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Abstract

Mixed vanadia—titania—silica catalysts (3 or 6 wt%Q, and 16-34 wt% Ti@) were one-pot prepared by sol-gel and hydrothermal
methods in the presence of surfactants. Sodium silicate (25.5-28.5% silica) or tetraethylorthosilicate was used as a precursor fo
silica; tetraisopropylorthotitanate or titanyl acetylacetonate, for titania; and vanadyl sulfate or vanadium acetylacetonate, for vanadia.
Cetyltrimethylammonium bromide, octadecyltrimethylammonium bromide, or dodecylamine was used as a surfactant. The catalysts were
characterized by adsorption and desorption curves08fN77 K, NH3-DRIFTS, H-TPR, XRD, in situ Raman spectroscopy, XPS, and
TEM. The catalysts were tested in NO reduction with ammonia using a total flow rate of J@@im#nd a feed composition of nitric
oxide 0.1 vol%, ammonia 0.1 vol%, oxygen 3 vol%, in helium. Vanadia was found to be entrapped in these catalysts as V(V) species in
which the population of ¥-O monomeric bonds strongly depended on the dispersion. Titanium also existed in a very oxidated state, and
for high dispersions it adopted a tetrahedral coordination. These structures led to surfaces on which mainly Lewis acid sites are effective
under reaction conditions. Under such conditions, the dominant route followed an Eley—Rideal mechanism, yielding in such a way very high
activity and selectivity. A comparison with a conventiongl®5-TiO» catalyst led to the conclusion that the intrinsic activity of one-pot
prepared polymeric sol-gel catalysts is higher.
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1. Introduction Several studies reported the application ofO¢—TiO>—
SiO, catalysts in SCR using various preparation methods.
Almost all these preparations considered the deposition of
vanadium on mixed Ti@-SiO, oxides prepared either by
coprecipitation or by the sol-gel method. Shikada et al. [22]
and Odenbrand et al. [23] prepared mixed FHSIO, ox-

In selective catalytic reduction (SCR),2@s5 supported
on TiO, represents the conventional composition and shows
high activity [1]. However, in practical application, Ti@x-
hibits several drawbacks such as poor mechanical strength, . . .
ides by coprecipitation and vanadium was subsequently in-

low surface area, and high cost. To improve properties, many ) . . )
methods have been developed and applied [2-5]. Studiestmd'Jceol by impregnation with N¥Os. Shikada et al. [22]

concerning the modification of TiJproperties by addition e}nd .Vogt etdal. [ZA('j]. proposed.a p:joceddurt()a n which b(.)th
of other metal oxides have attracted much interest [6-11]. ]Eltamum anl vanadium V\I/?erfa c;r;]trokur(]:e yl m;gregnatmn d
Among these, articles have explained strong interaction be- r_?m severa p:jec_‘”sc,’rs- alal ya (Sj ahet al. [25] prepare
tween TiQ and SiQ [12-21]. silica-supported titania samples and thepO¢ was .|m— _
pregnated on these supports. They observed a higher in-
trinsic activity on \bOs5-TiO2>—SiO, than on \bO5—SiOy.
* Corresponding author. Silica-supported vanadia catalysts require a higher vanadia
E-mail address: grange@cata.ucl.ac.be (P. Grange). content to reach a conversion similar to that of titania- or
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alumina-supported catalysts. In addition, they found that the VTSN3 catalyst was prepared without surfactant. Commer-
TiO2 content is significant in increasing SCR activity. Handy cial reagents were used as received.

et al. [26] also prepared XDs—TiO,—SiO, catalysts by re- VTSN1 sample was synthesized by hydrothermal treat-
acting vanady! triisopropoxide with sol-gel-prepared HO  ment on the basis of molar gel composition of 1.00S8iO
SiO; mixed oxide. These authors indicated that this might 0.28Ti%,:0.045V0,:0.47CTMABI:0.28Na0:3.2TMAOH:

be a way to provide highly active and stable catalysts, if 186H0. Vanadyl sulfate (solution 2 wt% in 2-propanol) and
the titania is partly present in crystalline form. Reiche et al. TA were added dropwise to a mixture of sodium silicate, wa-
reinvestigated the structural properties of these catalysts [27]ter, and surfactant. After 2 h stirring, the tetramethylammo-
and showed that vanadia grafted on Z#3iO, shows lower  nium hydroxide (25 wt% TMAOH in water) was added. The
intrinsic activity than \AOs—TiO, prepared by the sol-gel  pH value of the gel was adjusted to 11 wita$04. The gel
method but no deactivation was observed on these catalystsobtained was kept under vigorous stirring at room temper-
Studies reported recently by Sorrentino et al. [28] confirmed ature overnight. After that, it was autoclaved at 373 K for
this behavior attributing the performance of vanadia grafted 3 days. The solid products were recovered by filtration and

on TiO,—SiO, catalysts to the size of the)@s clusters. washed with bidistilled water.
From previous results, it can be concluded that the = VTSN2-VTSN7 catalysts were obtained by the poly-
degree of interaction between TiGnd V205 in V05— meric sol-gel method with a molar SiQriO,/V20s ra-

TiO2—-Si®,; is a dominant factor in SCR activity and the tio of 1.00/0.14/0.022. The molar ratio of surfactant/silica
preparation method is very important in determining the was 0.21. For VTSN2-VTSN4 samples, the sol-gels of
effective structure of YOs—TiO,-Si0,. To find a way to  sjlica (A) and titania (B) were obtained in two differ-
obtain a high degree of interaction between FW,0s ent ways. For A, a mixture of TEQS, ethanol, and water
in V205-TiO,—SiO, without loss of surface area and with  (Sj0,/EtOH/H,0 for a molar ratio of 15.2/5.2) was re-
improved physical properties, attempts at a new preparationfiyxed (pH 1) at 353 K for 2 h. Then, the sol-gel obtained
of V205-TiO2-Si0; are of interest. was cooled to room temperature. For B, a mixture of TIPOT,
The aim of this work is to prepare one-pof®s—TiO2— 2-propanol, and acetic acid (TIP@T3H;OH/CH3COOH
SiO; catalysts using the sol-gel technique and to elucidate mo|ar ratio 3/9.5/1.5.2) was stirred for 3 h. CTMABr so-
if the behavior of \,O5-TiO,—Si0, with higher SCR activ-  |ution (C) was obtained by mixing CTMABT with water for
ity is related to the increased selective interaction between . Vanadyl sulfate was added, under stirring, to mixture B.
V205-TiOz in TiO2-Si0, support. The samples have been go|ytion C was added either concomitantly in ar-8 + C
prepared by co-addition of the2®s precursor during the  yixtyre (samples VTSN2 and VTSN4) or to the premixed
preparation of Ti-MCM41-like structures. A thorough char- A 4 B mixture (sample VTSN3) and the gelation was car-
acterization of these catalysts has been made to determingieq out at room temperature. For VTSN4, acetylacetone was
the influence of the preparation method on catalyst struc- 4qged to B after the addition of vanadyl sulfate (the amount
ture, then their catalytic behavior in SCR of NO with BiH ot acetylacetone was calculated as function ofsTie mo-
was investigated and discussed. lar TiO,/acetylacetone ratio wag@.15).
VTSN5-VTSN7 samples were prepared by first mixing
the silica sol-gel (A) with the titania sol (B). For these

2. Experimental catalysts, the mixture (B) was obtained by mixing a solution
of TIPOT in 2-propanol with acetylacetone and vanadyl
2.1. Catalyst preparation sulfate. Solution C was added to the4AB mixture and

the gelation was carried out at room temperature. The

Mixed vanadia—titania—silica catalysts were one-pot pre- composition of the gel was 1.00Si0.14Ti0,:0.022\%0s
pared by the sol-gel method in the presence of the surfac-for VTSN6 and VTSN7, and 1.00S§®.14Ti0,:0.06V20s
tants. The sols obtained were gelatinized at room temper-for VTSN5. In the case of VTSN7 the surfactant was
ature (VTSN2-VTSNS8) or hydrothermally treated after a ODTMABT.
gelation time (VTSN1, VTSN9). VTSN8 sample was prepared using TEOS, TIPOT, and

The molar compositions of the synthesizegl®/TiO2/ vanadyl acetylacetonate as precursors and DA as surfactant.
SiO, gels were 1.000.28/0.022, 1.000.14/0.022, and  The SiQ/TiO2/V20s molar ratio was 10.14/0.022. An al-
1.00/0.14/0.06. The reagents used as precursors were so-coholic solution of TEOS, TIPOT, and vanady! acetylacet-
dium silicate (25.5-28.5% silica) (SS) or tetraethylorthosili- onate in ethanol and 2-propanol (ethg/8{, molar ratio
cate (TEOS), for silica; tetraisopropylorthotitanate (TIPOT) of 7, and 2-propang5iO, molar ratio of 1.5) was mixed
or titanyl acetylacetonate (TA), for titania; and vanadyl with the solution of DA in water (DASIO, molar ratio of
sulfate (VS) or vanadyl acetylacetonate (VA), for vana- 0.3 and BO/SiO, molar ratio of 37). The mixture was ho-
dia. Cetyltrimethylammonium bromide (CTMABI), octade- mogenized under vigorous stirring at room temperature for
cyltrimethylammonium bromide (ODTMABr), and dode- 2 h, and then was aged for 12 h. The solid was filtered and
cylamine (DA) were used as surfactants. For comparison washed.
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VTSN9 was synthesized by hydrothermal treatment. The 2.2.2. Temperature-programmed reduction

gel composition was: 1.00Si®.14Ti%:0.045VQ:0.2 Temperature-programmed reduction (TPR) measure-
CTMABI:5.2ETOH; 1.0iPrOH:0.076504:100H,0. The ments with H were carried out in the same fixed bed quartz
sol of silica with composition 1.0Sig5.2EtOH/5.2H,0 microreactor as that used for the catalytic testing. Four hun-

and pH 1 was refluxed 2 h at 353 K and then cooled to room dred milligrams of sample was heated from room tempera-
temperature (mixture A). Mixture B was obtained by mix- ture to 773 K at the rate of 11K mirt in a diluted flow of
ing vanady! sulfate, 2-propanol, and TA. CTMABr was dis- H2 (5% Hz in He at 27 mImin®) and kept at 773 K for 8 h.

solved in water slightly acidified with $60, (mixture C).  After being cooled to room temperature under flw, the
The three solutions were mixed and then added dropwise inS&mple was purged with He (15 ml-rm%p for 3 h. The B
water. The mixture was autoclaved at 373 K for 3 days. and RO desorbed were analyzed with a Balzers Quadrupole

All catalysts were dried at 373 K and calcined at 773 K, QMG 311 mass spectrometer. Released amounts were deter-

first in a nitrogen flow with a ramp of 2 K min- and then in mined from calibration of the MS signals and calculation of
an air flow for 6 h the peak areas using a subroutine program.

For comparison, a conventionap®@s—TiO, catalyst with
2.3 wt% Vo Os5 was prepared using a procedure described in
a previous article [29].

2.2.3. X-ray diffraction

The X-ray diffraction (XRD) patterns were recorded at
40 kV and 50 mA with a Siemens D-5000 diffractome-
ter equipped with a variable-slit diffracted-beam monochro-
2.2. Catalyst characterization mator and scintillation counter. The diffractograms were
recorded in the range 0-8@9 min—! using Cu-K, radi-

. . _ ation (. = 1.54183 A).
Elemental analysis of V, Ti, S, and Si was performed

by atomic emission spectroscopy with inductively coupled 2.2 4. Transmission electron microscopy

plasma atomization (ICP-AES) after drying of the samples  TEM analysis was done with a Tecnai Philips microscope

overnight at 373 K (Table 1). The sulfur content of the with an accelerating voltage of 100 kV.

activated catalysts was less than 0.2 wt%. Adsorption and

desorption curves of Nat 77 K were obtained with a  2.2.5. In situ Raman spectra

Micromeritics ASAP 2000 apparatus after degassing the In situ Raman spectra were obtained usindl50-mg

samples at 423 K for 12 h under vacuum. samples of the catalysts, which were pressed into self-
supporting wafers and mounted on an adjustable holder
in the center of the in situ Raman furnace, which is

221 DRIFTS mounted on aryz plate. Temperature was controlled with

In situ diffuse reflectance infrared Fourier transform spec- 5 thermocouple placed inside the holder, near the catalyst.
troscopy (DRIFTS) spectra were collected in a Bruker IFS88 1o gases used were; QUAir Liquide 99.995% purity),

infrared spectrometer with KBr optics and a DTGS detector. 1 goo ppm NH/N2 and NO/N, mixtures (LAir Liquide),
Pure samples were placed inside a commercial controlledgng N, (L'Air Liquide 99.999%) as a balance gas and were
environmental chamber (Spectra-Tech 0030-103) attachedmixed using electronic mass flowmeters (Brooks Instru-
to a diffuse reflectance accessory (Spectra-Tech collector).ments Model 5850E). The gas feed consisted of 2000 ppm
To investigate the stability of the adsorbed ammonia speciesNO, 2200 ppm NH (ratio NHs/NO = 1.1), and 2% Q bal-
during temperature elevation, the spectra were recorded un-anced in N or various mixtures of these at a total feed flow
der helium (30 mIminl) at room temperature and 373, 523, rate of 50 cr min—2.

and 573 K, after exposure to an ammonia flow for 30 minat  In situ Raman spectra were excited using the 488.0-nm

room temperature. line of an Ar" ion laser (Spectra Physics Model 164), which
Table 1
Chemical composition of the investigated catalysts
Catalyst Surfactant Vanadium Titania Silica Chemical composition (wt%)
precursor precursor precursor Si0 TiOy V20g
VTSN1 CTMAB2 VS TA SS 71 26 3
VTSN2 CTMAB2 VS TIPOT TEOS 81 16 3
VTSN3 CTMAB2 VS TIPOT TEOS 81 16 3
VTSN4 CTMAB2 VS TIPOT TEOS 81 16 3
VTSNS CTMAB2 VS TIPOT TEOS 62 32 6
VTSN6 CTMAB2 VS TIPOT TEOS 63 34 3
VTSN7 ODTMAB2 VS TIPOT TEOS 62 32 6
VTSN8 DA VA TIPOT TEOS 81 16 3
VTSN9 CTMAB2 VS TA 71 26 3
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was focused on the catalytic wafer by a cylindrical lens and Table 2
operated at a power level of 30 mW at the sample. The scat-Textural characteristics of the catalysts
tered light was collected at 9@horizontal scattering plane),  Catalyst BET surface area  BJH desorption average  Pore volume

analyzed with a 0.85-m Spex 1403 double monochroma- (m?g~1) pore diameter (nm) (chg™?)
tor, and detected by @20°C cooled RCA photomultiplier ~ vTsN1 35 481 032
equipped with EG&G photon counting electronics. VTSN2 239 3 0.16
Each sample was oxidized for 1 h in the in situ Raman VTSN3 14 303 0.07
furnace at 400C in pure flowing Q. Raman spectra were VISNa 709 p L7
- : VTSN5 1206 37 053
then recorded successively i NH3/N2, NH3/NO/No, VTSNG 094 21 052
NH3/NO/O2/N2, and @ at 400°C, after at least 1 h of  vTsN7 873 33 043
gas treatment. At the end of each sequence the sample wa¥TSN8 649 55 0.72
reoxidized and a spectrum was taken to confirm that the VTSN9 8 6ur 0.02

catalyst was reestablished in its initial oxidized state.

BET surface areas indicated that a certain percentage of mi-

2.2.6. X-ray photoel ectron spectroscopy cropores (to a lesser extent for VTSN1 and VTSN4-VTSNS)

The X-ray photoelectron spectra were recorded using exist in all the catalysts investigated. Of course for VTSN3
an SSI X probe Fisons spectrometer (SSX-/IWB) with and VTSNO the presence of micropores is almost excluded
monochromated Al-K radiation. The spectrometer energy pecause the surface areas are too small.
scale was calibrated using the Auf#, peak (binding Table 2 provides evidence of the effect of the prepara-
energy 84.0 eV). The samples were moderately heated with ajon procedures. It is worth noting that these preparations
quartz lamp in the introduction chamber of the spectrometer \yere repeated and the textural characteristics were measured
to promote degassing, thus improving the vacuum in the again to confirm the effect of the preparation parameters.
analySiS chamber. For the calculation of blndlng energies,A h|gh surface area and a monomodal pore size distribu-
the C I peak of the C—~(C,H) component at 284.8 eV was tjon mean a well-disposed architecture and this seems to be
used as an internal standard. The values collected for Sithe contribution of the advanced homogeneity of the three
2p constituted an additional indication of the Valldlty of ComponentS, name|y, vanadium, titanium, and silicon. Sev-
binding energies. The composite peaks were decomposegra| factors seem to provide support for such a homogeneity:
by a fitting routine included in the ESCA 8,3 D software. (i) the presence of the surfactant (see VTSN2 vs VTSN3)
The superficial composition of the investigated samples was and its length (see VTSN5 vs VTSNT7); (i) the way in which
determined using the same software. The bands assigned tghe sol-gel method is carried out (VTSN2 vs VTSN5), and

V, Ti, S, and Si 2 were considered. the presence of hydrolysis controllers like acetylacetone (see
_ o VTSN2 vs VTSNA4); (iii) the nature of the precursors (see
2.3. Catalytic activity VTSN1 and VTSN9). The use of titanium acetylacetonate

in these syntheses seems to be detrimental to achieving good
Activity measurements were performed in a continuous- textural properties.
flow fixed bed reactor operating at atmospheric pressure.  Textural measurements determined for the samples sub-

A 0.08-g sample was used in this work. The total flow rate jected to the catalytic tests for 6 h showed no change in sur-
was 100 mImin! and the feed composition was nitric oxide  face area or pore size distribution.

0.1 vol%, ammonia 0.1 vol%, oxygen 3 vol%, in helium.

The inlet and outlet gas compositions were measured using3.2. XRD

a quadrupole mass spectrometer QMC 311 Balzers coupled

to the reactor. Except for VTSN1 and VTSN9 no lines due to species
other than silica or to a mesoporous texture were observed.
The patterns of VTSN1 and VTSN9 show a very weak

3. Results shoulder at 2 25.64 which is very difficult to assign. It
may correspond either to a cluster of a vanadium oxide,
3.1. Textural characteristics V013 [30], or to anatase crystalline titania particles [20].

The peaks in the region62smaller than 5 suggest a

Table 2 gives the textural characteristics of the investi- mesoporous-like organization. The broadband centeretl at 2
gated catalysts. Mean pore size was determined from BJH20-25 is assigned to silica.
formalism considering the hysteresis desorbtion branch.
Only VTSN4-VTSN8 exhibited monomodal pore size dis- 3.3. H>-TPR
tribution. For VTSN4-VTSNS8 both the shape of the adsorp-
tion—desorption isotherms of \Nat 77 K and the pore size Fig. 1 gives the BFTPR profiles of several catalysts
distribution suggest that these correspond to typical meso-in comparison with a conventional )0s/TiO, catalyst.
porous materials. However, the comparisonsgflot and High-surface-area mixed oxides exhibit peaks with a small
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of vanadium in a (V) oxidation state. Berry et al. [31] re-
ported for V 23/, in a V(V) oxidation state a binding en-
owi% V205/TiO2 ergy of 517.7 eV, which is very close to the values mea-
sured for samples VTSN2-VTSN8. VTSN5 exhibited the
highest binding energy. The smaller values determined for
VTSN1 and VTSN9 may correspond to a partial reduction
to V(IV) [32]. The same behavior was also determined for
binding energies of Ti 23/, species. Except for the VTSN1
and VTSN9 samples, the binding energies were very close
VTSN4 to those of Ti(IV) [33]. These two samples might contain a

T e e part of Ti(lll). In addition, these data may give some infor-
e s 7™ mation about the coordination of titanium ions. According to

VTeNG several authors [27,34] a binding energy of 459.5 eV is typ-
Nww ical of tetrahedrally coordinated titanium, while energies of

VTSN3 about 458.5 eV indicate the presence of some octahedrally
coordinated titanium in the sample.

O 1s binding energies associated with oxygen in Ti-O
and Si—O bonds varied in a limited range. A tendency toward
more oxidized species was again found for VTSNS.

The relative XPS atomic ratios may give in this case use-
ful information about the dispersion. Table 3 compares XPS
and chemical ratios. The NTi + Si+ V) ratios were al-

8000 220 400 420 =00 =s0 e00 es0 most the same, even if very small differences were found for

VTSN4 and VTSN7. Nevertheless, these two samples con-

tain twice the vanadium of the other samples and the calcu-

Fig. 1. H-TPR profiles of VTSN samples compared with the conventional - |ated XPS ratios might be evidence of very good dispersions.

V205-TiO; catalyst. Very good dispersions were also found for titanium. A very
weak tendency for superficial agglomeration might be sup-

area located at high temperatures. VTSN3, which has aposed only for VTSNO.

small surface area (see Table 2), exhibits a high hydrogen

consumption associated with a peak located at 800 K. Such3.5. In situ Raman spectra

behavior may suggest that vanadia is agglomerated in this

catalyst at least to a certain level. Large peaks were also  For brevity, the discussion in this section concerns the cat-

determined for the commercial 2@s/TiO2 catalyst but  alysts that exhibit either very high or very low SCR catalytic

these were located at much lower temperatures, namely, 708ctivity, namely, VTSN5 and VTSN1. These samples con-

Intensity(a.u)

527°C

Temperature(°C)

and 783 K. stitute, as will be demonstrated in the relevant section, the
two “extreme” cases in reactivity. A correlation between the
3.4. XPS structural and vibrational properties of the dispersed surface

vanadia species and the textural and catalytic properties of

Table 3 compiles the XPS data measured for the in- these samples is attempted.
vestigated catalysts. Except for VTSN1 and VTSN9, bind-  Fig. 2 illustrates sequential in situ Raman spectra of
ing energies for V 23> species indicated the existence the VTSNS catalyst recorded after exposure to the various

Table 3
XPS binding energies, relative XPS ratios, and chemical ratios
Catalyst Binding energy (eV) Relative XPS ratios Chemical ratios
Ti2p3/2 Si2p V 2p3/ Ti-O 1s Si-0 Is V/(Ti4Si+V) Ti/(Ti+Si+V) V/(Ti4+SiHV) Ti/(Ti+Si+V)
VTSN1 458.8 103.3 516.8 530.4 532.5 0.17 0.06 0.023 0.21
VTSN2 459.4 103.6 517.4 530.7 532.8 0.17 0.08 0.023 0.13
VTSN3 459.5 103.3 517.5 531.2 532.6 0.17 0.09 0.023 0.13
VTSN4 459.4 103.8 517.4 530.8 533.0 0.20 0.08 0.023 0.13
VTSN5 459.5 103.8 517.8 531.0 533.1 0.26 0.07 0.047 0.28
VTSN6 459.3 103.6 517.4 530.7 532.9 0.17 0.08 0.023 0.28
VTSN7 459.3 103.6 517.5 530.7 532.9 0.28 0.08 0.047 0.28
VTSN8 459.5 103.7 517.4 531.0 532.9 0.16 0.06 0.023 0.13

VTSN9 458.5 103.1 516.9 530.5 532.4 0.21 0.10 0.023 0.21
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VTSN5 ,l/ 1030 mation of V—O-Si bonds [45,48]. Significantly, a band at
1065 1060-1070 cm?, assigned also to the same silica function-
\ ~910 alities, appears together with the915 cnt! band [45,48]
and this is also the case in Fig. 2 (spectra a and e). Fur-
(e) O, 673K L o™ thermore, no crystalline vanadia is present, judged by the
absence of its characteristic 994 thiband. Therefore, it
(d)G';‘;séNO/Oz/N o | UL ot is more likely that vanadia occurs exclusively in the form

of isolated G=V—(O—-M)3 species at the dehydrated catalyst
(©) NH/NOIN., surface. Thus, a very good dispersion of vanadia must pre-
673K LA d fh ‘ vail in the case of VTSN5. However, Raman experiments
m alone cannot allow us to deduce whether an isolated VO
unit possesses only three oxygenated Si(IV)-i@ands or
only three Ti(IV)-O ligands or a combination of the two
types [48]. Finally, it should be pointed out that the strong
background seen in spectrum 2a does not reappear after cy-
cling the catalyst under NgYNO/O, /N> conditions.

Spectrum 2b is obtained at 673 K after 4 h of exposure to
NH3/N> flow and the following observations can be made.
(A) The 1030 cnt! V=0 band has lost some of its intensity
and appears to have a low-frequency shoulder indicating that
adsorptioricoordination of NH perturbs the =0 groups

1300 1200 1100 1000 900 800 700 of the monomeric species and elongates certaiOvbond
‘ . distances. (B) The broad feature-a®10 cntt is no longer
Raman Shift (cm") observed. Thus, if the band was due to polymeric vanadates,
Fig. 2. Sequential in situ Raman spectra of VTSN5 catalyst: (a) at 723 K it appears that the polymers have been _re,duced' But, as
under pure @ right after calcination in the Raman furnace; (b) at 673 K Mentioned above, the- 910 cnt! band originates most
under NH;/No; (c) at 673 K under NH/NO/No; (b) at 673 K under NH/ probably from Si—O functionalities of V—-O-Si bonds [45,48]
NO/Oz/Ng; (e) at 673 K after reoxidation with pureyOLaser wavelength; and its disappearance would imply severe perturbation of a
}YO = 4880 nm; laser power]g = §0 mW; scan rate,_lsst 6 cm 1 min—1; number of such bonds on exposure toNH
time constanty = 1 s; spectral slit width, ssw 8 cm—-. Spectrum 2c is obtained at 773 K under flowing 3yH
NO/N2 (after 1 h of exposure) and it is evident that
NH3/NO/O2/N2 gas atmospheres indicated in the figure. admission of NO along with Nk/N, does not induce
Spectrum 2a is taken undep @t 723 K right after the cata-  significant changes compared with spectrum 2b except for
lyst calcination (at 773 K) in the Raman furnace. This spec- a partial reappearance of the910 cnt! band, indicating
trum represents the fully oxidized state of the catalyst under that the state of the surface species is not affected much by
dehydration conditions and shows that dispersed vanadia isthe presence of NO. After 1 h of exposure to reaction mixture
present predominantly in the form of mono-oxo monomeric NH3z/NO/O,/N> (spectrum 2d) the intensities of the910
vanadyl species with the characteristic=0 stretch at  and 1030 cm! bands are almost restored and the spectrum
1030 cn1! possessing probably a distorted tetrahedral con- resembles that of the fully oxidized catalyst. However, the
figuration with three anchoring V-O—-M bonds. The liter- overall shape of the 1030 cmi band remains asymmetric,
ature abounds with assignments of sharp bands in the re-till possessing a low-frequency shoulder, indicating that
gion 1026-1042 cm! to V=0 modes of isolated ©V- during reaction there is still (although to a less extent)
(O-M)z species, observed under dehydration conditions for perturbation of the ¥-O bonds which was found to be
V205 catalysts supported on various oxides [35-47]. Fur- caused by the presence of hlHrinally spectrum 2e shows
thermore, a broad feature centered-é@10 cnt! indicates that after reoxidation at 673 K, the spectral features of
the possible presence of polymeric vanadates [35-44]. Thisthe fully oxidized catalyst are restored and the 1030 tm
is in agreement with recently reported Raman spectra of aband regains its former intensity and symmetric shape.
VO,-MCM catalyst, in which a sharp band at 1040 and a Close inspection of Fig. 2 reveals that the restoration of
broadband at- 920 cnt! were assigned to ¥O modes spectral features of the fully oxidized catalyst began when
of monomeric surface V@species and to stretching vibra- NO was added into the N&IN> feed (see Fig. 2c, partial
tions of terminal vanadyl groups within a two-dimensional reappearance of the 910 cnm ! band). This is explained by
surface phase, respectively [47]. However, the assignment oftaking into account that adsorbed Blieacts with NO and
this band requires caution since it has been demonstrated thathus its surface concentration is diminished in the presence
such a weak and broadband~a®15 cnt* for V,0s5/SiO, of NO in the catalyst environment. On the other hand, it is
and \,05/TiO2/SIO; catalyst samples most likely origi-  well known that @ accelerates the SCR of NO by NH
nates from silica (Si—O) functionalities, indicative of for- So, the concentration of adsorbed Ni expected to be

(b) NH/N,, 673 K

Relative Intensity
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Fig. 3. In situ Raman spectra obtained at 673 K for: (a) VTSN5 under
pure @; (b) VTSN1 under pure @ and (c) VTSN1 under NkI/No.
Ao = 4880 nm; o =60 mW;sr=6 cm Imin~1; r =1s;ssw=8cmL.

further diminished, and in turn the spectral features of the
fully oxidized catalyst to be approached, oan &ddition in
the gas feed.

Figure 3 compares the in situ Raman spectra of VTSN5
and VTSN1 at 673 K under pure flowing,(spectra 3a
and 3b) and shows also the VTSNL1 catalyst undeg N
(after 1 h of exposure). Spectrum 3b shows that VTSNL, in
its fully oxidized state, doesot contain isolated monovana-

V.. Parvulescu et al. / Journal of Catalysis 217 (2003) 172-185

broad 800-820 cm! feature may originate from V-O-V
bridging modes [35,49]. The following considerations pro-
vide further support to this tentative assignment.

The bond lengths and bond orders of terminat® and
bridging V-O-V bonds in mono- and polyvanadate species
can be estimated from the following empirical formulas
derived from examination of a large number of model
compounds [51]:

v = 21349 exp—1.9176R),
BO =[0.29121n21349v)] >*.

1)
()

Here v is the vibrational wavenumber (cth), BO is the
bond order, andr is the V-O bond length (angstroms).
Egs. (1) and (2) can be used alongside observed Raman
wavenumbers (Figs. 2, 3) to check the consistency of
proposed coordinatiofiassignments with the constraint that
the sum of the bond orders of V-O bonds involving a
particular V(V) atom should be 5 valence units (vu).

Thus for the 1030 cmt band seen for VTSNS5 (Figs. 2a,e)
which was assigned to O groups of isolated ©V-
(O—-M)s distorted tetrahedral species, Eqgs. (1) and (2) lead
to values of 1.88 for bond order and 1.58 A for bond length.
Therefore the remaining three V-0 bonds (along V-O-M
bridges) share a total of 3.12 vu, corresponding to an aver-
age bond order of 1.04 vu and bond length of 1.77 A per
anchoring V-0, and this provides a good check on the above
constraint.

Likewise, if the~ 925 cnT! band (the one with the 910
and 940 cm! components) observed for VTSN1 (Fig. 3b)
is assigned to O vibrations of polyvanadates, we obtain
an average value of 1.58 vu for bond order and 1.64 A
for bond length. The bond order and bond length of the
~ 810 cn! band, which was tentatively assigned to V-
O-V, are found to be 1.28 vu and 1.71 A. Thus, these
average bond order values allow for the suggested [50]

date (VQ) species, as can be seen from the absence of themolecular structure of a terminal&0O bond (1.58 bond

characteristic band in the 1030 chregion. Furthermore,
no band indicative of crystalline 305 formation is found

in the characteristic 994 cm position. The observed bands
include a broad feature centered-a®25 cnm ! with compo-
nents at 940 and 910 cm and another broadband centered
at~ 810 cntl. The assignment of the band in the vicinity
of 910 cnt?! requires caution since, apart from polymeric

order) with two bridging V—O-V (1.28 bond order and a
total of 2x 1.28= 2.56) andone V-O—M bond (bond order
close to unity) for the polymerized vanadate species. The
broadness of the 925 and 810 thbands of course allows
for alternative attributions of wavenumber values within
the regions of the two broadbands to=® and V-O-V
modes, respectively. Egs. (1) and (2) then lead o variations

vanadates, Si—O functionalities also give rise to bands in thein the involved bond orders and lengths and can also lead
same region, as mentioned above [45,48]. However, the ab-to an alternative coordination around a portion of vanadium

sence of the 1065 cnt silica band, which should also be ob-
served if the 910 cm! shoulder was due to silica, allows us
to safely assume that there is no contribution of Si—O func-
tionalities to the 910-940 cnt feature. Thus, the VTSN1

atoms in the polymerized vanadate, namely, the one with a
terminal V=0 bond,one bridging V-0O-V, andwo V-O-M
bonds [49].

Exposure of the VTSN1 catalyst to NN leads to

catalyst in its fully oxidized state contains vanadia exclu- near-to complete reduction of the polymeric vanadia species,
sively in the form of polymeric vanadates, probably in the as evidenced from the disappearance of the bands due to
form of corner-sharing V@tetrahedra with one or two V-  polymerized species in Fig. 3c. Unfortunately, the reduced
O-V bonds per vanadium [49,50]. The bands in the region surface vanadia species do not give rise to new Raman bands
910-940 cm! can be assigned to terminaB\O modes of owing to their very weak or inactive Raman signal, most
polymeric vanadates as proposed earlier [35,42,43] and thdikely also because of the absence of the® functionality,
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Fig. 4. NH3-DRIFT spectra collected at 298 K for VTSN1, VTSN5, VTSNG6, and VTSNS.

which is associated with a strong Raman signal [52]. The to ammonia adsorbed on Lewis acid sites, but these are
poor catalytic performance of VTSN1 might be explained still present after the temperature was raised to 523 K. The
by incorporation of vanadia in multilayers, thus making it increase in temperature from 373 to 523 K leads to an

inaccessible. increase in the ¥ =0 overtone band intensity located at
1955 cnt!. This corresponds to an advanced desorption of
3.6. NH3-DRIFT different N—H species.

Figs. 4-6 show the NEiDRIFT spectra collected at room _
temperature and at 373 and 523 K, respectively, for VTSN1, 3.7. TEM analysis
VTSN4, and VTSNS5. Similar spectra were collected for the

other catalysts investigated. These spectra contain bands due , ,
to ammonia adsorbed on both Brensted (1430 tnand Figs. 7 and 8 are the TEM images corresponding to

Lewis (1610 le) acid sites. The bands at 3372, 3274, VTSN5 and VTSN1 catalysts which are the limit cases
2994, 2790, and 1658 cm after adsorption of Nilat room in terms of catalytic activity (see below). For VTSN5 an
temperature are due tesN—H), vs(N—H), 28aH-N—H), important part exists as typical MCM-41 organized material,
25s(H-N—H), andsa(H-N—H) species adsorbed on Lewis @s shownin Fig. 7. VTSN6 also shows this texture to a large
acid sites of the surface [53]. The increase in temperatureextent, while for VTSN7 and VTSN4 this was evidenced
leads to a decrease in the intensity of the band located atto a smaller extent. An amorphous part is also present. For
1430 cnt!, which almost disappears at 523 K, indicating VTSN1 and VTSN9 only an amorphous phase was detected,
that under such conditions most of the ammonia is desorbed while for the other samples the amorphous part was also
A decrease in the intensity also occurs for the band due dominant.

3740

1290
1430 \W
1610

-
W

VTSN1

Intensity(a.u)

4300 3800 3300 2800 2300 1800 1300 800
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Fig. 5. NH3-DRIFT spectra collected at 373 K for VTSN1, VTSN5, and VTSNS.
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Fig. 6. NH3-DRIFT spectra collected at 523 K for VTSN1, VTSN5, and VTSNS8.
3.8. Catalytic data experiments, exhibit a maximum of conversion in the range

573-623 K, followed at higher temperatures by a decrease

Figs. 9 and 10 illustrate the catalytic performance of the in conversion.
catalysts in comparison with the commerciai(%,/TiO> The third category concerns the VTSN2, VTSN4, VTS-
catalyst. These data divide the mixed vanadia—titania—silicaN5, and VTSN7 catalysts. These catalysts show conversions
catalysts into three categories. The first corresponds to catin the range 40-90% but typical dependencies of the
alysts that exhibit no activity, namely, VTSN1 and VTSN9. conversion on temperature, namely, a maximum in the range
Very surprisingly, these catalysts exhibit ammonia oxidation 573-623 K. The performance achieved with VTSNS is
activity. On both catalysts, under the conditions of the inves- noteworthy. The conventionalDs/TiO, catalyst appears
tigation, about 15% of ammonia was oxidized to nitrogen to be less active than VTSN4, VTSN5, and VTSN?7.
and nitrogen oxide. Figs. 11 and 12 give the selectivity of these catalysts.

The second category concerns catalysts that show aThe catalysts exhibit an almost total selectivity to nitrogen.
conversion between 20 and 60%. A peculiarity of these It is worth noting that such an extremely high selectivity is
catalysts is that the conversion increases monotonouslypreserved even at 623 K. Very high selectivity to nitrogen
with temperature up to 723 K. Typical SCR catalysts, over the whole range of temperatures investigated was also
as the WOs5/TiO2 catalyst used for comparison in these achieved for VTSN3 and VTSNS8. A very important aspect

T W W s =
O N R L " & t H R i o

Fig. 7. TEM images corresponding to VTSN5.
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Fig. 8. TEM images corresponding to VTSNL1.

related to the catalytic behavior of these catalysts is that, VTSN9) led to different structures. The hydrothermal proce-
except for VTSN1 and VTSN9, which showed no activity dures led to amorphous materials with very small surface ar-
in this reaction, all others showed higher selectivity than the eas. A very small surface area was also obtained for VTSN3.
conventional \4Os5/TiO»>. For VTSN1 and VTSN9, vanadia was supposed to be par-
tially segregated in clusters as shown by a very weak shoul-
der in XRD patterns. bt TPR profiles indicated a hydrogen

4. Discussion consumption almost as large as that determined for a con-
o ventional \bOs5/TiO> catalyst, which may also indicate the
4.1. Structural characteristics existence of the agglomerated species.

Contrarily to these samples, use of the sol-gel method

One-pot preparation of mixed vanadia—titania—silica cata- in the presence of surfactants led to materials with very
lysts by the sol-gel method in the presence of the surfactantshigh surface areas (see Table 2). The structures resulting
(VTSN2-VTSNS8) or by hydrothermal treatments (VTSN1- from these preparations were better organized, leading to

100
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—A-VTSN 8
80 g0 || ~@-V205Ti02
—X-VTSN 3 o
= - B VTSN 1and VTSN 9 T
g S
HE %
2 ®
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5 —A-VTSN 5 g P
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= -@-V205/Ti02 3
—0— VTSN 2 /X
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0 0 - - ] »
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Fig. 9. Comparative catalytic performance of VTSN with the conventional Fig. 10. Comparative catalytic performance of VTSN with the conventional
V50s5/TiO, catalyst (0.08 g catalyst; flow rate 100 mimth feed V505/TiO, catalyst (0.08 g catalyst; flow rate 100 mimiy feed
composition: nitric oxide 0.1 vol%, ammonia 0.1 vol%, oxygen 3 vol%, composition: nitric oxide 0.1 vol%, ammonia 0.1 vol%, oxygen 3 vol%,
in helium). in helium).
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= —* duced whether an isolated \fQunit possesses only three
oxygenated Ti(IV)-O ligands, or only three Si(IV)-Olig-
ands, or a combination of the two types [48].

NH3-DRIFT spectra indicated, for all the catalysts inves-
tigated, the existence of both Brgnsted and Lewis acid sites.
Spectra collected at high temperatures (523 K), namely,
close to that of the catalytic conditions, indicated almost
complete disappearance of the bands corresponding to Brgn-
sted acidity, while those associated with Lewis acid sites
o were active. These investigations, using sensibly equal
o2 amounts of the sample, also showed that it is hard to distin-
o guish between the different samples even if a slightly higher

150 . P remperatwe (0) “ . acidity was evidenced for VTSN5. The source of the acid-

ity might be the linkage Ti-Si or V=Si or V-Ti. In the case
Fig. 11._ Selectivity of VTSN catalysts compared with conventional of MCM-41 organized samples, and mainly for VTSN5, the
V205/TiO; catalyst. acidity is expected to be improved because of the better dis-
persion of vanadium and titanium and because of the coor-

1 x
- k’:—_’:_’\x dination adopted by these elements under such conditions.
0.9 VTSNS 4.2. Catalytic activity
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£ 092 The catalytic behavior was different for the various
0.9 samples investigated: VTSN1 and VTSN9 exhibited no SCR

activity, but were able to oxidize ammonia, VTSN3, VTSNG,
and VTSN8 showed moderate activity, and the conversion
0.64 increased monotonously with temperature up to 723 K, and
VTSN4, VTSN7, and VTSN5 exhibited high SCR activity,
the conversion per gram of catalyst being superior to that of
150 260 250 360 350 460 450 500 V205-TiO,.

Temperature (°C) From a textural point of view these categories correspond,
first, to very low surface area materials, second, to nonregu-
lar mesoporous materials with monomodal pore size distrib-
ution and relatively high surface areas, and, third, to ordered
MCM-41-like textures as for VTSNS, VTSNG6, and, into materials containing an MCM-41-like phase. In VTSN5 the
a smaller extent, VTSN7 and VTSN4. TEM analysis con- MCM-41 texture predominates. The surface area of these
firmed such behavior (Fig. 7). Monomodal pore size dis- materials exceeds 7002g~1, reaching 1200 fg~1 for
tribution was determined for these samples with a BJH di- VTSN5.
ameter between 2 and 7 nm. These textures seemed to be The catalytic behavior of the above catalysts is logically
fairly stable because no change was observed after 6 h retelated to their structural properties. In the mechanism pro-
action, neither from the adsorption—desorption curves0f N posed by Topsge and co-workers [54,55], it is suggested
at 77 K nor from the TEM analysis. Vanadium is better dis- that both Eley—Rideal and Langmuir—Hinshelwood routes
persed in these structures, as seen both from the values ofre possible but that NO more likely reacts as a weakly ad-
the XPS binding energies and from the Raman evidence ofsorbed species. They considered that vanadia—titania cata-
mono-oxo tetrahedral monomeric vanadyl species (shown,lysts exhibit two separate catalytic functions, i.e., acid and
e.g., for VTSN5 in Figs. 2a and 2e). The same XPS investi- redox functions. According to the above mechanism the cat-
gation showed that titanium is tetrahedrally coordinated in alytic cycle involves an acid site & —OH), the activation
these samples, while for VTSN1 and VTSN9 mainly the of adsorbed ammonia by the interaction with redox sites
octahedrally coordinated titanium predominateg-HPR (V=0), the reaction of activated ammonia with gaseous or
profiles indicated a very small hydrogen consumption with weakly adsorbed NO, and the recombination of surface hy-
peaks centered at high temperatures, namely, over 773 K.droxyl groups.

These results come in the same line with XPS data, indicat- XPS gave additional information about vanadia in these
ing that for these catalysts both titanium and vanadium are catalysts. Table 3 shows the smaller binding energies of
more rigidified in defined surroundings, and with the Raman V 2p3/, species for samples VTSN1 and VTSN9, which
evidence for the dispersed vanadium oxide species (isolatedexhibit practically no SCR catalytic activity. For the same
VOy4 units), also indicative of defined surroundings. Natu- samples, the binding energies of Tiz)> species correspond
rally, based solely on Raman experiments it cannot be de-to an octahedrally coordinated state. Such a correlation

N2/(N2+N20),
e o
© ®
& »

0.8

Fig. 12. Selectivity of VTSN3, VTSN6, and VTSNS catalysts.



V.. Parvulescu et al. / Journal of Catalysis 217 (2003) 172-185 183

with the catalytic data indicates that better performance canas specific oxide support, and temperature, since the oxygen
be achieved with catalysts that contain vanadia in the (V) mobility on the catalyst surface is modified according to the
oxidation state and titanium as Ti(IV) in a typical tetrahedral increase in temperature and depends on the support.
coordination state. These structures correlate very well  To account for the competitive rate of SCR and ammonia
with a high dispersion of these species, deduced from theoxidation as a function of temperature, a new IMBactive
comparison of XPS and analytical data. VTSN5 exhibits the concept was proposed taking into account the role £
highest binding energies for vanadium and titanium in this in SCR mechanism, which was found to be similar to that
series and also a better dispersion of these species. of the OH radical in the SCR mechanism [61]. Based on
Reducibility of these catalysts may also provide picture the above explanations, it was concluded that the activity of
of their behavior in de-NQreactions. Roozeboom et al. [2] SCR catalysts could be explained by the ratio betweeg NH
explained the decrease in reducibility of vanadia on the sup-adsorption sites and labile oxygen sources, which induces
ports compared with Ti@by better contact with this sup- the dissociation of hydrogen-attached ammonia/anthe
port. Handy et al. [26] reported, for2@s—TiO>—SiO, cata- oxidation of NO to NQ.
lysts containing crystalline Tig higher reducibility as well It is still not clear, however, in what proportion different
as higher activity in the SCR of NO than for catalysts with active sites account for a redox behavior or for an acid—base
amorphous TiQ. Data obtained in this case show a dif- interaction. For species such as vanadia, as well as molyb-
ferent behavior. FTPR profile determined for the 2Ds5— denum or tungsten oxides, the barrier between these states
TiO, catalyst exhibits the same shape as that already re-is very fragile. Actually, the Eley—Rideal model involves the
ported by several groups [2,27]. VTSN catalysts with low adsorption of ammonia onO (V(V) sites) with a subse-
activity also show H-TPR profiles similar to those reported quent NO interaction with the dissociatively adsorbed (NH
for V20Os5-TiO2—SiO;, obtained by grafting of vanadiaonthe species. Data obtained with these catalysts indicate that, un-
sol—gel-prepared Ti&-SiO, supports [27]. Both procedures der the reaction conditions, a better dispersion of vanadium
may lead to clustered forms of vanadia. A completely dif- in very high surface area catalyst allows the chemisorption
ferent picture is obtained for the VTSN samples contain- of ammonia on the Lewis acid sites. DRIFT results indicated
ing highly dispersed vanadia, for which hydrogen consump- a predominance of the chemisorbed species on these sites.
tion was small and occurred at high temperatures. Actually A correlation of the structural properties with catalytic
these catalysts were those that showed higher catalytic perperformance leads to the conclusion that, as demonstrated
formance in this reaction. These results raise questions aboustlso in the present work, good reactivity is combined with
the direct correlation between the catalytic performance in the presence of surface isolated monovanadate species,
SCR-deNQ and the bulk reducibility of vanadia. On the ba- O=V—(O-M)z. Previous in situ Raman studies during SCR,
sis of these data it appears that this condition is far from considering*®0 labeling of the terminal oxygen, indicated
obligatory. that the lifetime of \=0 is ~ 10 times the characteristic
As a general mechanistic feature, ammonia is adsorbedreaction time and that the V—-O—M (M support metal atom)
over Lewis andor Brgnsted acid sites. This species is is involved in the rate-determining step [52,60]. As a result,
activated by means of dissociation of one hydrogen in in the suggested N§/Ogactive ratio, Ouctive appears to be
ammonia through catalytic reduction, and then reaction with directly correlated with the @vV—(0O—M)3 concentration.
gas phase NO gives rise to a nitroamide intermediate, which ~ Accordingly, the higher acidity (Ti-O-Si, V—-0O-Si, V-
decomposes to nitrogen and water [56-59]. The reducedO-Ti) and active redox site &O) observed on VTSN5
catalyst sites are regenerated by oxidation with the oxygen inconfirm that the SCR activity can be explained by the
gas phase. However, when further increasing the reducibility dual-site mechanism, as proposed by Topsge et al. [54,55]
around this species, the number of dissociable hydrogen(Scheme 1). In particular, the very high selectivity obtained
atoms in one molecular ammonia progressively increases.with this catalyst might be related to the increase i®
This leads to an advanced oxidation of intermediate speciesdispersion due to the preparation method. Several authors
by the oxygen belonging to the catalytic surface, finally stressed the factthabl® desorbed after reactionis related to
inducing a higher rate of ammonia oxidation. On typical a Langmuir—Hinshelwood mechanism [62,63]. We suppose
vanadium-based SCR catalysts, the temperature window ofthat such a reaction route is favored mainly on large vanadia
the SCR reaction, corresponding to high NO conversion aggregates. In the case of our catalysts, even for those that
and complete selectivity to nitrogen, is shifted toward containoligomerized species, the relatively high surface area
lower temperature with increasing vanadia loading. It was allows good dispersion. Under such conditions the Eley—
suggested that this behavior is related to the presence ofRideal route is favored.
more labile oxygen atoms in high vanadium loadings. This  However, based on the mechanism proposed by Odrio-
is beneficial for activity but is also detrimental for the zola et al. [64], who suggested that Bi@® adsorbing NO,
selectivity of the SCR reaction. Wachs et al. [60] suggested in the present case the close proximity of vanadia and tita-
that SCR selectivity toward Normation also varies withthe  nia may provide sources for chemisorption of bothg\ttd
immediate environment of the surface vanadia species, suchNO, thus increasing the catalytic activity.
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” Another importantimprovementresulting from the prepa-
Vo O/ " ration of these catalysts concerns the selectivity, which was
—o o + N in all cases higher than that observed using the conventional
H V205-TiO; catalyst.
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