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Semiempirical MSINDO calculations were performed to study the selective catalytic reduction of NO to N

on vanadium pentoxide supported by anatase. The active part of the surface was modej€d bye¥ies

bound to the anatase (100) surface, which in turn was modeled by a sufficiently large anatase cluster saturated
by H and OH groups at the periphery. The whole reaction mechanism consisted of 24 steps and involved
NHs, NO and Q at the reactant side and,ldnd HO on the product side. All intermediates and transition
structures were optimized under partial relaxation of the surface. The energy profile along the reaction pathway
was calculated and it could be shown that the reaction is feasible.

1. Introduction byproducts, it is therefore important to provide equal amounts
of NH3 and NO in the experimental setup.

A few theoretical studies for the reaction of Mkith NO
on V,0s cluster modefs—13 have appeared or are to appé&ar.
In these studies the surface was modeled by small clusters and
the active sites for adsorption were investigated. No full reaction
a‘nechanism was presented. The goal of our work is therefore to
derive a full sequence of reaction steps including intermediates

The present environmental problems are caused mainly by
the emission of pollutants. Among them, the nitrogen oxides
NOy produced by fuel combustion are most promine’tNO
is a mixture of about 95% NO and 5% NQt is therefore of
utmost importance to design processes for the removal of NO
from the atmosphere. For stationary sources this can be achieve
Itg ;?éi?;:;; t:glrtllr?orliglijc(g:Ounsz(a,sﬁ?;cel\;gigﬁ ’r\lnl_e%hzi?sprl;eof th eand transition structures to elucidate the reaction mechanism
NO reduction is not fully understood. Busca ef akviewed of eq 1.
the chemical and mechanistic aspects of the SCR of biO 2 M .

. - . Modeling
ammonia over oxide catalysts. The authors have collected
experimental data and mechanistic models presented in the Modeling of the surface of the vanadititania catalyst is a
literature. The most important catalysts are based on vanadiumcrucial part. It should be in line with experimental information.
pentoxide. The Ti@anatase serves as support. The questions Such combined catalysts can be prepared by miffimy by
that are raised concern the adsorption characteristics of NH impregnation'® In the first case an oxide mixture is prepared
and NO over such oxide-based catalysts. Several models forin a planetary mill; in the second case Fi@natase is
the bonding of NHto the catalytic surface are discussed which impregnated by solutions of vanadyl oxalate or ammonium
comprise Lewis-bonded Nt titanium sites, hydrogen-bonded vanadate. In both cases®s particles appear on the surface.
NHz on oxygen sites, Lewis-bonded Nt vanadyl sites and ~ The amount of YOs is much smaller than that of T¥DHigh
ammonia adsorbed as ammonium ions over Brgnsted acidic OHcatalytic activity was found for a coverage of a monolayer or
surface hydroxy groups. When it was concluded that NO, not less. To characterize the surface, the local environment of
NO,, is the actual reactant in the SERnd that oxygen  vanadium centers can be studied with solid sSta&feNMR. Two
participates in the reactioi® the following stoichiometric ~ types of \P* species were found to be strongly bound to the

equations could account for the reaction process TiO. surface. They deviate from the axial symmetry ofO¢.
Besides three types of 4V species were found which are
4NH; + 4NO+ O, — 4N, + 6H,0 (1) separated from the % centers. Deo and WacHs?® studied

different VO, coverages of anatase with Raman &AdNMR
This is supported by experiments with isotopically labeled Spectroscopy. For low coverages of 1% they found metavana-
reactants from which it was concluded that for vanadia-based dates (VQ), and decavanadates {¥D.g)®". With increasing
catalysts the two nitrogen atoms of Brise, one from NO and ~ coverage the decavanadate portion was increasing and was
the other from NH.%1°1t is also agreed that under typical SCR  dominant for a monolayer. Other authtisund also monomeric
conditions with consumption of equal amounts of Ntthd NO VO, and dimeric \4O; species on the anatase surface. Foi2atti
only a small amount of oxygen is involved. This means that reported monomeric VOfor low coverage and polymeric

the reaction metavanadate species for higher coverage, but did not quantify
the coverage. Bulushev et#lhave used a variety of methods
4NH; + 4NO + 30, — 4N,0 + 6H,0 (2) to arrive at the conclusion that both V@pecies and polymeric

metavanadate species coexist on the anatase surface at low
is not significant. To avoid unselective behavior with unwanted coverage. The same observation was made by Lietti and
Forzatt?! for a submonolayer coverage. B NMR studies
 Part of the special issue “Fritz Schaefer Festschrift”. Pinaeva et a#? found at low coverages two kinds of V atoms
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which were bound to O atoms in distorted tetrahedral arrange- a)
ments. These authors find octahedral arrangement only for high
coverage. Secondary ion mass spectrometry (SIMS) experiments
on VOUTIO; catalysts identified YO,H* and \,Ox ions?3 which
suggest vanadate chadf®n the anatase surface. From these
and other experimental studi€s’® it appears that the VO
species on the anatase surface have low coordination and art
isolated and that the existence of polymeric vanadate is very
likely.2® Such models were already reviewed a few years®ago.
Theoretical models for combinedWs/TiO,, catalysts are rare.
The simplest type of modeling is by semiclassical potentfals.
Here various YOs/TiO, interfaces were modeled. It was )
concluded that significant structural differences exist between
the surface of a supported®s monolayer on the Ti@anatase
compared with the unsupported®; surface with implications
for the catalytic behavior of such material. A rather artificial
model is presented by Anstrom et %&lwhere very small
saturated YOs and TiQ; clusters are placed adjacent to each
other without any bonding between these clusters, rather an NH
NHO unit is placed between and considered as adsorbed. B - ' : : * b

I B
Calatayud et at! proposed dimeric and cyclic vanadyl species a_ S S % b
with V,Os stoichiometry which were placed on (100) and (001) : “"“""
surfaces and which were investigated by a periodic method. W7\ AN B

g yap —a—0 ""‘V.V"" 2

Alternatively, Ti atoms were replaced by V atoms on the anatase

D

LN

(110) and (001) surfacé8 Whereas these investigations were - @ \‘ . 8. , ]
periodic DFT studies, other work by some of these auffors \ 9. O ‘
was on small cluster models. We have found that the substitution 3 5' - .“’t". -i’l.ﬁ. L
model is less supported in terms of experimental evidence and m%

a . O N, AN, ¥ Qo
&l a @ &P

we have therefore pursued a model consisting of a dimefiy V ‘."
F

species placed on an anatase (100) surface that is modeled b :

clusters of medium and large size. Due to its structure this ) *‘m 5
surface is particularly suited as support for isolated, gé@ecies P 2 D . & O

or polyvanadate-like chains which are assumed to be the reactiveioon o ‘..‘ ' ""‘ 5
species in the SCR processhis is in line with the experimental : : : : :
results of Bulushev et &P. The smaller cluster was JXD;Hy- . il il -
Ti33066(H20)17, the Iarger \éO7H4Ti1320264(H20)43. The four
hydrogen atoms are assumed to be produced in the ammoniun
vanadate impregnation process. One possibility is realized in 1010)

the following reaction under the assumption of dissociative water Figure 1. Relaxation region on the surface of the (a)0O¢H4Tiz3066-

adsorption on the anatase surface as an introductory step in{H20)17and (b) VbO7HaTi13:0264H20)as clusters: V (yellow); O (dark
solution blue); H (dark red); Ti (green); O (light blue); H (light red); O (light

blue).
2(NH,),VO, + 4Ti(OH), — in(;/estig_ationf (l)_|n ’Ilr:de |_r|e(a;ctiond mgchaniﬁm((;/\(/)itlr; a ?tudy fof
; adsorption of H, NH, H,0, an on the surface o
6NH; + V;0,(TIOH), + 5H,0 (3) vanadium pentoxid& The V,Os was again modeled by
The dissociative adsorption of,B on the anatase (100) surface s=at2u0ri\t4e(()j) _&S?S#ZSLGJSO?L%S%;??S&"ﬁéy%er S Nf;n;é’gj
was found to be more stable than the molecular adsorption by, \ye found no adsorption for NO. Similar adsorption studies
37 kd/mol. The water molecules and hydrogen atoms serve o, ..o completed for Ti@ anatas# and \,O/TiO..43 The
restore the proper saturation ,Of the_ clgster at the pgriphery bY relaxation scheme for surface atoms of the two cluster models
H and OH groups and to retain stoichiometry;08),(TiOz)ur is depicted in Figure 1. The relaxation includes th®Yunit,
(H20)n. H saturates the oxygen and OH the titanium for those \pich is the adsorption site, as well as those Ti atoms, which
atoms of anatase which are not surface atoms. are connected to the V atoms via O atoms, their next neighbors
on anatase, and the four H atoms. Table 1 presents the adsorption
energies of N, NO, and HO on the two clusters d07H,-
Our initial work on transition metal oxides included studies TizgOgs(H20)17 and VoO7H4Ti1300264H20)as under the described
of OH radical formation on anatase partiéteand H adsorption relaxation scheme together with the corresponding experimental
on vanadium pentoxid®. The calculations were on medium data?~47 It can be seen that the adsorption energies are almost
size free or saturated clusters. The underlying method wasconverged with the smallest cluster model and that there is good

)3

0 & o

3. Reaction Mechanism

SINDO1, which was parametrized for first-rétand for third- agreement with experimental data. Therefore th@M4Ti33066

row transition metdf elements. In the meantime the param- (H;O).7 cluster (Figure 2) was chosen for the study of the
etrization for first-row elements was much impro¥e for reaction mechanism, because the calculation is much less time-
structures and heats of formation and a similar improvement consuming.

was achieved for first-row transition metal eleméhts the Two types of mechanisms play a role in heterogeneous

newly developed MSINDO method. We therefore started our catalysis: the LangmuirHinshelwood mechanism, according
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TABLE 1: Adsorption Energies (kJ/mol) for Molecules NO,
NH3, and H,O on V207H4Ti33055(H20)17 and

V207H4Ti1520264H20) s _ _ / f {kﬁ?\T / / T/‘fvﬂf\lr / m

adsorption energies (kJ ma)

cluster NO NH H0 =
VoOH,TizdOse(H20)7 —36  —128 —58 A woN o
VoOHTi1s0264H0) s —28  —117 —48 o g o _m _ov Y
—100to—130 T/‘T T)
Viakly Wik m
exp —207 —59to—75° — 5 |
—75t0—109
—75to—109
aReference 44° Reference 45° Reference 469 Reference 47. o HO v o/ on
NOI!
0 M, OH ||({ “‘: o iy 1" o
/T’*r m/ /”‘x “‘ﬁ/ :T’\r ml
HD N, no /oM - O on O on

i f"*ﬁ/ /“M\r Bk

Flgure 3. Reaction scheme from reactafgo intermediatel 3 with
O, involvement.

1ol N Ho, 0 ?n .
Figure 2. Side view of \bO7H,Ti3:06e(H-0)17. o g ou 0 "N on | o
i
to which the reactants are adsorbed from the gas or liquid phase/[r { ﬁ,/ /T/?)W | /_’
on the surface of the catalyst and react there to the product, or| 14
the Eley-Rideal mechanism, where it is assumed that one
reactant is adsorbed and the second reactant reacts from thi P
gas or liquid phase with the adsorbed reactant. The majority of i I o o on

for NO participation that NO reacts from the gas phase whereas
NH3; is adsorbed. We have therefore chosen the ERigeal
mechanism as a basis for our studies.

We have subdivided the reaction scheme in two parts. Figure . P " “Q o e

3 shows the first part of the reaction scheme from the reactant

R with the approach of an NdHmolecule to the vanadium of a { '{\? T/{m T)\" r\r\T
vanadyl group until the involvement of the oxygen molecule.

This presents about half of the reaction scheme. The other part
is illustrated in Figure 4 and shows the reaction from the i
intermediate with the hydroxoperoxy group to the final product 4 . &0 x, o ;’" 0
P. In the following, energieE,q relative to the reactants /.:% X 0 / /T)sf‘ r\ﬁ/

according to eq 1 are presented. We first discuss the |ntermed|-

ates | and their energidse((l), which are listed in Table 2. The

structures were optimized with a BroydeRletcher-Goldfarb- Flgure 4. Reaction scheme from intermedidi¢with hydroxoperoxy
Shanno (BFGS) method. A part of the surface atoms were group to products.

relaxed according to the procedure described above.

The reaction starts with the adsorption of an J\Holecule step2. The N atom of the adsorbed ammonia has a reduced
at a V atom as Lewis acid centel)(as proposed by Ramis et  electron density compared to the free NHolecule. This means
al®t In this step an energy df = —128 kJ/mol is released.  that its Brgnsted acidity is increased. In this way transfer of a
Thereafter the active catalyst center is rearranged in such a wayhydrogen atom to the neighboring vanadyl oxygen is facilitated.
that an isolated V@ unit arises and the adsorption site is This does not change the oxidation number of vanadium. The
surrounded by three oxygen atoms and the adsorbegiiNgl relative energy of the corresponding intermedi&gig —126
tetrahedral arrangemer®)( This leads to another lowering of  kJ/mol. Such an intermediate is supported by Fourier transform
the energy to-172 kJ/mol. From coordination chemistry it is  infrared (FTIR) spectra, which indicate the existence of,NH
known that the ions of vanadium in their high oxidation states specie<. In the next step an intermediatd) (s generated by
prefer tetrahedral arrangement of their ligaPfshich explains the reaction of the ¥NH; group with an NO molecule from

experimentalistsl948-50 conclude from the observed rate law o/ e .ﬁ £| /T/J\T ﬁ/

H + Ny
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TABLE 2: Relative Energies E(l) (kJ mol 1) of the Reaction Intermediates |

mechanistic step Ere(l)

I Mmb reaction
R2 1
1 1 VO3—0—VO3NH;
2 1 VO, + VO3NH3
3 1 VO, + HOVO,NH,
4 2 VO, + HOVO,NH—NOH
5 2 VO, + HOVO,N, + H,O
6 2 HOVO,—0—-VO3 + N3
7 2 HOVO,—0O—VO3 + NH3
8 2 HOVO; + VO3NH;3
9 2 HOVO; + HOVO,NH,
10 3 HOVO; + HOVO,NH—NOH
11 3 HOVO; + HOVO:N; + H,O
12 3 HOVO,—0O—-VO,0H + N,
13 1 HOVO; + HOVO,0,
14 1 VO, + HOOVO,0OH
15 1 HsNVO,4 + HOOVO,OH
16 1 H.NVO,4 + OVO,0OH + H,O
17 2 HONNHVO, + OVO,0OH
18 2 N.VO, + H,O + OVO,OH
19 2 VO, + OVO,OH + N,
20 2 VO, + HOVO,0O
21 2 HsNVO, + HOVO,O
22 2 HNVO,0 + VO, + H.O
23 1 HONNHVG,0 + VO,
24 1 H,ONLVO,0 + VO,
pa 1 VO3—0—VO3; + HO + N;

aR: reactants. P: productsM: multiplicity.

0
NH3 adsorption —128
NHjs activation —172
H transfer from NH to V=0 —126
formation of nitrosamine species —217
desorption of HO —383
desorption of N —295
NH; adsorption —417
NHj; activation —450
H transfer from NH to V=0 —428
formation of nitrosamine species —500
desorption of HO —732
desorption of N —595
adsorption of @ —-1107
H abstraction from adjacent HO\(@roup —1029
NH; adsorption —1118
H abstraction from adsorbed NH —1177
formation of nitrosamine species —1144
desorption of HO —1316
desorption of N —1283
H transfer —1283
NH; adsorption —1360
H abstraction from adsorbed NH —1275
formation of nitrosamine species —1589
decomposition of nitrosamine species —1745
desorption of HO and N —1655

the gas phase. This corresponds to the experimental results ofysts, which can be attributed to antiferromagnetie-d! ion

Ramis et aP! The intermediate ¥NH—NOH corresponds to
the tautomerized nitrosamine NNO>2
H,N—NO <= HN—-NOH 4)

In FTIR spectral bands were found, which could be attributed
to nitrosamine-like specié®! Our calculated energy was217

pairs such as ¥ —V4".54 For intermediatd 2 singlet and triplet
states were calculated with MSINDO and the triplet state with
one unpaired electron at each V atom was found to be more
stable by 129 kJ/mol. This situation is in line with the EPR
experiments, but we did not take into account the antiferro-
magnetic coupling. Before a further reduction of the catalyst
can be achieved, the catalyst must be reoxidized. This process

kJ/mol. This step is accompanied by a change of the oxidation starts with the adsorption of an,Onolecule at one of the

number. The N atom of the amino group is oxidized frei/@

to —2 and the N atom of NO is reduced frof2 to +1. A
large lowering of the energy te 383 kJ/mol arises in the next
step 6), where a hydrogen atom bound to a nitrogen atom of
the V-NH—NOH species is transferred to the OH group. The
barrier for this step is 138 kd/mol. This should be compared to
192 kd/mol of a BLYP calculation of Kobayashi et®afor the
gas-phase reaction,N—NOH to HNN + H,O. Our barrier is
substantially lower because the—W bond facilitates the

reduced V centers. As in intermediafand8 the V,O7 species
is modified in such a way that an isolated reducefyf ©OH
species is generated and the other V center is tetrahedrally
surrounded by the adsorbate, an OH group and two surface
oxygen atoms X3). Both oxygen atoms of ©form bonds to
the vanadium atom. This intermediate has an energyldf07
kJ/mol. In the reaction step froi2 to 13 the system changes
from the triplet to the singlet state.

In the following the adsorbed fOmolecule abstracts a

migration of the hydrogen compared to the gas-phase reactionhydrogen atom from the OH group at the adjacent V center. A

of the HN—NOH system. This step leads to a desorption of
H,O and N and finally to a new formation of the YO—V
bridge @). The relative energy for the latter intermediate-895
kJ/mol. Although the desorption is endothermic, it proceeds
irreversibly at low partial pressures. In the intermediate$
the vanadyl group is reduced to the Brgnsted acicdOH. The
spin density calculated with MSINDO is almost exclusively
localized on the V atom of the reaction center. This can be
interpreted as a transition from>¥(d°) to V4*(d).

At the adjacent ¥=O group reaction steps analogousltto
6 occur. Via the intermediatesto 12 the adjacent %O group
is similarly reduced to VOH. The corresponding relative
energies weré&(7) = —417 kJ/mol,E(8) = —450 kJ/mol,
Erei(9) = —428 kJ/mol Ee((10) = —500 kJ/mol Ere(11) = —732
kJ/mol, andE;(12) = —595 kJ/mol. At the end of this chain
two NO and two NH were converted to two Nand two BO
and the catalyst contains two\OH groups connected by an

possible side reaction could be the dissociation pa@d the
subsequent adsorption of one O atom at a Ti atom of the support.
The hydrogen abstraction facilitates the approach of an NH
and leads to the formation of intermedid#(Figure 4). In the
reaction step froni3to 14 an OV —OH species is reoxidized
to VOa.. The corresponding energy-1s1029 kJ/mol. In the next
step an NH molecule is adsorbed at the reoxidized Mpecies
(15). The adsorption energe(15) — Eqe(14) is —89 kd/mol,
which is substantially smaller than the adsorption energy
Erel(7) — Erel(6) with a value of—122 kJ/mol or the adsorption
energy—128 kJ/mol for intermediatelf. This can be explained
by the assumption that the \{@pecies is less reactive than the
V,0; species or the polymeric metavanad&fes$. This is
reflected also in the shorter~O bond lengths of the ¥O—

Ti bridges. In intermediat&6 the NH; molecule has transferred
an H atom to the OH group of the (HOMO—OH species under
formation of an HO molecule and an Njgroup. The

oxygen atom. With electron paramagnetic resonance (EPR)corresponding energy is1177 kJ/mol. Inl6 a vanadyl group

spectroscopy signals were measured g3/ WO3/TiO, cata-

V=0 is formed at the second V center so that the catalyst is
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reoxidized. In the following stepl{y) the tautomerized nitro-
samine speciesYNH—NOH is formed by reaction of an amine
and an NO of the gas phase with a relative energy- d144
kJ/mol. This means an energy loss of 33 kJ/mol compared to
16. In 3 and 10 the formation of nitrosamine led to an energy
gain of =91 and—73 kJ/mol, respectively. This can be explained
by the localized spin density at the V centeBiand10. In the
doublet ground state df7 the spin density is mainly localized
on the O atom, which bridges the tw&Vions. Such a situation

is energetically less favorable.

The NH-NOH species is decomposed intg®Hand N under
formation of intermediatd 8 with a relative energy of-1316 1500 1 oo
kJ/mol. The N molecule is here still weakly bound to the V
atom. After full desorption of Nintermediatel9is formed with
an energy of-1283 kJ/mol. Then the H atom of the OH group -2000

R

W) 9>,
(lkﬂ‘il

D2® g0
B0 Faoan

-500 -

13->04
> as>a0 anam

Relative energies (kJ/mol)
=
(=4
(=]

is transferred to the neighboring vanadyl oxygen resulting in Reaction path

intermediate20 with an energy of~1283 kJ/mol. Figure 5. Energy profile (kJ/mol) for eq 1 along reaction pathway;
In the next step an Nimolecule is bound to the vanadium ~ Pold numbers correspond to species in Table 1.

of the VO, specie®21 with a relative energy of-1360 kJ/mol. TABLE 3: Activation Barriers Eac{(I11) — (12)] (kJ mol %)

The adsorption energy with respect20 is therefore—77 kJ/

mol. The absolute value is only 12 kJ/mol less than 89 s M Eael(11) ~ (12)] S M Eadl(11) = (2)]

kJ/mol for the transition froni4 to 15. (?a) - 2(1) i " (1‘31)—’(14) i 114
In intermediate22 the NH; molecule has reacted with the Ezgag 1 123 g%aglg 1 102
OH group of the neighboring V center. In this process th&y Q) — 4 2 96 w—@17n 2 100
species is rearranged as in the intermedidt& and13. Here @— O 2 138 @n—@18 2 59
the energy is—1275 kJ/mol. Intermediate3 is again a %:E% g 118 &gg:gg; g 15
nitrosamine species, which has been formed by the reaction of(7) —(® 5 121 00— (21) 2
the NH; group with NO. The energy is-1589 kJ/mol. The ®—© 2 97 en—@22 2 93
transition from22 and23is therefore accompanied by an energy (9) — (10 3 106 €2—(23 1 96
lowering of —314 kJ/mol. This is substantially more than for (10 —(@13) 3 140 @Y—(4 1 62
the comparable process fradto 3, 9 to 10, and16to 17. The 83 _ gg i 135 ey =) 1 145

intermediate22 is a doublet state. The spin density is here almost

exclusively localized on the N atom. In contrast to the other ~ *R: reactants. P: productsM: multiplicity.

nitrosamine formations the reaction prod@gtis a closed shell ) ) )
system. The means that a spin pairing is reached in the reactiorPe€tween our high calculated barriers and the lower experimental
of V—NH, with NO, explaining the large energy gain. The values could be thallt.under experimental cqndltlons the transition
nitrosamine is decomposed in the next step ingoaNd HO. structures are stabilized by hydrogen bonding. Such stabilization
Both reaction products are still weakly bound to the V center €ffects have been observed in polar solvéfts.

(24) accompained by a lowering of the energy-+d745 kJ/ ]

mol. In the final step Mand RO are desorbed and the catalyst 4- Conclusion

is open for a new cycle. Semiempirical MSINDO calculations were sucessful in
In addition to the reaction intermediates a search for transition explaining the complicated reaction mechanism of NO reduction
states with an optimization of the transition structures was via NHz on a \,Os/TiO, surface. The anatase (100) surface
performed for each reaction step. To keep the computer time atstructure is suitable for the deposition of Y@r polyvanadate-
a feasible level, the second derivatives of the energy were like species. Here the vanadium atom is only tetrahedrally
numerically calculated from the analytical first derivatives only coordinated and can be readily approached by the reactants. The
for those atoms involved in the reaction process. For the restfull cycle involved 24 reaction steps with an equal number of
of the atoms a DavidonFletcher-Powell (DFP) algorithm was intermediates and a corresponding number of transition struc-
used. The transition structures are characterized by singletures. It could be shown that the reaction pathway is thermo-
negative roots of the Hesse matrix of the second derivatives. dynamically feasible due to the significant energy gain related
Figure 5 shows the energy profile along the reaction pathway. to the formation of M. It was demonstrated how the Nkt
Table 3 lists the energy barriers for each step. ThesNH adsorbed and that NO reacts with the adsorbed fibin the
adsorption for the stef® — 1, 6 — 7, 14— 15, and20— 21 gas phase. Also the role of,0n the reaction process was
occurred without any barrier. This is in accordance with clarified. An important role of the vanadium catalyst is to
temperature programmed desorption (TPD) experiménts. facilitate the NH dissociation and to reduce the barrier for the
The highest barriers of 130145 kJ/mol are connected with steps  tautomerization of the nitrosamine-like species. The results are
where the O; species is strongly modified, i.e., far— 2, 5 in line with models derived from experimental data but are much
— 6, 7— 8, 11— 12 and24 — P. They are larger than the  more detailed, because each single reaction step is elucidated.
activation energies deduced from SCR experiments which are
in the range 46:54%1 or 59-63 kJ/mol>”-58 However, our values Acknowledgment. This work was partially supported by
are close to those obtained by Gilardoni ef’d&® by DFT INTAS. We thank Prof. C. Minot, Prof. O. B. Lapina, and Dr.
calculations that are in the range of H1B46 kJ/mol. Butthese V. Borovkov for their cooperation and regular exchange of
authors investigated a mechanism for Nidisorbed at Brgnsted  information on the progress of their work. The figures were
acid sites of \Os without TiO,. A reason for the discrepancy  drawn with the program SCHAKAL.
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