of 0.18 Nkholecules
per sulfate molecule. An additional increase of sulfate
leads to a decrease of the number of {\Holecules
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Fig. 5. The generation of acidity and acid strength in3NFPD:
(@) from 100 to 500C; (M) from 400 to 500C.
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per sulfate molecule to 0.15 at 3.0wt.% and 0.12 at the SCR activity of the Ti@ sulfate catalyst is di-
6.6 wt.%, although the total amount of Niddsorbed rectly related to the amount of Brgnsted acid sites, as
increases due to an increase of both sulfate contentsconfirmed by XPS. They detected a peak at 401.7 eV
and surface area. Besides, the proportion of strong assigned to ammonia chemisorbed on Brgnsted acid
acidic sites to total acid sites decreases to 60 and 33%sites. However, since the adsorption of \Was car-
with the increase of the number of sulfate molecules ried out and probably measured at room temperature
per surface area. This reduction of strong acid sites in that paper, the peak of 401.7 eV cannot perfectly
is also consistent with the shift of temperature men- prove the role of Brgnsted sites as an active site for
tioned above in the TPD experiments. Considering SCR reaction at high temperature. The results only in-
the results of the sulfate species and S/Ti ratio accord- dicate the difference of total acidity between %i@nd

ing to sulfate contents, it appears that the generation TiO2 sulfate.

of total and strong acidity is not affected by the type = Accordingly, the influence of sulfate content and
of sulfate species, such as isolated and polynuclear, acidity on catalytic performance for SCR reaction at
but by the coverage of the surface of the Ti by sul- high temperature was studied. From these results, a
fate ions. Accordingly, it is concluded that the free type of acid site which is directly responsible for SCR
Ti ion surrounding the sulfate is responsible for the reaction at high temperature is described.

generation of strong acid sites. The SCR activities were measured under steady

With respect to the kind of acid site, it has been re- state conditions at 40C and the NO conversion ob-
ported that both Lewis and Brgnsted acid sites can be tained over titania sulfate catalysts as a function of
generated when a sulfate ion is introduced intosTiO  sulfate loading are shown in Fig. 7. No considerable
[6,11]. In order to investigate the effect of the type N2O and NQ were detected for the series of catalysts
of sulfate on the generation of Brgnsted and Lewis at 400C. The NO conversion over pure Ti@s lower
acid sites and to specify their strength, the concen- than 20%. After sulfation, all the samples show an in-
tration of both acid sites is compared using the peak crease of conversion up to 70-90%. The increase of
areas measured by FT-IR after jllddsorption. The  activity is consistent with the amount of NHdsorp-
Brgnsted and Lewis acid sites are assigned at 1430tion shown in Fig. 6.
and 1605 cm?, respectively. These results are shown
in Fig. 6.

After evacuation at 40, the 1.5 wt.% sulfate cat-
alyst contains more Lewis and Brgnsted sites than
both the 3.0 and 6.6 wt.% sulfate catalysts. This result
is consistent with that of TPR analyzed between 400
and 500C. Especially, the fact that the strong Lewis
sites are strongly related to the neighbor Ti ion for
sulfate concentration higher than 1.5wt.% evidences
the importance of sulfate coverage in the generation
of strong acid sites.

(9]

3.4. DeNQ activity

Relative intensity(a.u/m”)

®)

In SCR reaction of NO with Nkl there is no doubt —
that the acid function of catalyst is the main factor
which controls the high activity, but the fundamental
guestions about the nature of active ammonia species »
or active sites are still not fully answered. S0s wt%

In particular, surface acidity plays an important role Fig. 6. Concentration of Brgnsted (B) and Lewis (L) acid sites
in the adsorption and activation of ammonia at high for sulfated TiG samples evacuated at 4@ for 30 min, after
temperature. Chen and Yang [6] have proposed that adsorption by ammonia at room temperature.
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100 40

action than other catalysts. As can be seen in Fig. 6,
the trend of Lewis acid sites along with the sulfate

contents is consistent with that of areal TOF, whereas
there is no direct relationship with the Brgnsted acid

E: ' sites. This relationship would indicate that the actual
£ active site for SCR reaction on the TiGulfate cata-

5 25 lyst is not a Brgnsted acid site but a Lewis acid site.
>

g

)

=) 2 .

Z. 4. Conclusions

Areal TOF(mole NO converted x10 /s/m )

The addition of sulfuric acid during the preparation
0 of TiOy, leads to an increase in the surface area and
” the formation of sulfate complexes at the surface.
S=0O concentration on the surface decreases when
the surface is saturated by sulfate ions. This is due to
Fig. 7. NO conversion and TOF value for the SCR reaction vs. the formation of polynuclear sulfate species.
Sulfate contents. It is not clear that the polynuclear sulfate cannot
extract as many electrons as isolated sulfate to generate
a strong acidity. But the coverage of titania which can
When the sulfate contents further increase in2liO  pe evaluated by the S/Ti ratio is closely related to
sulfated catalyst, the NO conversion almost linearly acidity and acid strength. Accordingly, the increase of
increases, although the increase in the rate of conver-gyifate amount per unit area induces a decrease of the
sionis smaller. But, itis not easy to detect the influence yeg| density of strong acidity per surface area.
of acidity and acid site, since, considering the differ-  The areal TOF of NO for SCR reaction is higher in
ence of surface area, it is supposed that the differencethe case of Sg#~=1.5wt.%. This is due to its strong
in NO conversions is mainly affected by the increase acidity at high temperature. Especially, the strong

of this parameter. Thus, for interpreting the real effect | ewis sites are directly related with DeNQctivity.
of acid sites and acidity and excluding the influence

of surface area, the areal TOF value was used. Areal
TOF represents the number of converted NO moles Acknowledgements
per unit time (s) and area @n
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